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Abstract: The paper investigates the rheological behavior and microstructuring of an AIMg6/10% SiC
metal matrix composite (MMC). The rheological behavior and microstructuring of the AIMg6/10%
SiC composite is studied for strain rates ranging between 0.1 and 4 s~! and temperatures ranging
from 300 to 500 °C. The microstructure formation is studied using EBSD analysis, as well as finite
element simulation and neural network models. The paper proposes a new method of adding data to
a training sample, which allows neural networks to correctly predict the behavior of microstructure
parameters, such as the average grain diameter, and the fraction and density of low-angle boundaries
with scanty initial experimental data. The use of neural networks has made it possible to relate the
thermomechanical parameters of deformation to the microstructure parameters formed under these
conditions. These dependences allow us to establish that, at strain rates ranging from 0.1 to 4 s 1and
temperatures between 300 to 500 °C, the main softening processes in the AIMg6/10% SiC MMC are
dynamic recovery and continuous dynamic recrystallization accompanied, under certain strain and
strain rate conditions at 300 and 350 °C, by geometric recrystallization.

Keywords: metal matrix composite; high temperature; aluminum; simulation; rheology; neural
network; relaxation; rheological behavior; flow stress; Al-Mg alloy; Al-Mg-Sc-Zr alloy

1. Introduction

Aluminum and aluminum alloys have become widely used in industry due to their
high specific mechanical properties, high thermal conductivity, and corrosion resistance,
as well as other important technological parameters. Numerous aluminum-based alloys
doped with various alloying elements offering the required physical and mechanical
properties of an alloy have been created. These materials include Al-Mg alloys, which have
good corrosion resistance, ductility, and weldability [1-6]. The latter alloys are used as
structural materials for cryogenic structures, and they are used in the aerospace industry.
Magnesium additives in aluminum strengthen it significantly. Each percent of Mg content
increases the tensile strength by 25-30 MPa [7]. At the same time, Al-Mg alloys can be
considered as deformable with a Mg content of up to 11-12 wt%. With a Mg content of
up to 8 wt%, these alloys cannot be hardened by heat treatment [7]. However, with a
magnesium content of more than 7 wt%, its anticorrosive properties deteriorate sharply;
therefore, Al-Mg alloys with this Mg content are hardly ever used. This leads to the fact that
Al-Mg alloys used in industry are not amenable to heat treatment, and they have medium
strength. As a result, these alloys find limited use only in some areas of the industry.

One of the ways to increase the strength properties of Al-Mg alloys is their alloying
with the Sc rare earth element, which, even in a small content, increases the strength of
alloys [8,9]. The hardening of Al-Mg alloys by adding scandium is a combined effect of
dispersion hardening and structural hardening [10,11]. These alloys are generally alloyed
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with Sc in an amount of up to 0.3% and modified with Mn and Zr [11-14]. However, despite
the low content of scandium due to its high cost, the use of Al-Mg-Sc alloys is also limited.

Another way to obtain increased material properties, which has recently gained
increasing attention from the industry and researchers, is the creation of metal matrix
composites based on an aluminum alloy matrix reinforced with various fillers in various
percentages [15-20]. The development of a new material consists not only in synthesis
but also in the need to form the required properties after its manufacture. The required
properties of alloys and alloy-based composites, as well as products made of them, are
formed using heat treatment and machining in a wide temperature range. In particular,
for structural materials, these types of processing make it possible to obtain materials and
products with compromised plastic and strength properties. Thus, it becomes possible to
control the properties using controlled thermomechanical action consisting of mechanical
action on the workpiece under certain temperature conditions [21-23]. As a rule, the
thermomechanical processing of alloys and alloy-based composites is carried out at elevated
temperatures, at which the alloy structure is actively rearranged.

During plastic deformation, these materials undergo competing processes associated
with hardening due to the increased dislocation density and phase transformations, as well
as with softening due to dynamic recrystallization, recovery, and increased damage [23-32].
The interaction of hardening and softening affects the rheological behavior of the material.
In particular, the flow stress curves at certain temperatures and strain rates may have a
peak [26,33-35], a steady-state portion [25-27,34,35], and several hardening and softening
sections [10,11,36]; in addition, there may be an inverse strain rate dependence [37-39],
when an increase in strain rate causes a decrease in flow stress. To determine the condi-
tions for the formation of the required shape of the workpiece from a material with the
necessary properties, one is to relate the thermomechanical parameters of deformation to
flow stress and the microstructure parameters. These relationships are generally estab-
lished by means of mathematical models based on the functional relation of microstructure
parameters to thermomechanical parameters [40—43], as well as using physically based
models [35,44-49] and computational models, including models based on the cellular
automata method [34,50-54] and molecular dynamics [55]. Neural network models for
describing microstructure formation under high-temperature deformation have not found
wide application due to the need to obtain a large amount of experimental data which is
time-consuming and leads to the inexpediency of using neural networks. The problem
of the scanty experimental data is solved by simulating microstructure formation using
cellular automata or embedding functions into finite element programs [56-59]. Simulation
enables computational experiments to be conducted, thus making it possible to reduce
the time spent on forming a sample of the necessary size for training neural networks.
Nevertheless, this approach is rather time-consuming as it requires first developing or
applying a model that adequately describes the microstructure formation in the material
and then using the results of calculations based on the model to train neural networks. This
paper proposes a new and relatively simple method for processing scarce experimental
data relating microstructure parameters to the parameters of thermomechanical action on a
metal material for subsequent neural network training. The neural networks constructed in
this study are used to identify the softening mechanisms in an AIMg6/10% SiC metal ma-
trix composite at temperatures from 300 to 500 °C and strain rates ranging between 0.1 and
4571, as well as to relate the microstructure parameters of the metal matrix composite to
the thermomechanical parameters of deformation.

2. Materials and Methods
2.1. Material and Research Technique

The AIMg6/10% SiC metal matrix composite (MMC) [60] produced using powder
technology is used as the material for the study. The initial components of the AIMg6/10%
S5iC MMC were mixed in a vibratory mixer in an argon atmosphere. Sintering was carried
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out for 60 min at a temperature of 420 °C. The pressure at which sintering occurred was
30 MPa. No additives modifying the surface of SiC particles were used.

The size of the SiC particles corresponds to the F1500 standard, with an average
diameter of 2.0 + 0.4 um. Figure 1 shows an EBSD image and SEM image of the composite
before deformation. As can be seen from this figure, the matrix particles are a polycrystalline
material. After sintering of the composite, the SiC reinforcer particles are located along
the boundaries of the matrix particles. In this paper, the composite was studied without
pre-extrusion. Its mechanical properties at room temperature are shown in Table 1. For
comparison, this table shows the properties of AIMg6 and Al-Mg-Sc-Zr alloys, which are
similar in use to the composite.

50 um

Figure 1. (a) The EBSD image after electropolishing and (b) the SEM image of the AIMg6/10% SiC
MMC microstructure.

Table 1. Material properties.

Material Yield Strength, MPa Elastic Modulus, GPa Density, g/cm?
AlMg6/10%SiC 179 93 2.67
Al-Mg-Sc-Zr alloy 164 66 2.65
AlMgé alloy 141 76 2.62

Before testing, all the materials were identically annealed for 15 h at 520 °C. It can be
seen from this table that the yield strength and elastic modulus of the composite are higher
than those of the AIMg6 alloy and its more expensive Al-Mg-Sc-Zr analog. Table 2 shows
the chemical composition of the Al-Mg-Sc-Zr alloy, the AIMg6 alloy, and the matrix of the
AlMg6/10% SiC metal matrix composite. The chemical compositions were determined
by means of a Spectromaxx LMF04 optical emission spectrometer, and the granulometric
composition of the powders was determined by laser diffraction using a LaSca-TD.

