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Abstract—The structural and phase state of the surface layers of Al, Al-Si, and Al-Si-Cu-Mg alloys doped
with zirconium atoms under the influence of compression plasma flows is studied. It is established that meta-
stable compounds Al;Zr with the crystal structure L1, and (Al, Si);Zr with the structure D0,, are formed in
the doped layers of aluminum and silumins, respectively. It is shown that doping of the studied alloys with
zirconium makes it possible to increase the microhardness of the surface layer by 1.4—3 times. A study of the
thermal stability of the structural and phase state of the doped layers at 550°C showed that, as a result of alu-
minum annealing, the Al;Zr phase with the L1, structure transforms into the Al;Zr compound with the D055
structure, and in the alloys of the Al—Si system, the decomposition of (Al,Si);Zr and the formation of ZrSi,
occur. It is noted that the synthesized surface layer has increased temperature strength.
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INTRODUCTION

A separate group of casting Al—Si alloys consists of
piston complex alloyed silumins, the physical and
mechanical properties of which are subject to such
requirements as low coefficient of thermal expansion,
high thermal conductivity, and high heat resistance.
One of the most widely used piston eutectic silumins is
the Al-Si-Cu-Mg alloy, which contains copper, mag-
nesium, nickel, and other doping elements. However, the
use of eutectic piston silumins, in particular, for the man-
ufacture of heavily loaded and forced engines, is limited
by their insufficiently high-temperature strength [1].

As shown in [2—7], the treatment of silumins with
high-energy energy flows makes it possible to modify
the mechanical properties of the surface layers of these
alloys. Therefore, doping with zirconium atoms under
conditions of nonequilibrium crystallization, which
ensures the formation of a supersaturated solid solu-
tion and the formation of strengthening high-tem-
perature intermetallic compounds, is one of the prom-
ising ways to increase the thermal stability and
strength characteristics of aluminum alloys [8, 9]. It is
known that, under conditions of equilibrium crystalli-
zation of aluminum alloys at a low concentration of
zirconium, an Al;Zr phase with a tetragonal structure

DO0,; is formed, which has needle-like precipitates and
is undesirable in the structure since it worsens the
plastic properties. However, an increase in the cooling
rate makes it possible to form a supersaturated Al(Zr)
solution that decomposes into dispersed Al;Zr inclu-
sions with a cubic L1, structure, which increase the
recrystallization temperature of the alloy [10, 11]. It
should be noted that the presence of silicon in the
alloy composition can lead to the appearance of the
(ALSi);Zr phase with the D0,, structure designated in
the literature as T, [12—15], which is not characteristic
of the equilibrium Al—Zr binary system and differs
from the Al;Zr phase with DO0,; in a reduced crystal
lattice parameter c. To date, this phase is poorly stud-
ied since there is insufficient data on its thermal stabil-
ity and influence on the physical and mechanical
properties of silumins.

Ultrafast cooling conditions can be achieved with
doping of the surface layer of metals and alloys by
applying a coating containing zirconium and by subse-
quent treatment with high-energy particle flows that
ensure melting of the coating—substrate surface layer
and liquid-phase mixing of the melt components. The
use of compression plasma flows (CPFs) for these
purposes in earlier studies on the doping of various
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metals and semiconductors has shown its prospects
[16—18]. Impact of plasma pulses leads to melting of
the surface layer, mixing of the coating—substrate sys-
tem, and subsequent crystallization under ultrafast
cooling conditions (~10°—107 K/s).

The aim of the study is to investigate the structural
and phase state of the near-surface composite layer
formed by doping of aluminum and alloys of the Al—
Sisystem with zirconium atoms under the influence of
compression plasma flows, as well as the thermal sta-
bility of the synthesized zirconium trialuminides and
the microhardness of the near-surface doped layer
before and after annealing at 550°C.

EXPERIMENTAL

The objects of study were pure aluminum, silumin
Al-Si (12.6 at % Si, 0.1 at % Fe), and Al-Si-Cu-Mg
alloy containing (in at %) 12.6 Si, 0.5 Cu, 2.7 Mg,
0.3 Ni, 0.3 Fe, and 0.2 Mn. The samples were made in
the form of cylinders with a diameter of 15 mm and a
height of 5 mm.

