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Abstract—Using the microindentation, X-ray diffraction, optical microscopy, and electron microscopy
methods, the microstructure and bulk physical and mechanical properties (hardness, reduced elastic modu-
lus, plasticity index, elastic recovery parameter) of two samples of the Aly,Gd;, binary hypereutectic alloy
(hereinafter, formula indices correspond to at %) are studied. The first sample is obtained by rapid cooling of
the melt at a rate of 1000 degree/s at a high pressure of 10 GPa; the hardening temperature is 1800 K. The
second sample is obtained by pressing the original sample with a high pressure of 5 GPa without melting.
Compared to the intial sample, the microstructure of both samples is crushed and compacted. The structure
of the initial sample is comprised of two equilibrium phases of o.-Al and Al;Gd. In the sample prepared with-
out melting, a phase with composition GdssAlys is found in addition to the o.-Al and Al;Gd phases; in the
sample prepared with melting, a phase with composition Aly,Gdg is found. Features of the structure mor-
phology and changes in the phase composition of the samples prepared under high pressure lead to changes

in the physical and mechanical properties of the studied alloy.
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1. INTRODUCTION

Rare earth metals (REMs) are successfully used as
alloying additives to alloys and substantially improve
the performance properties of the latter, including the
improvement of performance at elevated tempera-
tures, as well as contribute to grain refinement and
increase the corrosion resistance of alloys. The Al—
REM alloys have high structural properties and can
serve in the future as highly resistive and energy saving
components. Materials in amorphous and amorphous
nanocrystalline states are obtained with REM con-
centrations of less than 20% [1]. Recently, the struc-
ture and properties of alloys of these systems have been
actively studied.

The Al—Gd system, like most AI-REM systems,
has a phase diagram with the eutectic point. In the
solid state, the existence of the following five stable
chemical compounds has been established: Al;Gd,
Al,Gd, AlGd, Al,Gd;, and AlGd, [2]. The authors of
[3] also report the presence of the Al,Gd compound in
the system. In [4], the Al;;Gd, compound is reported.
All alloys of the Al—Gd system obtained under equi-
librium conditions consist of the two stable phases in
the region rich in aluminum: o-Al and Al;Gd. The

eutectic point corresponds to 2% Gd. The solubility of
Gd in Al is practically absent.

According to [5], liquid Al—Gd alloys are micro-
heterogeneous in the range of low Gd contents; with
little overheating above the liquidus, the groups with
the arrangement of atoms close to the arrangement of
atoms in the Al;Gd intermetallic compound are
retained. These groups are destroyed upon heating.
The authors of [6] also report the formation of the
microgroups of atoms in melts, which are ordered
according to the Al,Gd type and remain in the melt
even with high overheating relative to the liquidus up
to 2000 K. According to [7], the structure of melts
consists of a disordered region containing randomly
arranged groups of the type of compound Al,LREM,,.
With an increase in the REM content, the interaction
of different sorts of atoms predominates, which leads
to the formation of stable complexes.

It is known that the state of the melt before quench-
ing has an effect on the structure and properties of
alloys [8]. Various extreme effects, in particular, high
pressure (several gigapascals) exert an influence on the
thermodynamics and solidification kinetics of the
melt and lead to various changes in the structure of the
alloys [9]. The progress made in understanding the
structure formation processes occurring in glass-
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Fig. 1. (a) Berkovich indenter; (b) imprints.

forming melts in the eutectic region, as well as in
studying the effect of the pressure and cooling rate on
solidification processes, is of high scientific signifi-
cance and relevance. It is known that many com-
pounds are readily synthesized under high pressure,
and a number of them cannot be obtained at all with-
out the use of high pressure technology. In this case,
new structures (crystals, glasses, and gels) and new
phases with new unique properties that are impossible
in the absence of external influences are formed. The
mechanism of action of high pressures and tempera-
tures on the structure and properties of alloys is differ-
ent in different systems [10—14].