Table 2. Chemical composition of materials, wt%.

Material Al Mg Mn Sc Fe Zr Si Cu Ti Zn Be
AlMg6 alloy
and the matrix of balance 6.56 0.5 - 0.27 - 0.16 0.013 0.04 0.02 0.0012
AlMg6/10% SiC

Al-Mg-Sc-Zr alloy

balance 5.18 0.36 0.23 0.12 0.07 0.01 0.022 0.02 0.02 0.003

The densities of the materials were determined using the hydrostatic method according
to ASTM B311-13, by weighing the specimens in air and distilled water on an Ohaus Pioneer
PA 214 analytical balance.
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Experiments on the determination of the mechanical properties and rheological
behavior of the composite at room and high temperatures were performed for cylin-
drical specimens. Compression specimens had a diameter dy of 6 £ 0.05 mm and a
height hy of 9 & 0.05 mm. Cylindrical tensile specimens had the following dimensions:
dp = 5 &+ 0.05 mm, and the length of the gauge part [y = 25 &= 0.1 mm. The data obtained
from high-temperature compression tests of specimens were used to construct flow stress
curves depending on temperature, strain, and strain rate. These curves were used for
finite element simulation of specimen compression. Compression experiments were carried
out using an automated plastometric installation designed at the Institute of Engineering
Science, UB RAS [11,39].

In compression experiments, a graphite-containing lubricant was used to reduce fric-
tion between the punch and specimen. The lubricant provided the coefficient of Coulomb
friction between the flat die and aluminum alloy equal to 0.09 at 300 °C and equal to
0.1 and 0.13 at 400 and 500 °C, respectively. The values of the friction coefficients were
obtained using the procedure described in [61], the essence of which is to compress spec-
imens to different heights and select the friction coefficient in the Coulomb friction law
according to the results of finite element simulation in such a way that the maximum and
minimum diameters of the specimen coincide as closely as possible with the simulated one
at different strains.

In the temperature range between 300 and 500 °C, the specimens became barrel-shaped
despite the use of the lubricant (Figure 2). The specimens were cooled immediately after
the end of deformation, and in 2 s, the specimen temperature did not exceed 70 °C. After
deformation, the specimens were cut in a longitudinal section (parallel to the compression
axis) using electric spark cutting. Then, thin sections for EBSD analysis were made in
the plane of the longitudinal section of the specimens. Zones of the specimens for EBSD
analysis are highlighted in orange in Figure 2. For the same zones, the strain ¢ and strain
rate ¢ were calculated on the basis of finite element simulation of compression of specimens
at the studied range of temperatures, strains and strain rates. The formulation of the finite
element simulation problem is given in Section 2.2.

Figure 2. The longitudinal section of a cylindrical specimen after compression. The zones of the
EBSD analysis of the specimen microstructure are highlighted in orange.

The microstructures of the specimens before and after deformation were studied
by electron backscattered diffraction (EBSD) using a Tescan Vega Il scanning electron
microscope with an Oxford HKL Nordlys F+ EBSD analysis accessory. For the EBSD
analysis, the specimens were first mechanically polished and then electropolished by 90%
CH3;COOH +10% HCIO; electrolyte cooled to 8 °C. The polishing time averaged 6 s at a
voltage of 40 V and a current density of 0.3 A/mm?. The scanning step during the EBSD
analysis was equal to 0.3 um. The size of the scanned area was 300 x 150 um. It was
assumed that the grain misorientation exceeded 15° and that the subgrain misorientation
ranged between 2 and 15°.

2.2. Formulation of the Finite Element Problem for Specimen Compression

In order to determine the stress—strain state in the specimen, its finite element model
was constructed in the Deform program. For the specimen material, an isothermal vis-
coplastic model of isotropic strain hardening was used. The flow stress was set in a tabular
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form based on cylindrical specimen compression tests (Figure 3a). The calculations were
performed under the assumption of the axisymmetric stress—strain state and deformation
symmetry about the horizontal geometric symmetry axis of the specimen (Figure 2). Thus,
only a quarter of the specimen cross-section was simulated (Figure 3b).

(b)

Symmetry axis

Figure 3. (a) Flow stress as dependent on strain for 300 °C (green curve), 400 °C (blue curve), 500 °C
(red curve), and strain rates ranging between 0.1 and 10 s~; (b) the finite element grid used for
the simulation.

The simulation was performed in accordance with the experimental conditions of
specimen loading in which the time dependence of die speed Vy (t) (Figure 3b) was taken for
each specific tested specimen. It was assumed that the friction between the specimen and
the die followed Coulomb’s friction law and depended on temperature. In the simulation
of specimen deformation, the Coulomb friction coefficient was set to 0.09 at a temperature
of 300 °C and to 0.1 and 0.13 at 400 and 500 °C, respectively.

2.3. Neural Network Models for Forming Microstructure Parameters

The average grain diameter D, the fraction of low-angle boundaries P;, and their
density S| were the analyzed parameters of the composite matrix microstructure depending
on temperature, strain, and strain rate. The fraction and density of low-angle boundaries
were calculated using the formulas

and S; = L @)

P
L F

“L+H

Here, L is the sum of the lengths of all the low-angle boundaries; H is the sum of the
lengths of all the high-angle boundaries; and F is the area of the microstructure image on
which the sum of the lengths of all the low-angle boundaries L was determined. These
parameters were determined from the data obtained by EBSD. The average grain diameter
D was calculated based on a sample that included grains containing at least 3 indexed
points. To describe the evolution of the microstructure parameters, we used one-, two-,
and three-layer neural networks. Their general scheme is shown in Figure 4. The neural
networks were built using the scikit-learn library.
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Figure 4. General scheme of the neural network model.

3. Results
3.1. The Rheological Behavior and Microstructuring of the Composite

Under high deformation temperatures, relaxation processes occur in metallic materials
and composites based on them, which affect the form of flow stress curves. The flow stress
curves for the AIMg6/10% SiC MMC (Figure 3a) can be divided into several portions
(stages). At stage I, the composite undergoes hardening until the peak (maximum) flow
stress value is reached. Moreover, the strain corresponding to the peak stress decreases
with increasing temperature and increases with an increasing strain rate. The hardening
stage is followed by a portion corresponding to material softening, where the flow stress
value decreases with increasing strain. At stage III (the steady-state portion), the hardening
and softening rates are close, and the flow stress value remains almost unchanged with
increasing strain. This rheological behavior of the composite at high temperatures means
that dynamic recrystallization occurred during deformation, which can follow the discon-
tinuous, continuous, or geometric recrystallization mechanisms [23]. In order to identify
the recrystallization mechanism, an EBSD analysis of the specimens was performed after
various thermomechanical loading conditions.

Figures 5-7 show the EBSD images of the microstructures of the AIMg6/10% SiC
MMC after deformation as dependent on temperature, strain, and strain rate. The black
spots in the figures correspond to non-indexed zones, which generally are zones with a high
content of silicon carbide falling out from the matrix during electrochemical polishing. The
values of strain ¢ and the strain rate ¢ were determined from the results of the finite element
simulation of specimen compression. The formulation of the finite element problem is
described in Section 2.