A zirconium coating with a thickness of ~2.5 um
was applied to the samples using vacuum-arc deposi-
tion. Deposition of coating was carried out on a VU-
2MBS setup. After that, the samples were exposed to
compression plasma flows (CPFs) generated by a
magneto-plasma compressor of compact geometry
[16]. The treatment was carried out with three plasma
pulses generated in a residual nitrogen atmosphere.
The distances between the cathode and the sample
during treatment with plasma pulses were 16 cm and
10 cm, which, according to calorimetric measure-
ments, corresponded to absorbed energy densities Q =
15 J/cm? and Q = 35 J/cm? per pulse. Then the irradi-
ated samples were annealed at a temperature of 550°C
in air for up to 15 h.

The phase composition of the samples was studied
using X-ray diffraction analysis (XRD) on a Rigaku
Ultima IV diffractometer using monochromatic cop-
per radiation CuK,, (A = 0.154178 nm). The micro-
structure of the samples was studied by scanning elec-
tron microscopy (SEM) wusing a Carl Zeiss
LEO1455VP scanning electron microscope. Micro-
hardness measurements of surface layers were carried
out using a Wilson Instruments MVD 402 microhard-
ness tester according to the Vickers method. The load
applied to the indenter was 25 g.

RESULTS AND DISCUSSION

The main phases in the X-ray analyzed layers of the
studied alloys with zirconium coatings are Al and Zr in
pure aluminum Al, Si, and Zr in Al-Si and Al-Si-Cu-
Mg silumins (Fig. 1). In addition to the main phases,
the composition of the AI-Si-Cu-Mg alloy also
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Fig. 1. X-ray diffraction pattern of Al-Si-Cu-Mg silumin
samples (a) before and (b) after deposition of Zr coating.
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Fig. 2. Diffraction pattern of samples of alloys Al, Al-Si
and Al-Si-Cu-Mg with zirconium coating treated with
compression plasma flows at an absorbed energy density of

(@) 0=15J/cm?and (b) O =35J/cm>.

includes compounds Al,Cu,Ni, Mg,Si, AlgSisMg;Fe,
and AlsFeSi.

Since under the influence of plasma pulses with an
absorbed energy density of 15 J/cm? melting of the sur-
face layer and liquid-phase mixing of the coating and
substrate elements occur followed by crystallization
under ultra-fast cooling conditions, then, as a result,
the Al;Zr phase with a cubic crystal lattice L1, (Fig. 2)
and a lattice parameter a = 0.4071x 0.0006 nm is
formed in the Zr—Al samples. An increase in the
absorbed energy density to a value of 35 J/cm? leads to
a decrease in the intensity of diffraction lines related to
the Al;Zr—L1, phase, which is most likely due to a
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decrease in the zirconium concentration in the surface
layer.

The presence of silicon in the composition of silu-
min samples causes the formation of the T, phase with
a tetragonal crystal lattice D0,, in contrast to pure alu-
minum, where the formation of the Al;Zr—L1, phase
is observed under the same exposure conditions.

The metastable phase tT;, which in various sources
is designated as (Al, Si);Zr, (Al, _ Si,);Zr, or (Al, Si,
Zr) [12—15], has a variable composition and lattice
parameters depending on the crystallization condi-
tions and composition of the alloy. In Zr—Al-Si sam-
ples treated with plasma at Q = 15 J/cm?, the lattice
parameters of the T, phase are a = 0.3890 £+ 0.0002 nm
and ¢ = 0.8806 £ 0.0006 nm. An increase in the
absorbed energy density to 35 J/cm? leads to a decrease
in the lattice parameters to ¢ = 0.3873 = 0002 nm and
¢=0.8792 £ 0.0006 nm, which can be explained by an
increase in the concentration of silicon in the T, phase,
the atomic radius of which is less than the atomic
radius of aluminum (rg; = 132 pm, r,; = 143 pm). This
does not exclude the influence of stresses that appear
at high cooling rates.

In samples of the Al-Si-Cu-Mg alloy with a depos-
ited Zr coating processed by CPF at Q = 15 J/cm?, the
lattice parameters of the T, phase are equal to a =
0.3892 £ 0.0002 nm and ¢ = 0.8812 = 0.0006 nm, and
at Q= 35J/cm?, they are equal to a = 0.3871 + 0.0002 nm
and ¢ = 0.8813 + 0.0006 nm. It can be seen that the
presence of doping elements in this alloy (except sili-
con) leads to an increase in the lattice parameter ¢ of
phase T, when exposed to a CPF with Q = 35 J/cm? as
a result of the dissolution of intermetallic phases pres-
ent in the initial structure of the alloy and the inclu-
sion of additional elements in the crystal lattice of
phase 1.

