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The analysis of structure, defect substructure, elemental and phase compounds and friction properties
of Al-11wt%Si alloy surface layer of subjected to complex treatment was carried out by methods of
scanning and transmission electron microscopy. Complex treatment includes the electroexplosion
influence by Al-Y,O, compound and subsequent electron beam irradiation. The surface layer = 80 um
thick is formed by high-velocity crystallization cells of 0.8-1.3 um in dimension. Interlayers 5075 nm
thick located along the cells of high-velocity crystallization are enriched by atoms of silicon and
yttrium. Complex surface treatment leads to the increase by 18 times in wear resistance and decrease
by 1.6 times in the friction factor of the modified layer.
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1. Introduction

In paper! it is claimed that alloys based on Al-Si system
are the most spread aluminum casting alloys and are widely
used as modern structural materials in automobile, aerospace
and other fields of industry where a good strength, light
weight, high corrosion resistance and good ability for casting
are needed. In the work? it is defined that the casting alloys
as the materials being used for the manufacturing of mould
castings are the products made of aluminum alloy with complex
geometrical shape. The low-alloyed high-strength aluminum
casting alloy Nickalyn-AZ6NF (of Al-Zn-Mg-Fe-Ni system)
based on (Al) + Al9FeNi eutectic as a promising material
used for manufacturing of shaped castings is described in
Mann et al.3. As the authors indicate the main advantages
of Nickalyn-AZ6NF alloy are a high level of mechanical
properties (the ultimate tensile strength reaches 500 MPa), a
good workability at casting and a relatively low prime cost.

The wide use of aluminum alloys and composites
based on aluminum matrix in industry is explained by
their relatively low cost and a rather high specific strength.
In the paper* aluminum alloys by stir-squeeze casting
are obtained. Four variants of obtaining the aluminum
composites were used: (AlSi, Mg +alumina; scrap aluminum
alloy + alumina; AISi.Mg + spent alumina catalyst; scrap
aluminum alloy + spent alumina catalyst). Scrap aluminum
alloy obtained from aluminum wheel disks or AlSi Mg
were used as a base material. Spent alumina catalysts being
a product of oil refineries or alumina were added to the
melt as reinforcement material. Composites obtained by
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stir-squeeze casting of scrap aluminum alloy and alumina
were characterized by the best properties, namely: they
exhibited the lowest porosity (7.3%) and abrasive wear loss
(0.11 mg for the finest abrasive), high hardness (58.5 BHN)
as well as high ultimate tensile strength (UTS) (125 MPa)
and ultimate compression strength (UCS) (312 MPa) as
compared to other variants of obtaining the composites.

The mechanical properties of 6063-T5 and 6061-T6 aluminum
alloys at increased temperatures are studied®. In the paper
the following properties: the yield point, Young modulus
and ultimate tensile strength are determined experimentally.
It was suggested to unify the equation for calculation of
the mechanical properties of aluminum alloys at elevated
temperatures. The dependences established in the research
give the more accurate values of calculated magnitudes as
compared to the existing regularities.

In most cases, it is enough to harden the surface layer
of the materials without resorting to the bulk hardening.
The modification of the surface layer of metal products
serves for the increase in mechanical and tribological
properties. The increase in wear resistance by rubbing is
presented in a scientific study®. The method consists in
introduction of hard particles into a bulk material by friction.
An aluminum alloy (duralumin) was used as bulk material
and tungsten carbide (WC) was used in the form of hard
particles. The fretting tests were performed in both dry and
oil-lubricated conditions. The surface modification improves
the fretting wear resistance of aluminum alloy. The increase
in wear resistance without changing abrasive wear possible
thanks mixing of fine particles in the metal matrix.
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The method of surface alloying of metallic materials
using the electric explosion of conductors is also known.
Electroexplosion alloying enables one to increase in hardness,
durometric and tribological properties in a modified material.
Hardening is reached by means of formation of hardening
coating consisting of fine-dispersed phases. It is claimed’ that
the properties of the resultant coating are strongly dependent
on microstructure, phase composition, porosity and its
distribution.

In the paper® Ti-Zr coating on the surface of tooth
implant made of VT6 using electric explosion was obtained.
It was established that the formed coating was a multiphase
and multielemental one, its thickness was less than 50 pm.
The increase in friction factor by 1.5 times and the decrease
in wear parameter by 18% were observed.