Although the specimens have the same height after compression, the accumulated
strain in the same zones varies at different temperatures (Figure 8). Thus, it is difficult
to analyze the occurring softening processes depending on temperature and strain-rate
loading conditions without using any approximating equations. Table 3 shows the experi-
mentally obtained values of the average grain diameter D, and the fraction P; and density
S1 of low-angle boundaries depending on temperature, strain, and strain rate. According
to these data, maps of the formation of the average grain diameter, and the fraction and
density of low-angle boundaries are plotted against the thermomechanical parameters of
deformation in Figures 9-11. As can be seen from these maps, increasing strain decreases
the average grain diameter, while an increasing deformation temperature forms larger
grains in the composite matrix. The effect of strain rate on grain evolution is nonmonotonic.
In the grain map (Figure 9), there are portions where the diameter of the formed grains
decreases with an increasing strain rate, and there are portions where, in contrast, the
average grain diameter decreases with a decreasing strain rate.
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Figure 5. An EBSD image of the composite matrix microstructure at a deformation temperature of
300°C for(a) e =0.12and ¢ =0.83s L, (b) e =0.13and ¢ =026 1;(c) e = 0.17and ¢ = 0.05s~;
(d)e=037and ¢ =2.48s1;(e) e =0.40and ¢ = 0.8s1; (f) e = 0.45and é = 0.15s571;(g) ¢ = 0.58
and ¢ =3.855 1, (h)e =0.63and é = 1.2557L; (i) ¢ = 0.63 and ¢ = 4.18 s71; (j) ¢ = 0.66 and
£§=132s5"1;(k)e=073and é =024s ;) e = 0.76 and ¢ = 0.26 s~ 1.

Figure 6. An EBSD image of the composite matrix microstructure at a deformation temperature of
400 °C for (a) e = 0.07and ¢ = 0.54s 1, (b) e =0.11and ¢ = 0225 L (c) e =0.17and ¢ = 0.05s5};
(d)e =034and é =232s71;(e)e =043and ¢ = 0.81s L;(f)e =049 and é = 0.15571; (g) ¢ = 0.60
and ¢ = 406571, (h)e = 0.63and é = 4295 1; (i) e = 0.79 and ¢ = 1.47 s }; (j) ¢ = 0.83 and
§=025s5"1(k)e=088and ¢ =1.64s 1, (1) e =0.92and ¢ = 0.28 s~ L.
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Figure 7. An EBSD image of the composite matrix microstructure at a deformation temperature of
500 °C for (a) e = 0.02and ¢ = 0.3s L, (b)e =0.05and ¢ = 0.1s};(c)e =0.1and ¢ =0.03s7};
(d)e=033and ¢ =2.36s5;(e) e =0.4and ¢ = 0.81s }; (f) e = 0.51 and & = 0.16 5 1; (g) ¢ = 0.66
and ¢ = 457s 1 (h)e =073and ¢ = 5.0s ;i) e = 077and ¢ = 1.54571; (j) ¢ = 0.92 and
§=184s"1;(k)e=097and é =029s ;) e = 1.15and ¢ = 0.35s~ 1.
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Figure 8. Accumulated strain distribution in the AIMg6/10% SiC MMC specimens under 50%
compression at 300, 400, and 500 °C.
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Figure 9. The effect of strain and strain rate on the average grain diameter depending on temperature,
°C: (a) 300, (b) 400, (c) 500. The dependences are plotted from the results of the EBSD analysis of
the microstructure.



Appl. Sci. 2023,13,939

90f19

®) ©) | =
06 0'? | 0.9
= 08
< 0.7
% 0.6
= 0.5
© \
= b 0.4
B g 0.3
& ( ~=E 0
N S . . e e — -
02 04 06 08 02 04 06 08 0 02 04 06 08 10 2
Strain Strain Strain 0
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analysis of the microstructure.
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Figure 11. The effect of strain and strain rate on the density of low-angle boundaries depending on
temperature, °C: (a) 300, (b) 400, (c) 500. The dependences are plotted from the results of the EBSD
analysis of the microstructure.
Table 3. Microstructure parameters of the AIMg6/10 % SiC MMC at temperatures of 300, 400, and
500 °C.
Temp., °C 300
Strain 0.12 0.13 0.17 0.37 0.40 0.45 0.58 0.63 0.63 0.66 0.73 0.76
Strain rate, s~ 0.83 0.26 0.05 2.48 0.8 0.15 3.85 1.25 4.18 1.32 0.24 0.26
D, pm 5.07 3.52 5.45 2.73 2.56 4.49 1.67 1.82 1.61 1.83 3.33 2.68
Pr 0.5 0.7 0.43 0.82 0.73 0.55 0.76 0.64 0.67 0.57 0.58 0.43
Sy, um~! 0.13 0.17 0.1 0.73 0.97 0.23 1.30 1.50 0.97 0.97 0.20 0.53
Temp., °C 400
Strain 0.07 0.11 0.17 0.34 0.43 0.49 0.60 0.63 0.79 0.88 0.83 0.92
Strain rate, s~ ! 0.54 0.22 0.05 2.32 0.81 0.15 4.06 4.29 1.47 0.25 1.64 0.28
D, um 5.46 3.89 5.6 3.63 2.9 2.89 2.98 3.66 2.73 1.81 1.92 1.86
Py 0.35 0.77 0.38 0.63 0.76 0.79 0.60 0.44 0.57 0.65 0.85 0.76
Sy, um~! 0.07 0.43 0.13 0.43 0.9 0.63 0.47 0.13 0.47 1.10 1.20 1.20
Temp., °C 500
Strain 0.02 0.05 0.1 0.33 0.4 0.51 0.66 0.73 0.77 0.92 0.97 1.15
Strain rate, s~ 0.3 0.1 0.03 2.36 0.81 0.16 4.57 5.00 1.54 1.84 0.29 0.35
D, um 5.13 2.85 5.27 4.56 3.04 4.76 3.37 3.53 2.43 227 3.55 3.91
Py 0.38 0.83 0.39 0.49 0.8 0.49 0.46 0.62 0.81 0.79 0.34 0.39
Sy, um~! 0.10 0.70 0.10 0.27 0.67 0.17 0.20 0.27 0.77 1.03 0.20 0.13
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The comparison of the initial microstructure (Figure 1a) with the microstructure
formed during deformation (Figures 5-7) testifies that, after high-temperature deformation,
small grains appear in the microstructure. It can also be seen that inside the initial large
grains, there are subgrains with low-angle boundaries (highlighted in gray in Figures 5-7).
At the same time, new elongated grains and nearly equiaxed ones are formed in the initial
elongated grains along the composite matrix flow direction; the prevailing majority of
them retain their geometry throughout the range of temperatures and strain rates under
study. At a strain of at least 0.7, some subgrains have an almost equiaxed shape, and
the other ones are elongated but with a greater equiaxiality coefficient than the grains
containing these subgrains. Another experimentally determined fact is that the matrix
grains are formed inside large, deformed grains. Thus, we can say that the grain formation
process in the composite matrix is associated with the mechanism of continuous dynamic
recrystallization [23,43]. At the same time, the subboundary migration rate in the matrix
is high enough for a significant number of the subgrains to remain equiaxed. Note also
that the high-angle boundaries of the new grains also have a migration rate sufficient for
a significant part of the recrystallized grains to be equiaxed at strains of at least 0.7. The
obtained experimental data confirm the need to construct physically based mathematical
models of microstructure evolution that take into account the migration of low- and high-
angle boundaries during continuous dynamic recrystallization [43,44,62,63].

It was reported in [11,62,64] that, during continuous dynamic recrystallization, the
fraction of low-angle boundaries changes nonmonotonically with increasing strain. That
is, the curve representing the strain dependence of the fraction of low-angle boundaries
may have portions of decreasing and increasing fractions of low-angle boundaries. It is
obvious from the plotted map of the formation of low-angle boundaries (Figure 10) that the
composite under study has similar nonmonotonic dependencies.