The use of nitrogen as a plasma-forming substance
leads to the synthesis of nitrides in the near-surface
layers of irradiated materials [16—18]. Thus, in all
samples exposed to CPF with Q = 15 J/cm?, zirco-
nium nitride ZrN is formed. On samples treated with
plasma at 35 J/cm?, this phase could not be detected
by X-ray diffraction, which is apparently due to a
decrease in both the zirconium concentration in the
surface layer and the nitrogen content at the residual
atmosphere—surface interface with increasing Q [17].
In addition, diffraction peaks appear in the region
20 = 36°, which can be attributed to aluminum nitride
AIN with a hexagonal crystal structure.

The effect of CPF on the studied silumins also
leads to a change in the lattice parameter of aluminum
crystal. In samples of the Al-Si alloy with an applied
zirconium coating, the aluminum Iattice parameter
decreases compared to the initial value from 0.4050 =
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0.0001 nm to 0.4045 + 0.0001 nm at Q = 15 J/cm? and
to 0.4043 £+ 0.0001 nm at Q = 35 J/cm?. This can be
explained by the formation of a supersaturated substi-
tutional solid solution Al(Si), the formation of which
is also observed in other studies on irradiation of silu-
mins with high-intensity energy flows [3, 7, 18],
which, however, does not exclude the formation of
Al(Si,Zr). After additional studies, it was found that
the crystal lattice parameter in samples of the Al-Si
alloy without a pre-deposited zirconium coating and
exposed to CPF at Q = 35 J/cm? decreases compared
to the initial value to 0.4045 £ 0.0001 nm; i.e., it is
close in value to the results obtained in the system Zr—
Al—Si 12.6 at % after irradiation by CPF.

The aluminum crystal lattice parameter for Zr—Al-
Si-Cu-Mg samples exposed to CPF at Q = 15 J/cm?
decreases from 0.4051 + 0.0001 nm (in the initial sam-
ple) to 0.4045 £ 0.0001 nm owing to the formation of
a supersaturated solid solution of aluminum with sili-
con. Upon irradiation by CPF with Q = 35 J/cm?, the
lattice parameter increases and amounts to 0.4051 +
0.0001 nm, which correlates with the behavior of the
lattice parameter ¢ of phase T,. It is also necessary to
take into account that the behavior of the lattice
parameter in these samples can be influenced by the
doping elements included in the alloy, in particular,
magnesium, whose atomic radius is 1.6 A and whose
maximum solubility in aluminum is 18.9 at % [19]. In
the Zr—Al samples, no changes in the lattice parame-
ter were detected after exposure to the CPFs.

In silumin samples with a zirconium coating
exposed to CPF, broadenings are visible at the bases of
the silicon diffraction lines (Fig. 2). Decomposition of
the experimentally obtained diffraction lines into
Gaussian curves made it possible to establish that they
represent a superposition of two lines, each of which
refers to reflections from crystallographic planes of sil-
icon (Fig. 3). It is known that the main contribution to
the broadening of the diffraction line is made by dis-
persion of the structure and the presence of residual
mechanical microstresses. The presence of a wide dif-
fraction line (Fig. 3, line 2) may indicate the presence
of dispersed silicon crystals in the analyzed layer. In
the initial structure of the alloys, the size of silicon
inclusions ranged from a few (in the eutectic region) to
tens of microns (primary inclusions).

An estimate of the size of the coherent scattering
regions for silicon using this line by the Scherrer for-
mula without taking into account possible microst-
resses showed that it is 6—7 nm. In studies on the effect
of electron beams with energy density of 10—25 J/cm?
on Al-Si-Cu-Mg silumin, it was found that the size of
silicon inclusions decreases significantly [2]. The
results of studies using transmission electron micros-
copy also established that the average size of silicon
inclusions during such treatment is 180 nm, and in
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Fig. 3. Image of the diffraction line of silicon (111) after the
mathematical decomposition of a sample of the Al-Si alloy
with a zirconium coating after exposure to the CPF at 0 =
35] /cm2 into components: (/) component of the diffrac-
tion line from coarse-crystalline silicon, (2) component of
the diffraction line component from fine-crystalline sili-
con, and (3) the superposition of two diffraction lines. The
dots indicate the experimental curve.

some cases, it is ~12 nm [2], which correlates with the
results of these studies.