One of promising directions of creation of modern
structural materials is the formation of ultrafine-grained or
nanocrystalline structure in volume or on surface of'a material.
Study of the formation of aluminum nanocrystals in light-weight
amorphous alloys A190Y 10 and AI87Ni8GdS on heating
and under deformation by the methods of X-ray diffraction
and electron microscopy was performed in the reference’.
The average size of nanocrystals in the deformed and annealed
sample amounted to 9 nm that was the intermediate one
between the average size of nanocrystals formed as a result
of deformation (6 nm) and under heat treatment (23 nm) was
detected. Thus, the combined treatment forms a nanostructure
with intermediate size of structural components which are
between the sizes of nanocrystals only in the deformed and
only in annealed alloys. The change in volume fraction of
nanocrystals leads to the variation in microhardness. With
the increase in deformation degree the volume fraction of
nanocrystalline phase increases. The maximum value of
microhardness amounted to 4.5 GPa which corresponds
to yield point of 1.5 GPa. The value is very close to the
maximum value being observed in amorphous nanocrystalline
alloy based on Al

In recent years the attention of researchers in the field
of physical materials science is concentrated on the analysis
of nature of metals’ and alloys’ hardening under the action
of the external energy influences and concentrated flows
of energy'*!>. The promising field of development is a
combination of several methods of modification.

The study of microstructure and properties of steel surface
layer alloyed by chromium using the method of magnetron
spraying followed by processing with high-current pulsed
electron beam was performed in the research'®. Different
thickness of preliminary applied film of chromium followed
by the electron beam irradiation with energy density
of 4.4 J cm? and 100 pulses was studied. The authors
established that the optimum thickness of preliminary applied
film of chromium amounted to 600 nm and microcracks
appeared only when Cr film thickness increased 800 nm.
Micro cracks were caused by increasing residual stresses
after ultrafast heat cycles. After processing by high-current
pulsed electron beam the remelted layer may be divided into
three layers: the first layer consists of Fe-Cr solid solution
and a small quantity of nanodimensional amorphous phase
being formed in the boundaries of subgrains; in the second
layer the columnar grains of austenite may be observed, in
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the third layer there are only plates of martensite. As a result
of such a processing the microhardness of the surface layer
alloyed by chromium changed insignificantly as compared
to the initial steel substrate, however corrosion resistance
increased considerably.

At the paper'® the results of investigation into wear resistance
of aluminum alloy with high content of Si, Fe and Cu after
combined treatment of surface involving the plasma nitriding
followed by electron beam remelting were presented. In order
to avoid the loss of hardness during the thermal cycle of
nitriding in plasma (480 °C) the consecutive processing:
plasma nitriding followed by electron beam remelting
was used. As a result of the complex treatment the authors
succeeded in increasing in wear resistance of the material
almost by 10 times.

The electron beam irradiation technique is widely
used in branches of industry in welding process. Some
researchers employ the method of electron beam irradiation
for manufacturing of metal/oxide nanocomposite materials'’.
At first, CoO films were obtained by pulsed laser deposition
method and then the resultant films were irradiated by electron
beam. By means of this technique the cobalt oxide is possible
to be reduced to metallic Co and Co/CoO nanocomposite.
In this case the parameters of structure of the obtained
materials can be controlled by changing in energy density
of electrons and time of irradiation.

Having carried out the review of modern state of researches
in the field of modification of structure and properties of
the materials based on aluminum it may be stated that this
direction of investigations is a relevant one and it requires
further development. The importance of improvement in
the service characteristics of alloys based on aluminum is
dictated by practical requirements as well because aluminum
alloys gradually replace steel in manufacturing of parts and
units for different purposes.

Our research team had already performed investigations
into changes in structure of silumin surface layer treated by
pulsed electron beam in six different modes'®. Moreover,
we determined the effect of electroexplosive alloying by
Al-Y,03 system (6 modes) on structure, phase composition
and mechanical properties of Al-Si alloy". For each of the
modification methods the optimal parameters were determined:
for pulsed electron beam treatment they are energy densities
of 25, 30, 35 J/cm?; for electroexplosion alloying they are
Mode 2 (discharge voltage - 2.8 kV, weight of aluminum
foil - 0.0589 g, weight of yttrium powder Y, 0, - 0.0589 g.),
and Mode 5 (discharge voltage - 2.6 kV, weight of aluminum
foil - 0.0589 g, weight of yttrium powder Y,0O, - 0.0883 g.).
Combination of regimes 2 and 5 with subsequent electron beam
irradiation at energy density of electron beam 35 J/cm?* was
carried out in paper®. This paper continues our research
started in'32!.