In the chosen Al-Gd model system, the influence
of high pressure on the kinetics of formation of both
stable and metastable phases was expected. The pur-
pose of this study was aimed at investigating the
microstructure, phase composition, and physical and
mechanical properties of the Aly,Gd,, alloy prepared
by barothermal treatment.

2. MATERIALS AND TECHNIQUES

An ingot with composition Aly,Gd,, was prepared
by melting the metals in corundum crucibles in a Tam-
man furnace. The initial components were elements
with the following contents of the base metal:
99.999 wt % in aluminum and 99.9 wt % in gadolin-
ium. The chemical analysis of the ingot showed that
the content of the main components corresponded to
the specified composition within £0.25% of the nom-
inal value. The resulting ingot was considered as an
initial sample.

Samples for research were obtained in a toroidal
high pressure chamber [15]. The first sample was
obtained by rapid cooling of the melt at a rate of
1000 deg/s under a high pressure of 10 GPa (sample
with melting); the hardening temperature was 1800 K.
A solid body (Algeti stone) was used as a pressure
transmitting medium. The sample was heated and
molten by passing an alternating current through the
material placed in a crucible made of hexagonal boron
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nitride. The temperature value was calculated using
the thyristor readings based on the current power. The
second sample was obtained by pressing original sam-
ple at a high pressure of 5 GPa (sample without melt-
ing). The phase composition of the samples was deter-
mined by the X-ray diffraction (XRD) method on a
Dron-6 setup equipped with a CuK, radiation source.
To determine the chemical structure and elemental
composition, and the morphology and size of the
structural components of the alloy, a Quattro S scan-
ning electron microscope (SEM) equipped with a
standard DBS (directional backscatter) detector of the
ABS/CBS system was used. The error in determining
the percentage of elements in the samples was no more
than 5%.

The measurements and calculation of the physical
and mechanical characteristics of the samples under
study were carried out on a Nanotest 600 integrated
measurement system using a Berkovich indenter (a tri-
hedral diamond pyramid with an apex angle of 65.3°
and a curvature radius of about 200 nm) (Fig. 1).

The H/E, ratio of the hardness to the reduced elas-
tic modulus was used to assess the degree of material
hardening. The H/E. value characterizes the ability of
a material to change its shape and size during defor-
mation, and can also serve as a qualitative relative
characteristic of the resistance of materials to defor-
mation under mechanical loading, thereby reflecting
its structural state [16]. The hardness and reduced
elastic modulus were calculated in accordance with
the Oliver—Pharr method [17]. The hardness and
reduced elastic modulus were determined by analyzing
the unloading curve and the indentation depth on the
basis of the loading—unloading diagram obtained
during the tests with a diamond indenter. The duration
of loading and unloading of the indentation point was
10 s. The maximum force equal 200 mN was applied to
the samples, since the properties were measured in the
bulk. The delay time under the maximum loading
force was 10 s. The distance between the indentation
points was 100 um. For each sample, at least thirty
measurements were performed. The elastic recovery
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Fig. 2. Microstructure of (a) the initial ingot, (b) the ingot pressed under a high pressure of 5 GPa without melting; and (c) the
ingot prepared from a melt under a high pressure of 10 GPa (1800 K, 1000 degree/s).

parameter (ERP) was also calculated as the ratio of the
difference between the maximum and plastic depths to
the depth of plastic penetration of the diamond
indenter. The plasticity index (PI) parameter was cal-
culated as the ratio of the amount of work W, spent for
the formation of plastic strain to total work W, =
W, + W, where W, is the work spent for the forma-
tion of elastic strain.

3. RESULTS AND DISCUSSION
3.1. Microstructure

Figure 2 compares the microstructures of (a) the
initial ingot, (b) the ingot pressed under a high pres-
sure of 5 GPa without melting, and (c) the ingot pre-
pared from the melt under a high pressure of 10 GPa
(1800 K, 1000 degree/s). According to the XRD data,
the structure of the initial ingot is represented by the
following two equilibrium phases: o-Al and Al;Gd
(type DO0.19, hexagonal hP8/3). Large white primary
crystals of the Al;Gd phase can be clearly seen in
Fig. 2a, around which a platelet—rod eutectic (o-Al +
Al;Gd) is formed.