Using scanning electron microscopy, it was deter-
mined that, under the influence of CPF pulses, the
synthesized Al;Zr—L1, phase on the surface of alumi-
num samples with a zirconium coating has a dendritic
structure with a dendrite size of 100—300 nm (Fig. 4a).
The zirconium concentration for these samples is
2.6 at %, while the Zr content in Al-Si samples after
exposure to CPF at the same absorbed energy density
(Q=35J/cm?)is 2.7 = 0.1 at %; however, the volume
fraction of fine inclusions of the T, phase (Fig. 4b) is
greater than that of Al;Zr—L1, inclusions in aluminum
samples. Apparently, this is due to the fact that, in
pure aluminum samples, zirconium atoms are also
present in the Al(Zr) solid solution while in silumin
samples most of them participate in the formation of
the T, phase. The size of the synthesized inclusions of
the 7, phase is 200—300 nm.

Studies on the treatment of Al-Si-Cu-Mg alloy
with compression plasma flows revealed the formation
of a cellular structure formed as a result of concentra-
tion supercooling of the melt [18]. The boundaries of
cells were enriched in doping elements included in the
alloy (Ni, Cu, Fe, and Mn). Irradiation of the Zr—Al-
Si-Cu-Mg system by plasma flows led to the forma-
tion of a similar cellular structure with individual
inclusions of the T, phase (Fig. 4c). The concentration
of zirconium in the samples was 1.4 = 0.2 at %.

The analysis of the cross section of samples with
zirconium coating showed that, as a result of plasma
exposure, a doped layer is formed on their surface, the
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Fig. 4. Morphology of the surface of samples of alloys
(a) Al, (b) Al-Si and (c) Al-Si-Cu-Mg with zirconium
coating after exposure to CPF at Q = 35J, /cmz.

thickness and composition of which is determined by
the substrate material and processing modes (Fig. 5).
The thickness of the doped layer in pure aluminum
samples reaches 40 um (Q = 15 J/cm?); however, pre-
cipitates of the Al;Zr—L1, phase are formed mainly in
the near-surface layer up to 10 um in thickness, and
the underlying layer consists of a solid solution of Zr in
Al. In samples exposed to CPF at Q = 35 J/cm?, the
volume fraction of synthesized Al;Zr is significantly
lower compared to the sample treated with a plasma
flow at 15 J/cm?. And this is due both to the greater
depth of distribution of zirconium over the thickness
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Fig. 5. Morphology of the cross sections of (a, b) Al, (c, d) Al-Si, and (e, f) Al-Si-Cu-Mg alloys with the layers of zirconium coat-

ing after exposure to CPFs at (a, c,e) Q=

of the near-surface layer and to the increase in the
intensity of the process of erosion of the near-surface
layer under plasma exposure. The size of the formed
intermetallic inclusions, as on the surface, is 300 nm.

As a result of the effect of CPF on silumin samples,
the thickness of the doped layer reaches 60 um
(Figs. 5d and 5f). Owing to the heterogeneity of the
distribution of zirconium in the samples of silumins
treated with CPF at Q = 15 J/cm?, regions containing
undissolved zirconium, areas of aluminum-based
solid solution, and zones with fine inclusions of the T,
phase are formed in the volume of the modified layer. In
the layer of the Al-Si-Cu-Mg alloy doped with Zr atoms

INORGANIC MATERIALS: APPLIED RESEARCH  Vol. 15

15 J/cmé and (b, d, f) at Q=35 J/cmz.

by plasma treatment at Q = 15 J/cm?, there are also
unmelted intermetallic inclusions that were part of the
original structure (Fig. 5e). An increase in the
absorbed energy density of the CPF leads to an
increase in the lifetime of the molten layer and the
duration of convective flows [16]. As a consequence of
this, the modified layer in samples processed at Q =
35 J/cm? is characterized by a more uniform distribu-
tion of zirconium throughout the thickness of the
alloyed layer, since in this mode of exposure, complete
dissolution of the initial intermetallic inclusions
occurs, which leads to an increasing influence of the
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Fig. 6. X-ray diffraction pattern of zirconium-coated Al
samples exposed to CPFat Q=151 /cm2 before and after
annealing at 550°C for various times.

doping elements of the alloy on the crystal lattice
parameters of the aluminium and T, phase.

In order to study the thermal stability of the Al;Zr—
L1, and 1, phases synthesized under the influence of
CPFs, the samples were subjected to annealing at a
temperature of 550°C. In a series of Zr—Al samples, a
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sample treated at 15 J/cm? was annealed since it con-
tains a larger volume fraction of the formed Al;Zr—L1,
phase, and in the case of silumins, samples irradiated
at 35 J/cm? and having a more uniform distribution of
the doped element and accordingly the T, phase over
the doped layer were annealed.