The purpose of the research is to analyze the structure,
defect substructure, elemental and phase compounds and
friction properties of surface layer of Al-11wt%Si alloy
samples irradiated by pulsed electron beam (density of electron
beam - 25 J/cm?) and subjected to the electroexplosive treatment
(mass of Y, 0O, — 88.3 mg; mass of aluminum foil on which
powder was located — 58.9 mg; discharge voltage - 2.6 kV)
with subsequent electron beam irradiation (energy density
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of electron beam - 25 J/cm?) by methods of scanning and
transmission electron microscopy. The main investigations
in the research were performed by methods of transmission
electron microscopy. Changes in tribological properties and
microhardness under the given parameters of treatment were
considered in detail in paper?'.

2. Material and Methods of Research

Al-11wt%Si alloy whose chemical composition is shown
in Table 1 was used as a material under study. The samples of
the alloy were divided into three groups: (1) in the cast state;
(2) after irradiation by the pulsed electron beam; (3) after the
complex treatment. The irradiation of samples of selected alloy
by pulsed electron beam (PEB) was done at the specialized
equipment SOLO?'. The parameters of the electron beam
are the following: energy of the electrons - 17 keV, energy
density of electron beam - 25 J/cm?, the pulse length - 150 s,
number of pulses - 3, frequency of pulses - 0.3 s°!, pressure
of the argon in working chamber - 210 Pa. The complex
modification of Al-11wt%Si alloy surface layer was performed
by the combination of electroexplosion alloying (the first
stage of treatment) and irradiation by pulsed electron beam
(the second stage of treatment). The electroexplosion alloying
(further EEA) was performed by yttrium oxide powder
(mass of Y,0, — 88.3 mg; mass of aluminum foil on which
powder was located — 58.9 mg; discharge voltage - 2.6 kV).
The regime of subsequent irradiation by pulsed electron
beam is mentioned in Zaguliaev et al.?".

Using the scanning and transmission electron microscopes
(the devices Philips SEM-515 with the microanalyzer
EDAX ECON 1V and JEM-2100F) as well as the mapping
method? the elemental and phase compounds, the state
of defect substructure® were examined. The friction
properties such as the wear resistance and friction factor
were performed tested at tribometers “Pin on Disc” and
“Oscillating TRIBOtester”. As a counter body the ball in

Table 1. Chemical composition (weight. %) of Al-11wt%Si alloy
determined by X-ray microanalysis method.
Al Si Cu Mg Ni Fe Ctr Mn Ti
84.88 11.10 2.19 0.58 0.92 0.25 0.01 0.02 0.05

diameter 6 mm made of J19965 steel was used. The track
radius was equal to 4 mm. The load of indenter and track
length changed depending on the level of wear resistance
of the material under research.

For statistical data processing, six samples were tested
in each group. Three samples from these, chosen arbitrarily,
were tested for wear, and the remaining samples were studied
by the structural methods. Then the obtained data were
statistically processed. The most typical images of structure
are presented in the paper.

Scanning electron microscopy was performed using
metallographic sections cut out in the central part of a sample
across the surface of irradiation. The sample preparation
consisted in grinding, polishing and chemical etching needed
for exhibiting the structure.

The foils for studying the structural phase state of the
material by the methods of transmission electron microscopy
were prepared by ion thinning (device lon Slicer EM-09100IS)
of plates ~ 100 pm thick (h) cut out from the sample by
electric spark method. The mode of cutting was chosen in
such a way that it introduced no additional deformation and
therefore, had no influence on the sample structure.

3. Results and Discussion

The friction properties (wear rate - the value inverse
to wear resistance of the material and friction factor) of
Al-11wt%Si alloy were investigated in the cast state,
after irradiation by PEB and after the complex treatment
combining EEA and PEB. The studies of wear rate
have shown that wear resistance of Al-11wt%Si alloy
subjected to the complex treatment increased by 18 times
(from 4810 mm3/N-m to 2.66-10* mm?*/N-m) compared
to wear resistance of alloys in a cast state and increased
by 2.6 times (from 7-10* mm?*/N-m to 2.69-10* mm*/N-m) in
that of alloy irradiated by the pulsed electron beam. Friction
factor decreases by 1.6 time at the combined treatment
(1n = 0.34) relative to the initial material (p = 0.55) and
by 1.3 time relative to the alloy irradiated by intense electron
beam (p = 0.45).