It can be seen from the microstructure image (Figures 5-7) that increasing temperature
induces the formation of larger subgrains and that, at a temperature of 500 °C, in some
large grains, there are no subgrains at all (Figure 7). This temperature effect stems from the
increasing rate of dislocation annihilation due to an increase in the velocity of their chaotic
motion caused by increasing temperature [23].

It was noted above that, in real experiments at high temperatures and large plastic
deformations, due to friction, the strain and strain rate loading conditions can hardly be
maintained constant. As a result, at the same speed of the punch of the testing machine but
different temperatures, the specimen strain rate is different. To estimate the influence of the
thermomechanical parameters on microstructure formation, the experimental values of D,
Py, and S; must be determined at the same strains and strain rates; therefore, the values of
the microstructure parameters obtained for different thermomechanical conditions must be
approximated. In this paper, polynomials are used to plot maps of the formation of grains
and low-angle boundaries (Figures 9-11) depending on temperature, strain, and strain rate.
However, it is not possible to use polynomials to predict nonmonotonically changing data
due to a low prediction level. As a result, Figures 9-11 show the maps of the formation
of grains and low-angle boundaries only within the experimental range. For a complete
analysis of the forming microstructure in the entire strain and strain rate range studied,
the constructed maps are insufficient. This problem can be solved by the use of neural
networks. They allow us to predict changes in the parameters with acceptable engineering
accuracy if the correct architecture and training data are chosen [65,66].

3.2. Constructing the Architecture of Neural Networks and Their Training

To describe changes in the average grain diameter D, the fraction of low-angle bound-
aries Pr, and the density of low-angle boundaries S;, during deformation at temperatures
between 300 and 500 °C, three neural networks with a general scheme (multilayer per-
ceptron) were constructed (Figure 4). The neural networks were trained according to the
experimental data from Table 3. Verification was performed according to the experimental
data from Table 4, which were obtained at temperatures and strain rates different from those
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used for training. The images of the microstructures obtained with the thermomechanical
deformation parameters from Table 4 are shown in Figure 12.

Table 4. Microstructure parameters of the AIMg6/10 % SiC MMC at temperatures of 350 and 450 °C.

Temp., °C 350 450
Strain 0.10 0.35 0.54 0.08 0.34 0.54
Strain rate, s 1 0.30 1.14 1.75 0.30 1.20 1.90
D, um 441 3.02 2.19 4.71 3.58 2.67
P 0.59 0.80 0.64 0.44 0.64 0.54
Sy, um~1 0.06 0.18 0.23 0.03 0.15 0.19

Figure 12. EBSD images of the composite matrix microstructure at deformation temperatures (a—c)
of 350 °C (d-f) and 450 °C, which correspond to the following strain and strain rate conditions:
(@ e=0.10and ¢ =0.30s"%;(b)e =0.35and ¢ = 1.14571;(c) e = 0.54and ¢ = 1.7557;(d) ¢ = 0.08
and ¢ =0.30s % (e) e =034and ¢ =120sL; (fe =0.54and ¢ =1.90s L.

As it was shown in Section 3.1, the average grain diameter, and the fraction and
density of low-angle boundaries vary nonmonotonically. Therefore, in order to take into
account correctly the nonmonotonicity of the relations of the microstructure parameters
to the thermomechanical parameters of deformation, which have a form similar to those
shown in Figures 9-11, it is necessary to use a large number of neurons (usually more
than 20). It should be borne in mind that the number of weight coefficients that need
to be determined by training significantly exceeds the number of neurons in the hidden
layer. If we choose a neural network structure with one hidden layer and three input
neurons (Figure 4), the number of the weight coefficients of the neural network is four
times the number of neurons in the hidden layer. In this study, 36 sets of experimental data
relating the average grain diameter to temperature, strain, and strain rate were obtained.
Similar sets were obtained for the fraction and density of low-angle boundaries. Thus,
the maximum number of possible neurons in the hidden layer with such a single-layer
neural network is nine. A neural network with this number of neurons makes it possible to
describe the evolution of the average grain diameter depending on the thermomechanical
parameters of deformation with an average relative deviation of 111%. The average relative
deviation for each investigated microstructure parameter is calculated using the formula

|0; — 2
Zi

5= L % lei ==l 000, @)
Nizl

where @; and z; are the calculated and experimental values of the compared values obtained
under the same conditions (in this paper, these values are the average grain diameter D,
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and the fraction P; and density Sy of low-angle boundaries); and N is the total number of
compared values.

To increase the number of hidden neurons in the neural network, it is necessary to
increase the size of the sample by which the neural network is trained. Augmentation is one
of the possible ways of increasing the sample size by which the neural network is trained.
The essence of this method is experimental data noising. Certainly, this method sometimes
allows the problem of neural network uncertainty to be solved. However, as computational
experiments have shown, it is impossible to achieve a significant reduction in the average
relative deviation for the dependences obtained in this study. As a result, a method of
processing experimental data was proposed, which consists of approximating experimental
data using a surface, followed by adding data to the training sample. The values of the
microstructure parameters from an arbitrary point of the constructed approximating surface
are added to the training sample. Let us now consider the algorithm for creating a training
sample for the average grain diameter obtained at 500 °C (Figure 13). In this figure, the
experimental points are shown in red.

1. First, planes are built on the three nearest points. Then, we select a part of the plane
bound by straight intersections with neighboring planes and with a triangle form
(Figure 13a).

2. We remove the planes located inside the body. Here, the body means a part of the
space bound by the constructed triangles.

3. If the line connecting the experimental point with its projection on the strain—strain-
rate plane intersects the triangles, they are removed from the constructed surface of
the body (the removed planes are shown in yellow in Figure 13a). This results in a
surface approximated by planes in a certain strain and strain rate range (Figure 13b).
In this case, a one-to-one correspondence of the strain and strain rate values to the
microstructure parameter is achieved.

4. We take an arbitrary point of the constructed approximating surface and add its
coordinates to the training sample.

(®)

=
o
\
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Figure 13. (a) Constructing a surface approximated by planes and (b) the finally constructed surface
based on experimental points. The light color in (b) shows the planes that are hidden by the yellow
planes in (a).

According to this technique, 1814 values for three test temperatures were included in
the training sample. Similar procedures for constructing a training sample were used for
experimental data describing the evolution of the fraction and density of low-angle boundaries.
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To describe the evolution of the parameters of the composite matrix microstructure
depending on the thermomechanical parameters of deformation and single-, two-, and
three-layer networks, as well as various activation functions, were considered. The criterion
for choosing the composition of the hidden layer and the activation function was the mini-
mum value of the average relative deviation of the experimental data from the calculated
ones. Based on this, a single-layer network with 100 neurons in the hidden layer was
selected for the dependence of the average grain diameter D and the fraction of low-angle
boundaries P;, on the thermomechanical parameters; a two-layer neural network with
75 neurons in the first hidden layer and 11 neurons in the second hidden layer shows the
best results for the dependence of the density of the low-angle boundaries S; on the thermo-
mechanical parameters (Figure 4). A logistic activation function was chosen for all the three
neural networks as neural networks using it show the best results in approximating the
microstructure parameters depending on the thermomechanical parameters of deformation.
The average relative deviation of the experimental data from the calculated ones for the
selected neural networks during their training was 5.4, 4.8, and 4.6% for the average grain
diameter D, and the fraction P; and density S; of low-angle boundaries, respectively.