For aluminum samples, annealing at 550°C for
30 min leads to partial decomposition of the Al;Zr—
L1, phase and the formation of a stable Al;Zr com-
pound with a DO0,; crystal structure. Figure 6 shows
the kinetics of the process of normal polymorphic
transformation of cubic Al;Zr into a tetragonal struc-
ture upon annealing for 15 h.

After annealing at 550°C, needle-like structures
are formed on the surface of the alloy (Fig. 7). On the
basis of X-ray diffraction data, these precipitates can
be attributed to the Al;Zr—DO0,; compound. With
increasing annealing time, the proportion of fine
inclusions of the Al;Zr—L1, phase decreases and the
share of needle-shaped Al;Zr—D0,; precipitates
increases. When the length reaches more than ~2 um,
the needle-like precipitates disintegrate into individ-
ual globular particles with lower surface energy.

Thus, as a result of annealing at 550°C for 30 min
of the Zr—AlI-Si alloy treated with CPF pulses at Q =

Fig. 7. Surface morphology of zirconium-coated Al samples exposed to CPFat 0= 15] /cm2 and subsequent annealing at 550°C

for (a) 1 h, (b) 5h, (c) 10 h, and (d) 15 h.
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Fig. 8. Diffraction patterns of samples of alloys Al-Si and
Al—Si-Cu-M% with zirconium coating exposed to CPF at
Q= 35J/cm” (a) before and after annealing at 550°C for
(b) 30 min, (¢) 1 h, and (d) 2 h.

35 J/cm?, the crystal lattice parameter ¢ increases to
values 0f 0.8943 nm, and the parameter a is 0.3872 nm
(Fig. 8); this may indicate a decrease in the concentra-
tion of Si atoms in the crystal lattice of this phase. A
further increase in the annealing time does not lead to
such a significant change in the lattice parameters of
the T, phase.

Both a shift of the diffraction lines of aluminum to
the region of smaller angles in the diffraction pattern
of the annealed samples indicating the decomposition
of a supersaturated solid solution based on aluminum
and an increase in the intensity of the diffraction lines
of silicon (Fig. 8) are observed. In this case, the com-
ponent of the diffraction line from fine-crystalline sil-
icon disappears, which indicates the process of coagu-
lation of silicon precipitates occurring under the
action of diffusion.

Increasing the annealing time of silumin samples
to 2 h leads to the decomposition of the T, phase and
the formation of zirconium silicide ZrSi,. Thus, when
the Zr—aluminum and Zr—silumin systems are
exposed to CPFs and subsequent annealing, phase

CHERENDA et al.

transitions occur, which can be schematically repre-
sented as follows:

Zr + Al = Al(Zr) + Al Zr — LI,
— Al + ALZr — DO,
Zr + Al +Si — AI(Si,Zr) + Si +
17, — D0y, — Al + Si + ZrSi,.

In samples of the Zr—Al-Si-Cu-Mg system sub-
jected to CPFs and subsequent annealing at 550°C,
phase changes similar to undoped silumin AK12 are
observed: decomposition of the t,—D0,, phase and
the formation of the ZrSi, compound. At the same
time, annealing of these samples leads to the forma-
tion of intermetallic compounds Al,Cu,Ni and
AlgFe,Si and Mg,Si silicide. Data on energy-disper-
sive microanalysis confirmed that particles of the
Mg,Si phase coagulated under the action of diffusion
are formed in the form of dendritic structures (Fig. 9).
According to X-ray spectral analysis, the concentra-
tion of magnesium on the surface of these samples is
1.1 at %.

Using scanning electron microscopy, it was found
that zirconium disilicide ZrSi, in samples of Zr—Al-Si
and Zr—Al-Si-Cu-Mg exposed to CPF at Q = 35 J/cm?
and annealed at 550°C is formed in the form of lamel-
lar-like precipitates (Fig. 10). In addition, silicon crys-
tals are clearly observed on the surface of Zr—AKI12
samples etched in a NaOH solution with a concentra-
tion of 5 mol/L. In addition to ZrSi,, areas of coagula-
tion of doped elements included in the composition of
the initial alloy are observed on the surface of the Al-
Si-Cu-Mg alloy (Figs. 10c and 10d).