It is evident that the increase in the friction properties of
Al-11wt%Si alloy is caused by the change in the structural
phase state of the material’s surface layer. Figure la, 1b

Figure 1. Structure of Al-11wt%Si alloy subjected to electroexplosion alloying and subsequent irradiation by pulsed electron beam;
a, b — structure of irradiation surface; ¢ — structure of transverse etched metallographic section. In (a) the dark arrows designate the films,
the light arrows — the microdroplets located on the surface of the sample; in (¢) — modified layer. Scanning electron microscopy.
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shows the characteristic electron microscopic images
of Al-11wt%Si alloy surface structure subjected to the
complex treatment. As a result of the complex treatment
the relief surface containing the microdroplets and films
(Figure 1a) is formed. The modified layer being formed has
a submicrocrystalline structure with the dimensions of the
crystallites less than 1 pm (Figure 1b).

The structure analysis of the etched transverse metallographic
sections has shown that the thickness of the modified layer
amounts to 70—80 um (Figure 1c).

The elemental compositions, the phase morphology,
the state of defect substructure of Al-11wt%Si alloy surface
layer subjected to complex treatment were examined by the
methods of transmission electron diffraction microscopy.
Figure 2 presents the electron microscopic images of
Al-11wt%Si alloy structure at different distances from the
surface of the complex modification.

The analysis of the images presented in Figure 2 shows
that in the layer up to 80 um in thickness the structure of
cellular crystallization is formed. The dimension of cells
varies within the limits from 0.8 um to 1.3 um. The cells
are separated by the interlayers of the second phase.
The thickness of the interlayers varies within the limits
0f'50-75 nm. The inclusions of the second phase having the
faceted shape in the form of cuboid or four-leaf rosettes are
located mostly in the triple junctions of the cells’ boundaries.
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The dimensions of these inclusions vary within the limits
0f'0.5-0.7 um. Thus, the complex treatment combining the
EEA and the subsequent irradiation by the PEB results in
the formation of the surface layer whose inclusions of the
second phase are by tens — hundreds times less than those
being present in Al-11wt%Si alloy of the cast state.

The distribution of the chemical elements in the surface
layer was investigated by the methods of micro- X-ray
spectral analysis of thin foils. The results of the elemental
analysis (the method of mapping of the layer adjacent to the
surface of modification) are presented in Figure 3 and in
Table 2. It is clearly seen that the interlayers located along
the boundaries of high crystallization cells are enriched by
the atoms of silicon and yttrium. The particles of the faceted
shape are enriched by titanium atoms. The yttrium atoms
form the thin foils and the droplets located on the surface
of the sample’s modification.

In a quantitative sense, the elemental composition of
the surface layer, whose image is shown in Figure 3a, is
presented in Table 2. When analyzing the results of the table
it may be noted that the main chemical element of the layer
under study is aluminum whose mass fraction increases 75%.
The concentration of the revealed alloying elements varies
within the limits from 1 mass % to 5 mass %.

The elemental composition of the modified layer
detected by the methods of electron microscopy of thin

W

o)

Figure 2. Structure of Al-11wt%Si alloy subjected to complex modification: a — d — layers located at distances of 20 um; 40 pm, 65 pm,

80 um from the surface of treatment, respectively.
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Figure 3. Bright-field electron microscopic image of structure of surface layer of modified Al-11wt%Si alloy (a); c-e — images of the
given layer formed in the characteristic X-ray radiation of silicon atoms (c), yttrium (d) and titanium (e); the image (b) is formed by

superimposing of images (c-¢) on (a).

Table 2. Chemical composition of Al-11wt%Si alloy subjected to complex treatment combining the electroexplosion alloying and the

subsequent irradiation by pulsed electron beam.