In order to test the ability of a neural network to correctly predict these microstructure
parameters depending on the thermomechanical conditions, neural networks were verified
under deformation conditions different from the conditions of training. These microstruc-
ture parameters and the corresponding thermomechanical parameters are summarized in
Table 4. The average relative deviation of the experimental data from the predicted ones
was 4.2, 5.8, and 5.6% for the average grain diameter D, and the fraction P;, and density
S1 of low-angle boundaries, respectively. The obtained error values are acceptable for
predicting the evolution of the microstructure parameters, and this enables the constructed
neural networks to be used to study the mechanisms of softening in the AIMg6/10% SiC
metal matrix composite. The constructed neural networks were used to obtain maps of the
microstructure parameters, which describe the behavior of the average grain diameter D,
and the fraction P;, and density Sy of low-angle boundaries as dependent on temperature,
strain, and strain rate. These maps are shown in Figures 14-16.
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Figure 14. The effect of strain and strain rate on the average grain diameter D depending on
temperature, °C: (a) 300, (b) 350, (c) 400, (d) 450, and (e) 500. The dependences have been obtained
from neural network predictions.
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Figure 15. The effect of strain and strain rate on the fraction of low-angle boundaries P; depending
on temperature, °C: (a) 300, (b) 350, (c) 400, (d) 450, and (e) 500. The dependences have been obtained
from neural network predictions.
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Figure 16. The effect of strain and strain rate on the density of low-angle boundaries S; depending
on temperature, °C: (a) 300, (b) 350, (c) 400, (d) 450, and (e) 500. The dependences have been obtained
from neural network predictions.

3.3. Analysis of Microstructure Formation Based on Neural Network Data

Figure 17 shows the dependences D — ¢, P — ¢, and S; — ¢ at a strain rate of 0.5, 2, and

4 57! for temperatures between 300 and 500 °C. These dependences are based on the maps
shown in Figures 14-16. The analysis of these dependences and maps of the microstructure
parameters (Figures 14-16) yields the following generalizing conclusions.

1.

The strain dependences of the fraction of low-angle boundaries (P, — ¢) for the entire
studied temperature and strain rate range of deformation have a peak (shown by
asterisks in Figure 17).

For the temperature range between 300 and 350 °C, the strain corresponding to the
peak on the dependences decreases with an increase in strain rate. Conversely, for
the temperature range between 450 and 500 °C, the strain corresponding to the peak
increases with strain rate.

For the temperature range between 300 and 500 °C and strain rates above 3 s},
the strain corresponding to the peak value of the dependence P — ¢ increases with
temperature (Figures 15 and 17).

At low strain rates (¢ < 1s!), for the temperature range between 300 and 450 °C,
the dependence D — ¢ consists of two characteristic portions. In the first portion of
the curve D — ¢, the average grain diameter decreases, and it remains unchanged
with increasing strain in the second portion (steady-state portion). Moreover, as the
deformation temperature rises, the strain corresponding to the boundary between
these two portions (¢) shifts towards higher strains.

For the temperature range between 350 and 500 °C, at strain rates exceeding 1577,
the value of the average grain diameter decreases monotonically.

An increase in the deformation temperature leads to the formation of a coarser-
grained microstructure.

The density of low-angle boundaries Sy at the initial stage of deformation increases
with strain for the entire range of temperatures and strain rates.

At a temperature of 300 °C, after reaching a certain strain value (indicated by squares
in Figure 17), the density of low-angle boundaries decreases with further deformation,
as is the case with 350 °C, but at strain rates above 3 s~1. For all the other deformation
temperatures, the density of low-angle boundaries increases with strain or remains
almost unchanged.

At a temperature of 300 °C, the strain at which the density of low-angle bound-
aries S; decreases with increasing strain shifts towards lower strains with increasing
strain rate.
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Figure 17. The average grain diameter D, and the fraction Py and density Sy of low-angle boundaries

as dependent on temperature T, strain ¢, and strain rate €. The dependences are given for temperature,

°C: (a—c) 300; (d—f) 350; (g-i) 400; (j1) 450 and (m-o) 500.
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The temperature, strain, and strain rate dependences of the fraction of low-angle
boundaries Py, for continuous dynamic recrystallization characterizes the influence of these
thermomechanical parameters on the formation of new low-angle boundaries and their
transformation into high-angle ones. At strains below the strain corresponding to the peak
of the dependence Pj, — ¢, the rate of the formation of new low-angle boundaries prevails
over the rate of the transformation of low-angle boundaries into high-angle ones. When
the peak is passed, in the region of higher strains, the rate of the transformation of low-
angle boundaries into high-angle ones prevails over the rate of the formation of low-angle
boundaries. As can be seen from Figure 17, the dependence Pj, — ¢ of the composite matrix
for the temperature and strain rate range under study is described by a convex upwards
function. At the same time, under certain strain rate conditions, at temperatures of 300
and 350 °C, the strain dependence of the density of low-angle boundaries (S; — ¢) also
has a peak, after which the fraction of low-angle boundaries decreases (Figure 17a—f). This
indicates slower polygonization. Judging by the obtained microstructure images for these
temperatures, the grains are close in size to the previously formed subgrains, and this
indicates the transformation of subgrains into grains. At the same time, at a deformation
temperature of 300 °C, the diameter of many subgrains at strains above 0.6 is close to the
grain thickness (Figure 5). Together with the data on the evolution of the density and
fraction of low-angle boundaries, this testifies that geometric recrystallization occurs in
the composite matrix [43,67,68]. The composite matrix has a similar strain dependence of
the fraction and density of low-angle boundaries at a temperature of 350 °C and strain
rates above 3 s~!. This gives grounds to assert that geometric recrystallization occurs
in the composite matrix simultaneously with dynamic continuous recrystallization at a
temperature of 350 °C, strains above 0.6 (Figures 15-17), and strain rates above 3 s
Apparently, geometric recrystallization is not implemented at temperatures between 400
and 450 °C, strain rates between 0.1 and 4 s~ !, and strains below 1.

4. Conclusions

The rheological behavior and softening mechanisms in an AMg6/10% SiC metal
matrix composite at temperatures from 300 to 500 °C and strain rates ranging between
0.1 and 4 s~! have been studied. It has been found from mechanical tests that, for the
studied range of thermomechanical action, the flow stress curve has a peak value shifted
towards higher strains with decreasing temperature and increasing strain rate in the entire
range of temperatures and strain rates. This rheological behavior of the composite is due to
the interaction of hardening and softening processes. In order to study the mechanisms
of softening occurring during deformation, neural networks were built, which required
the development of a new technique for processing experimental data, which allows one
to form a training sample necessary for a correct description of the initial experimental
data by the neural networks. The constructed neural networks have made it possible
to describe the evolution of the average grain diameter, and the fraction and density
of low-angle boundaries depending on strain, strain rate, and deformation temperature
with acceptable accuracy. The use of neural networks together with EBSD images of
the formed microstructure during deformation has allowed us to identify the occurrence
of the following relaxation mechanisms depending on the thermomechanical conditions
of deformation:

1. At a temperature of 300 °C and strain rates ranging between 0.1 and 4 s~!, the
composite matrix softens by dynamic recovery and continuous recrystallization, and
when a certain value of strain is reached, geometric recrystallization occurs in some
grains. At the same time, the strain at which geometric recrystallization starts to
intensify in the grains shifts towards lower strains with an increasing strain rate.

2. Atatemperature of 350 °C, geometric recrystallization, together with continuous recrys-
tallization, occurs in the composite matrix at strain rates above 3 s~ 1.

3. Attemperatures from 400 to 500 °C and strain rates ranging between 0.1 and 4 57!, the
main softening processes are dynamic recovery and continuous dynamic recrystallization.