The phase composition of the sample corresponds
to the equilibrium phase diagram of the alloy [2]. As
can be seen from Fig. 2, the microstructure of the
samples obtained under high pressure is more dis-
persed compared to the initial sample. In addition,

Table 1. Elemental analysis of the phase enriched in Gd

Element wt % at %
Al 12.5 45.0
Gd 87.5 55.0

Table 2. Elemental analysis of the phase enriched in Al

Element wt % at %
Al 64.9 92.0
Gd 35.1 8.0

PHYSICS OF THE SOLID STATE

other phases beside the a-Al and Al;Gd phases were
found in each sample. In the sample prepared without
melting, a phase with composition GdssAl,s in the
form of small cuboids formed around large crystals in
a small amount (Fig. 3). Table 1 shows its elemental
analysis. In the sample prepared with melting, there is
a phase with composition Aly,Gdg (Fig. 4). Its elemen-
tal analysis is given in Table 2. Figure 5 shows the
concentration maps of the distribution of elements in
both samples. Thus, the phase compositions of the
samples vary.

3.2. Physical and Mechanical Properties

Table 3 shows the physical and mechanical charac-
teristics of the samples under study. For samples
obtained under high pressure, only averaged values of
properties were taken into consideration, given the
dispersity of their structure.

Table 3 shows that the average value of hardness H
of the initial sample of the Aly;Gd,, alloy is about
3.5 GPa, as calculated from the data of measurements
of hardness H for intermetallic compound Al;Gd and
eutectic (0-Al + Al;Gd). Figure 6 shows separately the
hardness of intermetallic compound Al;Gd and eutec-
tic (a-Al + Al;Gd). The main contribution to the
hardness value is made by the intermetallic com-
pound, since the hardness value of the intermetallic
compound is 7.4 times higher than the hardness value
of the eutectic. At the same time, Table 3 shows that
plasticity index PI of intermetallic compound Al;Gd is
almost two times lower than plasticity index PI of
eutectic (0-Al + Al;Gd), i.e., the strain is more elastic,
which explains the high hardness value of intermetallic
compound Al;Gd. Plasticity indices PI of both sam-
ples obtained under high pressure are close to plas-
ticity index PI of eutectic (o.-Al + Al;Gd) formed from
the initial sample. Elastic recovery parameter ERP in
the sample prepared from the melt is 1.6 times higher
than in the sample prepared without melting.

The performed studies have shown that the average
value of hardness H in the sample prepared with melt-
Vol. 64
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Fig. 3. Data on the X-ray spectral microanalysis of the phase
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Fig. 4. Data on the X-ray spectral microanalysis of the phase enriched in Al in the sample prepared from a melt under a high pres-

sure of 10 GPa (1800 K, 1000 degree/s).

ing is 1.2 times higher than in the sample prepared by
pressing without heating, while the average value of
reduced elastic modulus E, in the former is 1.3 times

lower. ! Moreover, the H/E, ratio of the degree of hard-
ening in the sample prepared with melting is 1.6 times
higher than in the sample prepared by pressing with-
out heating. The consideration of the GdssAl,; phase
in the sample without melting leads to increases in the
average hardness of the sample by a factor of almost 10
and in the reduced elastic modulus by a factor of 2.4,
since the hardness of this phase is about 10 GPa based
on the test results. The GdssAlys phase is poorly
observed in the microscope of the Nanotest 600 mea-
surement system and it took a lot of effort to clearly hit
into it with a diamond indenter. Figure 7 shows load-
ing—unloading curves for measurements with a hard-
ness of about 10 GPa and, for comparison, nineteen
measurement data obtained in other points of the
sample. As can be seen from Fig. 7, the maximum
penetration depth of the diamond tip for measurement
with the obtained hardness value of about 10 GPa is
substantially lower (A, = 963.37 nm) compared to

I The comparison is carried out without consideration of the
detected GdssAlys phase.