Element keV Mass, % Counts Error, % Atom, %
(6] 0.525 2.30 10875.08 0.11 4.17
Mg 1.253 1.13 9213.72 0.20 1.35
Al (Ref.) 2.486 75.76 626449.69 0.00 81.60
Si 1.739 5.01 43060.93 0.05 5.18
Ti 4.508 5.14 33403.07 0.06 3.12
Fe 6.398 2.49 13508.27 0.16 1.30
Ni 7471 1.07 5163.90 0.48 0.53
Cu 8.040 3.33 14151.06 0.19 1.52
Y 1.922 3.78 8101.01 0.34 1.23
Total 100 100
foils depends on the distance (X) from the surface of . i o 8rat % " X
treatment as follows from the analysis of the results
presented in Figure 4. The concentration of oxygen, 80 usi
yttrium and titanium atoms decreases substantially as the -
distance from the surface of treatment increases, and at . =cu
a distance of 80 pm it is approximate to zero. Maximum ::‘f“
concentration of oxygen, yttrium and titanium atoms is :fn " MF:

observed in the layer most closely adjacent to the treatment
surface (up to 5 pm).

The phase composition of Al-11wt%Si alloy’s modified
layer was analyzed using the dark-field images and the
techniques of interpretation of microelectron diffraction
patterns. Figure 5, a shows the electron beam bright-field
image of the surface layer of modified alloy.

The microelectron diffraction pattern formed in
the foil’s region selected by the selective diaphragm
(Figure 5b) contains the diffraction halo corresponding to
the amorphous state of the substance and the diffraction
reflections forming the rings (Figure 5c). The analysis of
the microelectron diffraction pattern enabled to detect the
reflections of silicon and yttrium silicide (SiY). Following
the results of micro X-ray spectral analysis of the foil’s
region presented in Figure 3d it may be suggested that the
amorphous phase is the region of the sample’s surface (the
film or droplet) enriched by yttrium. One of the phases
having a nanocrystalline structure and located along the
interface of the droplet and the main volume of the sample
is (SiY) yttrium silicide.

Surface treatment
Figure 4. Dependence of concentration of Al-11wt%Si alloy chemical

elements (excluding aluminium) subjected to complex treatment
on distance (X) from the surface of modification.

Electron microscopic image of cellular crystallization
structure is presented in Figure 6. It is clearly seen that the
volume of the high-velocity crystallization cells is formed by
the solid solution based on the crystal lattice of aluminum.
The interlayers separating the crystallization cells contain
the particles of silicon.

The electron microscopic image of the particles having
the shape of four-leaf rosettes is presented in Figure 7. It is
shown by the methods of dark-field analysis that these
particles are o-titanium.
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Figure 5. Electron microscopic image of Al-11wt%Si alloy’s surface layer structure subjected to electroexplosion alloying and subsequent
irradiation by pulsed electron beam; a - bright fields and b - bright fields with SAED; ¢ - selected area electron diffraction (the arrow
designates the reflection of dark field formation); d - dark field formed in reflection [211] of Si.

Figure 6. Electron microscopic image of cellular crystallization structure of Al-11wt%Si alloy’s surface layer subjected to electroexplosion
alloying and subsequent irradiation by intense pulsed electron beam; a— bright field; b - selected area electron diffraction (the arrows
designate the reflections of dark field formation: 1 - ¢, 2 - d; ¢, d - dark fields formed in reflections [111] Al (¢) and [111] Si (d), respectively.



Effect of Electron-Plasma Treatment on the Microstructure of Al-11wt%Si Alloy 7

Figure 7. Electron microscopic image of Al-11wt%Si alloy’s surface layer structure subjected to electroexplosion alloying and subsequent
irradiation by pulsed electron beam; a - bright fields and b - bright fields with SAED; ¢ - selected area electron diffraction (the arrow
designates the reflection of dark field formation); d - dark field formed in reflections [104] a-Ti (d).

4. Conclusion

The research into the elemental and phase compounds,
the state of defect substructure has been done and the friction
properties of Al-11wt%Si alloy subjected by the complex
treatment combining the electroexplosion alloying and the
subsequent irradiation by pulsed electron beam have been
carried out. It has been shown that the multielemental multiphase
layer ~80 pm thick having the submicro-nanocrystalline
structure is formed as a result of the Al-11wt%Si alloy’s
complex treatment. It has been detected that the droplets
enriched by yttrium atoms being in the amorphous state are
present on the surface of modification. It has been shown
that the high-velocity crystallization of the alloyed surface
layer is accompanied by the formation of a-titanium particles
in the shape of cuboids and four-leaf rosettes. It has been
established that the complex surface treatment of Al-11wt%Si
cast alloy results in the multiple increase (by 18 times) in
wear resistance and the decrease (by 1.6 times) in friction
factor of the modified layer.
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