Appl. Sci. 2023,13,939 17 of 19

Author Contributions: Conceptualization, A.S.; methodology, A.S. and V.K,; validation, A.S. and
VK, formal analysis, A.S. and V.K,; investigation, A.S. and V.K; writing—original draft preparation,
A.S. and VK.; writing—review and editing, A.S. and V.K.; project administration, A.S. and A.K,;
funding acquisition, A.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the RSF (project No. 22-29-00428) in the part of constructing
models of metal matrix composites.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The Plastometriya shared the research facilities of the IES UB RAS, and the
shared research facilities of the B. N. Yeltsin Ural Federal University were used. The work on
studying the rheological properties of the composites was performed within the research conducted
by the Institute of Engineering Science, Ural Branch of the Russian Academy of Sciences, project No.
AAAA-A18-118020790140-5.

Conflicts of Interest: The authors declare that they have no conflict of interest. The funders had no
role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of
the manuscript, or in the decision to publish the results.

References

1.  Gopinath, K.; Balasubramaniam, R.; Murthy, V.S.R. Corrosion behavior of cast Al-Al203 particulate composites. . Mater. Sci. Lett.
2001, 20, 793-794. [CrossRef]

2. Sielski, R. Research needs in aluminum structure. Ships Offshore Struct. 2008, 3, 57—65. [CrossRef]

3. Davis, J.R. Aluminum and Aluminum Alloys; ASM International: Almere, The Netherlands, 1993.

4. Umar, M.; Mohammed Asif, M.; Sathiya, P. Creep and Corrosion Characteristics of Laser Welded AA5083 Al-Mg alloy. Lasers
Manuf. Mater. Process. 2022, 9, 257-276. [CrossRef]

5. Korobov, A.L; Kokshaiskii, A.L; Prokhorov, V.M.; Evdokimov, I.A.; Perfilov, S.A.; Volkov, A.D. Mechanical and nonlinear elastic
characteristics of polycrystalline AMg6 aluminum alloy and n-AMg6/C60 nanocomposite. Phys. Solid State 2016, 58, 2472-2480.
[CrossRef]

6.  Pugacheva, N.B.; Vichuzhanin, D.I.; Kalashnikov, S.T.; Ivanov, A.V.; Smirnov, S.V.; Frolova, N.Y. Studying recovery processes in a
strain-hardened Al-Mg-Mn-Fe-Si alloy. Phys. Met. Metallogr. 2016, 117, 920-926. [CrossRef]

7. Kolachev, B.A,; Elagin, V.I; Livanov, V.A. Metal Science and Heat Treatment of Non-Ferrous Metals and Alloys; MISIS: Moscow, Russia,
2005. (In Russian)

8.  Davydov, V.;; Rostova, T.; Zakharov, V.; Filatov, Y.; Yelagin, V. Scientific principles of making an alloying addition of scandium to
aluminium alloys. Mater. Sci. Eng. A 2000, 280, 30-36. [CrossRef]

9.  Singh, V,; Prasad, K.S.; Gokhale, A.A. Microstructure and age hardening response of cast Al-Mg-Sc-Zr alloys. . Mater. Sci. 2004,
39, 2861-2864. [CrossRef]

10. Chhangani, S.; Masa, S.K.; Mathew, R.T.; Prasad, M.].N.V,; Sujata, M. Microstructural evolution in Al-Mg-Sc alloy (AA5024):
Effect of thermal treatment, compression deformation and friction stir welding. Mater. Sci. Eng. A 2020, 772, 138790. [CrossRef]

11.  Smirnov, A.S.; Konovalov, A.V,; Pushin, V.G.; Uksusnikov, A.N.; Zvonkov, A.A.; Zajcev, LM. Peculiarities of the Rheological
Behavior for the Al-Mg-Sc-Zr Alloy Under High-Temperature Deformation. J. Mater. Eng. Perform. 2014, 23, 4271-4277. [CrossRef]

12.  Shvechkov, E.IL; Filatov, Y.A.; Zakharov, V.V. Mechanical and Life Properties of Sheets from Alloys of the Al-Mg-Sc System. Met.
Sci. Heat Treat. 2017, 59, 454—462. [CrossRef]

13. Huang, H,; Jiang, F.; Zhou, J.; Wei, L.; Qu, J.; Liu, L. Effects of Al3(Sc,Zr) and Shear Band Formation on the Tensile Properties and
Fracture Behavior of Al-Mg-Sc-Zr Alloy. |. Mater. Eng. Perform. 2015, 24, 4244-4252. [CrossRef]

14. Baranov, V,; Sidelnikov, S.; Zenkin, E.; Frolov, V.; Voroshilov, D.; Yakivyuk, O.; Konstantinov, I.; Sokolov, R.; Belokonova, L.
Study of strength properties of semi-finished products from economically alloyed high-strength aluminium-scandium alloys for
application in automobile transport and shipbuilding. Open Eng. 2018, 8, 69-76. [CrossRef]

15. Hu, Y;; Ou-yang, Q.-B.; Yao, L.; Chen, S.; Zhang, L.-T. A study of interparticulate strain in a hot-extruded SiCp /2014 Al composite.
Int. . Miner. Metall. Mater. 2019, 26, 523-529. [CrossRef]

16. Chawla, N.; Chawla, K.K. Metal Matrix Composites; Springer New York: New York, NY, USA, 2013; ISBN 978-1-4614-9547-5.

17.  Yolshina, L.A.; Muradymov, R.V.; Korsun, I.V.; Yakovlev, G.A.; Smirnov, S.V. Novel aluminum-graphene and aluminum-graphite
metallic composite materials: Synthesis and properties. J. Alloys Compd. 2016, 663, 449-459. [CrossRef]

18.  Yolshina, L.A.; Kvashnichev, A.G.; Vichuzhanin, D.I.; Smirnova, E.O. Mechanical and Thermal Properties of Aluminum Matrix

Composites Reinforced by In Situ A1203 Nanoparticles Fabricated via Direct Chemical Reaction in Molten Salts. Appl. Sci. 2022,
12, 8907. [CrossRef]


http://doi.org/10.1023/A:1010985907514
http://doi.org/10.1080/17445300701797111
http://doi.org/10.1007/s40516-022-00175-5
http://doi.org/10.1134/S106378341612012X
http://doi.org/10.1134/S0031918X16090076
http://doi.org/10.1016/S0921-5093(99)00652-8
http://doi.org/10.1023/B:JMSC.0000021465.99764.b5
http://doi.org/10.1016/j.msea.2019.138790
http://doi.org/10.1007/s11665-014-1211-5
http://doi.org/10.1007/s11041-017-0171-4
http://doi.org/10.1007/s11665-015-1748-y
http://doi.org/10.1515/eng-2018-0005
http://doi.org/10.1007/s12613-019-1760-6
http://doi.org/10.1016/j.jallcom.2015.12.084
http://doi.org/10.3390/app12178907

Appl. Sci. 2023,13,939 18 of 19

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Gao, M,; Chen, Z.; Li, L.; Guo, E.; Kang, H.; Xu, Y.; Wang, T. Microstructure and enhanced mechanical properties of hybrid-sized
B4C particle-reinforced 6061 Al matrix composites. Mater. Sci. Eng. A 2021, 802, 140453. [CrossRef]

Gao, M,; Kang, H.; Chen, Z.; Guo, E.; Peng, P.; Wang, T. Effect of reinforcement content and aging treatment on microstructure
and mechanical behavior of B4Cp/6061Al composites. Mater. Sci. Eng. A 2019, 744, 682-690. [CrossRef]

Rofman, O.V.; Mikhaylovskaya, A.V.; Kotov, A.D.; Prosviryakov, A.S.; Portnoy, V.K. Effect of thermomechanical treatment on
properties of an extruded Al-3.0Cu-1.2Mg/SiCp composite. Mater. Sci. Eng. A 2019, 739, 235-243. [CrossRef]

Liu, Y;; Wang, Q.; Lu, C.; Xue, T.; Hu, B.; Zhang, C. Microscopic residual stress evolution at the SiC/Al interface during
nanoindentation via molecular dynamics simulation. Surf. Interfaces 2022, 33, 102210. [CrossRef]

Rollett, A.; Humphreys, F,; Rohrer, G.S.; Hatherly, M. Recrystallization and Related Annealing Phenomena; Elsevier Ltd.: Amsterdam,
The Netherlands, 2004.