Fig. 5. Concentration maps of the distribution of elements
over the sample for the samples prepared (a) with melting
and (b) without melting.

PHYSICS OF THE SOLID STATE Vol.64 No.4 2022



208

X

, GPa

—_ N W A N

0

Fig. 6. Hardness values H (GPa) of (A) the a-Al + Al;Gd
eutectic mixture and (B) intermetallic compound Al;Gd
in the initial sample.

the average value of the maximum depth for nineteen
measurement points (/,,,, = 3039.25 nm), which gives
rise to a high hardness value. For the sample prepared
with melting, it was not possible to hit into the
detected Aly,Gdg phase with a diamond indenter.

4. CONCLUSIONS

We have studied the physical and mechanical char-
acteristics of samples obtained under high pressure in
comparison with the initial sample. The progress
made in understanding the structure formation pro-
cesses occurring in the eutectic region in glass-form-
ing melts of the AI—REM type (REM stand for rare
earth metal), including the Aly;Gd,, alloy investigated
in this study, and in studying the effects of the pressure
and cooling rate on the solidification processes is of
high scientific and practical significance, since the
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study of the processes leading to an increase in the
strength properties of materials and the hardening
mechanisms and the development of effective tech-
nologies for the preparation of high-strength materials
on this basis are the fundamental problems of modern
materials science in instrumentation, which have to be
solved. Without these kinds of materials, the further
development of mechanical engineering, aviation,
space technology, shipbuilding, mining, and nuclear
energy is impossible. Under conditions of high pres-
sures and temperatures, the physical and chemical
processes are observed during solidification of the
melt, which are hindered under normal conditions or
impossible due to thermodynamic limitations.

For the Aly,Gd,, alloy, the performed studies have
shown that the impact of high pressure leads to a
change in the phase composition, and has effects on
the microstructure and the physical and mechanical
properties of the alloy. The formation of new phases is
detected in the alloy, the study of which requires
additional efforts. The samples prepared under pres-
sure have crushed and compacted structures and
exhibit high mechanical properties that are deter-
mined by dispersion strengthening and grain bound-
ary strengthening. The dispersion strengthening is
achieved as a result of precipitation of the detected dis-
persed phase with high hardness values and reduced
elastic modulus under pressure treatment of the alloy.
The grain boundary strengthening is caused by the fact
that grain boundaries serve as obstacles to the move-
ment of defects such as dislocations. If the stress nec-
essary for the operation of the source of dislocations in
a grain with a favorable orientation is reached earlier
than in the neighboring grain, then movement occurs
first in the favorably oriented grain and then accumu-
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Fig. 7. Dependences of the applied force on the depth of indenter penetration into (a) the GdssAls5 phase and (b) other points of

the sample for the sample prepared without melting.
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Table 3. Values of the physical and mechanical characteristics of the studied samples
.. Initial §ample (euFectlc Initial sample Ipmal samp!e Sample without Sample
Characteristic + intermetallic . (intermetallic . . .
(eutectic) heating with heating
compound) compound)
H, GPa 3.500 £+ 2.440 0.830 + 0.094 6.170 = 0.750 1.030 £ 0.331 1.270 + 0.440
E, GPa 76.870 £ 8.070 74.230 £ 4.460 84.040 + 11.380 78.910 £ 7.820 60.440 & 12.080
H/E, 0.028 + 0.029 0.011 £ 0.009 0.073 £ 0.007 0.013 = 0.003 0.021 £ 0.005
PI 0.800 £ 0.190 0.910 £ 0.009 0.505 + 0.122 0.890 £ 0.027 0.820 + 0.040
W, nJ 173.480 + 78.410 218.96 £ 19.501 50.040 + 12.210 191.440 +29.034 | 168.801 £ 28.350
Wy, nJ 28.220 £ 14.211 20.550 £ 1.317 49.030 £+ 12.210 22.840 £ 3.680 35.241 £ 6.091
ERP 0.099 £+ 0.103 0.037 £ 0.003 0.265 £ 0.266 0.044 + 0.011 0.072 £ 0.019
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