As a result of the structural-phase transformations
that occurred in the modified layers of the materials
under study, the microhardness is changed (Fig. 11).
Thus, the microhardness of the initial Al alloy was
H,,= 0.4 GPa, and after irradiation with plasma
pulses, the microhardness of the surface layer of Zr—
Al increases to H, = 1.2 GPa. The increase in micro-
hardness can be influenced by solid solution and dis-
persion strengthening mechanisms. Annealing at

Fig. 9. Distribution of elements over the surface of a sample of the Al-Si-Cu-Mg alloy with a zirconium coating after exposure to
CPF and annealing at 550°C for 2 h. (a) SEM image of the sample, (b) distribution of Si, (c) distribution of Mg.
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Fig. 10. (a, b) Surface morphology and (c, d) distribution of characteristic radiation of elements along line of samples of alloys
Al-Si (a, ¢) and Al-Si-Cu-Mg (b, d) with zirconium coating exposed to CPFat Q=35 /cm2 and subsequent annealing at 550°C

for 2 h.

550°C for 15 h leads to its decrease owing to the pro-
cesses of return and growth of grains. However, the
microhardness of the near-surface doped layer after

(HV_HVO)/HVO

B8 before annealing
after annealing

B2

2.0
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Zr-Al-Si  Zr-Al-Si-Cu-Mg
Fig. 11. Relative change in microhardness of Al, Al-Si, and

Al-Si-Cu-Mg alloys exposed to CPF at 35 J/cm2 before
and after annealing.

INORGANIC MATERIALS: APPLIED RESEARCH  Vol. 15

annealing remains higher than that of the initial struc-
ture by 67% (H, = 0.5 GPa and H,, = 0.3 GPa).

For samples of the Al-Si alloy with applied coating
and subsequent CPF treatment, an increase in micro-
hardness from H,, = 0.6 GPa to H, = 1.4 GPa was
observed. After annealing at 550°C for 2 h, the micro-
hardness of the modified layer decreased and
amounted to 0.7 GPa while for the initial sample
annealed under the same conditions H, = 0.5 GPa.

The least strengthening of the near-surface layer
was observed for CPF-irradiated samples of Zr—Al-
Si-Cu-Mg since the structure of the initial alloy
already contains strengthening phases Al;Cu,Ni,
Mg,Si, and AlgSigMg;Fe. The microhardness of the
initial sample was 1.3 GPa, and the microhardness of
the sample doped with zirconium atoms under the
influence of CPF pulses was H, = 1.8 GPa. After
annealing at 550°C for 2 h, the microhardness of the
irradiated samples was higher than the microhardness
of the initial sample Al-Si-Cu-Mg subjected to
annealing under the same conditions by ~38% (H,, =
0.8 GPa and H, = 1.1 GPa).
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Thus, doping of silumin alloys Al-Si and Al-Si-
Cu-Mg with zirconium atoms under the impact of
CPFs makes it possible to increase the strength char-
acteristics of the near-surface layer.

CONCLUSIONS

Thus, as a result of the studies, it was established
that the effect of compression plasma flows with an
absorbed energy density of the plasma flow of 15 J/cm?
and 35 J/cm? on aluminum alloys Al, Al-Si, and Al-
Si-Cu-Mg with a pre-deposited zirconium coating
leads to the formation of a doped layer with a thickness
of up to 60 wm with a metastable structural and phase
state. In aluminum, precipitates of the Al;Zr—LI,
phase are formed in the form of finely dispersed inclu-
sions with a size of 100—300 nm. In silumin alloys Al-
Si and Al-Si-Cu-Mg, finely dispersed (200—300 nm)
inclusions of the T, phase with a crystalline structure
of D0,, are formed.

Annealing of samples at 550°C leads to the trans-
formation of the Al;Zr—L1, phase into Al;Zr with a
tetragonal structure D0,; in aluminum samples and to
the decomposition of the T,—D0,, phase and the for-
mation of ZrSi, in samples of silumin alloys. The
resulting Al;Zr—D0,; phase in the form of needle-
shaped precipitates up to 2 wm in length subsequently
disintegrates into globular inclusions. The forming
zirconium disilicide ZrSi, precipitates in the form of
lamella-like inclusions.

The doped surface layer in alloys Al, Al-Si, and Al-
Si-Cu-Mg has increased strength characteristics com-
pared to the initial structure. The microhardness of
the doped surface layer in the studied samples
annealed at 550°C is higher than the microhardness of
the initial annealed samples not subjected to doping by
~67% and ~40% for aluminum and silumin samples,
respectively. Doping with zirconium atoms using
CPFs increases the microhardness of the surface layer
of aluminum by 3 times and the silumin alloys Al-Si
and Al-Si-Cu-Mg by 2.3 and 1.4 times, respectively.
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