Zhang, W.; Li, R,; Yang, Q.; Fu, Y;; Kong, X. Impact Resistance of a Fiber Metal Laminate Skin Bio-Inspired Composite Sandwich
Panel with a Rubber and Foam Dual Core. Materials 2023, 16, 453. [CrossRef] [PubMed]

Chaudhuri, A.; Sarkar, A.; Kapoor, R.; Chakravartty, ].K.; Ray, R.K.; Suwas, S. Understanding the Mechanism of Dynamic
Recrystallization During High-Temperature Deformation in Nb-1Zr-0.1C Alloy. J. Mater. Eng. Perform. 2019, 28, 448-462.
[CrossRef]

Tikhonova, M.; Kaibyshev, R.; Belyakov, A. Microstructure and Mechanical Properties of Austenitic Stainless Steels after Dynamic
and Post-Dynamic Recrystallization Treatment. Adv. Eng. Mater. 2018, 20, 1700960. [CrossRef]

Huang, H.; Jiang, E; Zhou, J.; Wei, L.; Zhong, M.; Liu, X. Hot deformation behavior and microstructural evolution of as-
homogenized Al-6Mg-0.4Mn-0.255¢-0.1Zr alloy during compression at elevated temperature. J. Alloys Compd. 2015, 644, 862-872.
[CrossRef]

Chen, B,; Tian, X.L,; Li, X.L.; Lu, C. Hot Deformation Behavior and Processing Maps of 2099 Al-Li Alloy. ]. Mater. Eng. Perform.
2014, 23, 1929-1935. [CrossRef]

Gariboldi, E.; Lo Conte, A. Damage mechanisms at room and high temperature in notched specimens of Al6061/A1203 particulate
composites. Compos. Sci. Technol. 2008, 68, 260-267. [CrossRef]

Luo, X.; Zhao, K.; He, X; Bai, Y.; De Andrade, V.; Zaiser, M.; An, L.; Liu, J. Evading strength and ductility trade-off in an inverse
nacre structured magnesium matrix nanocomposite. Acta Mater. 2022, 228, 117730. [CrossRef]

Smirnov, S.V. Accumulation and healing of damage during plastic metal forming: Simulation and experiment. Key Eng. Mater.
2013, 528, 61-69. [CrossRef]

Smirnov, A.; Smirnova, E.; Konovalov, A.; Kanakin, V. Using the Instrumented Indentation Technique to Determine Damage in
Sintered Metal Matrix Composites after High-Temperature Deformation. Appl. Sci. 2021, 11, 10590. [CrossRef]

Li, J.; Wu, X;; Cao, L,; Liao, B.; Wang, Y.; Liu, Q. Hot deformation and dynamic recrystallization in Al-Mg-Si alloy. Mater. Charact.
2021, 173,110976. [CrossRef]

Lin, Y.C.; Chen, X.-M. A critical review of experimental results and constitutive descriptions for metals and alloys in hot working.
Mater. Des. 2011, 32, 1733-1759. [CrossRef]

Gourdet, S.; Montheillet, F. An experimental study of the recrystallization mechanism during hot deformation of aluminium.
Mater. Sci. Eng. A 2000, 283, 274-288. [CrossRef]

Wang, Y; Yang, B.; Gao, M.; Guan, R. Deformation behavior and dynamic recrystallization during hot compression in homoge-
nized Al-6Mg-0.8Mn alloys. Mater. Sci. Eng. A 2022, 840, 142953. [CrossRef]

Shun, T.; Wan, C.M.; Byrne, J.G. A study of work hardening in austenitic FeMnC and FeMnAIC alloys. Acta Metall. Mater. 1992,
40, 3407-3412. [CrossRef]

Tsuzaki, K.; Matsuzaki, Y.; Maki, T.; Tamura, I. Fatigue deformation accompanying dynamic strain aging in a pearlitic eutectoid
steel. Mater. Sci. Eng. A 1991, 142, 63-70. [CrossRef]

Smirnov, A.S.; Konovalov, A.V.,; Belozerov, G.A.; Shveikin, V.P.; Smirnova, E.O. Peculiarities of the rheological behavior and
structure formation of aluminum under deformation at near-solidus temperatures. Int. |. Miner. Metall. Mater. 2016, 23, 563-571.
[CrossRef]

Razali, M.K.; Wan, K.S.; Irani, M.; Kim, M.C.; Joun, M.S. Practical quantification of the effects of flow stress, friction, microstructural
properties, and the tribological environment on macro- and micro-structure formation during hot forging. Tribol. Int. 2021, 164,
107226. [CrossRef]

Kodzhaspirov, G.E.; Terentyev, M.I. Modeling the dynamically recrystallized grain size evolution of a superalloy. Mater. Phys.
Mech. 2012, 13, 70-76.

Cross, A..; Ellis, S.; Prior, D.J. A phenomenological numerical approach for investigating grain size evolution in ductiley
deforming rocks. J. Struct. Geol. 2015, 76, 22-34. [CrossRef]

Huang, K.; Logé, R.E. A review of dynamic recrystallization phenomena in metallic materials. Mater. Des. 2016, 111, 548-574.
[CrossRef]

Sun, Z.C.; Wu, H.L.; Cao, J.; Yin, Z.K. Modeling of continuous dynamic recrystallization of Al-Zn-Cu-Mg alloy during hot
deformation based on the internal-state-variable (ISV) method. Int. J. Plast. 2018, 106, 73-87. [CrossRef]

Trusov, P; Kondratev, N.; Podsedertsev, A. Description of Dynamic Recrystallization by Means of an Advanced Statistical
Multilevel Model: Grain Structure Evolution Analysis. Crystals 2022, 12, 653. [CrossRef]


http://doi.org/10.1016/j.msea.2020.140453
http://doi.org/10.1016/j.msea.2018.12.042
http://doi.org/10.1016/j.msea.2018.10.053
http://doi.org/10.1016/j.surfin.2022.102210
http://doi.org/10.3390/ma16010453
http://www.ncbi.nlm.nih.gov/pubmed/36614793
http://doi.org/10.1007/s11665-018-3799-3
http://doi.org/10.1002/adem.201700960
http://doi.org/10.1016/j.jallcom.2015.05.048
http://doi.org/10.1007/s11665-014-0955-2
http://doi.org/10.1016/j.compscitech.2007.03.014
http://doi.org/10.1016/j.actamat.2022.117730
http://doi.org/10.4028/www.scientific.net/KEM.528.61
http://doi.org/10.3390/app112210590
http://doi.org/10.1016/j.matchar.2021.110976
http://doi.org/10.1016/j.matdes.2010.11.048
http://doi.org/10.1016/S0921-5093(00)00733-4
http://doi.org/10.1016/j.msea.2022.142953
http://doi.org/10.1016/0956-7151(92)90054-I
http://doi.org/10.1016/0921-5093(91)90754-B
http://doi.org/10.1007/s12613-016-1267-3
http://doi.org/10.1016/j.triboint.2021.107226
http://doi.org/10.1016/j.jsg.2015.04.001
http://doi.org/10.1016/j.matdes.2016.09.012
http://doi.org/10.1016/j.ijplas.2018.03.002
http://doi.org/10.3390/cryst12050653

Appl. Sci. 2023,13,939 19 of 19

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

Smirnov, A.S.; Konovalov, A.V.; Muizemnek, O.Y. Modelling and simulation of strain resistance of alloys taking into account
barrier effects. Diagn. Resour. Mech. Mater. Struct. 2015, 1, 61-72. [CrossRef]

Su, Z.-X,; Sun, C.-Y,; Fu, M.-W.; Qian, L.-Y. Physical-based constitutive model considering the microstructure evolution during
hot working of AZ80 magnesium alloy. Adv. Manuf. 2019, 7, 30-41. [CrossRef]

Karhausen, K.F; Roters, F. Development and application of constitutive equations for the multiple-stand hot rolling of Al-alloys.
J. Mater. Process. Technol. 2002, 123, 155-166. [CrossRef]

Konovalov, A.V.; Smirnov, A.S. Viscoplastic model for the strain resistance of 08Kh18N10T steel at a hot-deformation temperature.
Russ. Metall. 2008, 2008, 138-141. [CrossRef]

Wang, Y.; Peng, J.; Zhong, L.; Pan, F. Modeling and application of constitutive model considering the compensation of strain
during hot deformation. J. Alloys Compd. 2016, 681, 455-470. [CrossRef]

Svyetlichnyy, D.S.; Muszka, K.; Majta, J. Three-dimensional frontal cellular automata modeling of the grain refinement during
severe plastic deformation of microalloyed steel. Comput. Mater. Sci. 2015, 102, 159-166. [CrossRef]

Chen, F; Zhu, H.; Chen, W.; Ou, H.; Cui, Z. Multiscale modeling of discontinuous dynamic recrystallization during hot working
by coupling multilevel cellular automaton and finite element method. Int. J. Plast. 2021, 145, 103064. [CrossRef]

Chen, E; Zhu, H.; Zhang, H.; Cui, Z. Mesoscale Modeling of Dynamic Recrystallization: Multilevel Cellular Automaton Simulation
Framework. Metall. Mater. Trans. A Phys. Metall. Mater. Sci. 2020, 51, 1286-1303. [CrossRef]

Zhu, H.J.; Chen, E; Zhang, H.M.; Cui, Z.S. Review on modeling and simulation of microstructure evolution during dynamic
recrystallization using cellular automaton method. Sci. China Technol. Sci. 2020, 63, 357-396. [CrossRef]

Barrett, C.D.; Imandoust, A.; Oppedal, A.L.; Inal, K.; Tschopp, M. A ; El Kadiri, H. Effect of grain boundaries on texture formation
during dynamic recrystallization of magnesium alloys. Acta Mater. 2017, 128, 270-283. [CrossRef]

Sun, X.; Li, H.; Zhan, M.; Zhou, J.; Zhang, J.; Gao, J. Cross-scale prediction from RVE to component. Int. J. Plast. 2021, 140, 102973.
[CrossRef]

Babu, K.A.; Prithiv, T.S.; Gupta, A.; Mandal, S. Modeling and simulation of dynamic recrystallization in super austenitic stainless
steel employing combined cellular automaton, artificial neural network and finite element method. Comput. Mater. Sci. 2021, 195,
110482. [CrossRef]

Jin, Y,; Zhao, J.; Zhang, C.; Luo, J.; Wang, S. Research on Neural Network Prediction of Multidirectional Forging Microstructure
Evolution of GH4169 Superalloy. J. Mater. Eng. Perform. 2021, 30, 2708-2719. [CrossRef]

Fratini, L.; Buffa, G.; Palmeri, D. Using a neural network for predicting the average grain size in friction stir welding processes.
Comput. Struct. 2009, 87, 1166-1174. [CrossRef]

Smirnov, A.S.; Shveikin, V.P.; Smirnova, E.O.; Belozerov, G.A.; Konovalov, A.V.; Vichuzhanin, D.I.; Muizemnek, O.Y. Effect of
silicon carbide particles on the mechanical and plastic properties of the AIMg6/10% SiC metal matrix composite. J. Compos. Mater.
2018, 52, 3351-3363. [CrossRef]

Konovalov, A.V.; Smirnov, A.S. Identification of the metal flow stress model based on the results of compression tests of specimens.
Zavod. Lab. Diagn. Mater. 2010, 76, 53-56. (In Russians)

Gourdet, S.; Montheillet, F. A model of continuous dynamic recrystallization. Acta Mater. 2003, 51, 2685-2699. [CrossRef]
Maizza, G.; Pero, R.; Richetta, M.; Montanari, R. Continuous dynamic recrystallization (CDRX) model for aluminum alloys.
J. Mater. Sci. 2018, 53, 4563-4573. [CrossRef]

Sakai, T.; Belyakov, A.; Kaibyshev, R.; Miura, H.; Jonas, J.J. Dynamic and post-dynamic recrystallization under hot, cold and
severe plastic deformation conditions. Prog. Mater. Sci. 2014, 60, 130-207. [CrossRef]

Gopi, E.S. Pattern Recognition and Computational Intelligence Techniques Using Matlab; Springer Nature Switzerland AG: Basel,
Switzerland, 2020; ISBN 978-3-030-22273-4.

Kalinin, S.V.; Sumpter, B.G.; Archibald, R.K. Big-deep-smart data in imaging for guiding materials design. Nat. Mater. 2015, 14,
973-980. [CrossRef] [PubMed]

Gholinia, A.; Humphreys, F.; Prangnell, P. Production of ultra-fine grain microstructures in Al-Mg alloys by coventional rolling.
Acta Mater. 2002, 50, 4461-4476. [CrossRef]

Nagira, T.; Liu, X.; Ushioda, K.; Fujii, H. Microstructural evolutions of 2n grade pure al and 4n grade high-purity al during
friction stir welding. Materials 2021, 14, 3606. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.17804/2410-9908.2015.1.061-072
http://doi.org/10.1007/s40436-018-0243-8
http://doi.org/10.1016/S0924-0136(02)00081-X
http://doi.org/10.1134/S0036029508020092
http://doi.org/10.1016/j.jallcom.2016.04.153
http://doi.org/10.1016/j.commatsci.2015.02.034
http://doi.org/10.1016/j.ijplas.2021.103064
http://doi.org/10.1007/s11661-019-05620-3
http://doi.org/10.1007/s11431-019-9548-x
http://doi.org/10.1016/j.actamat.2017.01.063
http://doi.org/10.1016/j.ijplas.2021.102973
http://doi.org/10.1016/j.commatsci.2021.110482
http://doi.org/10.1007/s11665-021-05536-3
http://doi.org/10.1016/j.compstruc.2009.04.008
http://doi.org/10.1177/0021998318765622
http://doi.org/10.1016/S1359-6454(03)00078-8
http://doi.org/10.1007/s10853-017-1845-4
http://doi.org/10.1016/j.pmatsci.2013.09.002
http://doi.org/10.1038/nmat4395
http://www.ncbi.nlm.nih.gov/pubmed/26395941
http://doi.org/10.1016/S1359-6454(02)00253-7
http://doi.org/10.3390/ma14133606
http://www.ncbi.nlm.nih.gov/pubmed/34203301

	Introduction 
	Materials and Methods 
	Material and Research Technique 
	Formulation of the Finite Element Problem for Specimen Compression 
	Neural Network Models for Forming Microstructure Parameters 

	Results 
	The Rheological Behavior and Microstructuring of the Composite 
	Constructing the Architecture of Neural Networks and Their Training 
	Analysis of Microstructure Formation Based on Neural Network Data 

	Conclusions 
	References

