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Abstract

Ultra-rapid quenching from the melt makes it possible to obtain a significant refinement of the structural components of alloys, a significant increase
in the mutual solubility of components during the formation of solid solutions, and the release of metastable phases. When using the ultrafast quenching
method, the cooling rate of the liquid reaches 105 K/s and higher. Aluminum alloys doped with bismuth and lead can be used to generate hydrogen by
their interaction with water. During ultra-fast quenching from the melt, a microcrystalline structure is formed containing dispersed precipitates of the
second component. Foils of the Al-1.5 wt. % Pb alloy are obtained from a melt droplet weighing approximately 0.3 g, injected onto the inner polished
surface of a rapidly rotating copper cylinder, where it spreads and solidifies into a foil. The estimated cooling rate of the melt reached 106 K/s. A cellular
structure is formed in the Al-1.5 wt. % Pb foil layer adjacent to the free surface. Dispersed lead particles are located at the cell boundaries and in the cell
volume. The shape of the lead particles is close to spherical, which is due to the minimum value of the surface energy of the alloy. Isothermal annealing
of rapidly solidified foils of the alloy under study at 295 °C did not have a significant effect on the average diameter of lead particle cross-sections, while
annealing at 400 °C caused their monotonous growth. With an increase in the annealing temperature above 400 °C, a stronger growth of lead particles
located at the grain boundaries is observed than in the volume of their cells. In rapidly solidified foils of the alloy under study, a (111) texture is formed.
This is explained by the fact that in the direction of heat removal, predominantly those grains grow whose {111} planes coincide with the interphase
boundary and are parallel to the crystallizer surface.
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MUKPOCTPYKTYPA BbICTPO3ATBEPAEBLLEIO CMNJTABA Al-1.5 MACC. % Pb
B. W. TnapkoBckun, T. J1. KywHep, 10. B. Makcumos, A. U. Munuyk, B. T. LWenenesuy

Pedepar

CaepxbbicTpas 3akanka W3 pacnnasa no3BONseT MonyyYnTb CyLIECTBEHHOE W3MembYeHNe CTPYKTYPHbIX COCTaBASIHOLWX CMIaBoB, 3HAUNTENbHOE
YBENWYEHNE B3aMMHON PacTBOPUMOCTI KOMMOHEHTOB NpK 06pa3oBaHny TBEPAbIX PaCTBOPOB, BbiAENeHNe MeTacTabunbHbIx das. Mpu ncnons3oBaHnm
MeToAa CBepXObICTPON 3aKanki CKOpOCTb oXnaxaeHus xuakoctu gocTuraet 105 Kic u Bblwe. Cnnasbl anioMUHWS, NErMpoBaHHbIE BUCMYTOM W
CBWHLIOM, MOTYT MCMOMb30BaTbCA ANS FeHepupoBaHWs BOJOPOAA MpU WX B3aMMOAENCTBMM C BOAOW. Mpu cBepxBbICTPOM 3akanke M3 pacnnasa
MpoucxoanT GOPMUPOBaHIE MUKPOKPUCTAMNNYECKON CTPYKTYPbI, COAepXKallei AUCnepCHble BblAENeHns BTOporo komnoHeHTa. ®onbru cnnasa Al-1,5
macc. % Pb monyyeHbl M3 kanmu pacnnaea Maccoi mpumepHo 0.3 T, MHXEKTMPYEMOW Ha BHYTPEHHIOO MONMMPOBAHHYID MOBEPXHOCTb BbICTPO
BpalLatoLerocs MeaHoro LMnuHapa, rae oHa pactekaeTcs W 3aTepfeBaeT B Bue onbru. PacyeTHas CKOpOCTb OXNaxaeHns pacnnasa gocturana
106 Kic. B cnoe cponbru Al-1,5 macc. % Pb, npumbikatoen k cBoBoaHON NOBEPXHOCTH, hopMUPYETCS suencTas CTpykTypa. Ha rpaHuuax sueek u B
obbeme fueek pacnonaranuch AuCnepcHble YacTulbl CBMHLA. Popma yacTul cBMHUA 6rmska K wapoobpasHoil, YTo 06yCroBneHo MUHUMaNbHBIM
3HAYEHNEM MOBEPXHOCTHOI 3Heprum cnnaea. M3otepmuyeckuin omxur GbicTpo3aTBepaeBLLMX orbr uccnegyemoro cnnaea npu 295 °C He okasan
CYLECTBEHHOTO BAMAHUA HA CPEAHMIA AMaMeTp CeyeHWi yactul cauHua, a omxur npu 400 °C BbI3bIBAET UX MOHOTOHHbINA pocT. C yBenuyeHnem
Temnepartypbl omkura Boilwe 400 °C HabniogaeTcs 6onee CUMbHBIA POCT YacTUL, CBMHLA, HAXOAALLMXCA HA rpaHNLaXx 3epeH, Yem B 0bbeMe nx syeex.
B 6bicTpo3aTBepaeBLLMX homnbrax uccrnegyemoro cnnasa obpasyetcs Tekctypa (111). 310 obbscHseTCA Tem, YTO B HanpaBneHWW TennooTeoAa
pacTyT NPenUMyLLECTBEHHO Te 3epHa, Y KOTOpbIX MockocTh {111} coBnaaaloT ¢ MexdasHol rpaHnLen u napannenbHbl NOBEPXHOCTU KpUCTannm3aropa.

KntoueBkle cnioBa: cepxbbiCTpas 3akanka u3 pacnnasa, ObicTposaTBepaesLume onbr MoHoTekTYeckoro cnnasa Al-1.5 macc.% Pb, suenctas
CTPYKTYpa, ANCNEPCHbIE YaCTULbI CBUHLA.

Introduction

Technological processes in metallurgy make it possible to give met-
als and alloys the required mechanical properties and structure, and to
change their physical and chemical properties to achieve the necessary
performance characteristics of modern structures and products.

In recent decades, innovative approaches to the development and pro-
duction of new materials have been actively developing. One of these new
scientific directions is the production of metals and alloys from the liquid
phase by the method of ultrafast quenching from melt, at which the liquid
cooling rate reaches 105 K/s and higher. The term "ultra-fast melt quench-
ing" refers to a process operation involving the rapid cooling of the melt.

The use of such a cooling rate leads to the formation of one or another
metastable state. The value of this rate depends on both the type of alloy
and the nature of metastability. High-speed solidification of materials allows
obtaining various states: amorphous, quasi-crystalline and microcrystalline.
This type of hardening causes a significant grinding of structural compo-
nents, a significant increase in the mutual solubility of components during
the formation of solid solutions, and the release of metastable phases.
To achieve the required cooling rates (107 — 100 Ks), technological solu-
tions are required that differ significantly from traditional casting methods.
The main method for ultra-fast melt quenching is to cool the melt by remov-
ing heat through a solid substrate through thermal conduction.
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The main condition for ultra-fast cooling in this case is that the thick-
ness of the melt in the direction of heat transfer should be as small as
possible. For effective heat removal, good contact of the melt with the
coolant, high thermal conductivity of the coolant, and an increase in the
heat transfer coefficient at its boundary with the heat-conducting sub-
strate are also important.

According to the type of cooling, there are three methods of ultra-fast
melt quenching: single-sided, double-sided and multi-sided cooling. Sin-
gle-sided cooling methods involve the injection of droplets or a melt jet on
a well-dissipated heat removal substrate. The increase in the contact
area is achieved by spreading the drop upon impact with the substrate.

The formation of a thin layer of liquid that is in good thermal contact
with the heat receiver is based on the use of contact between the thin
liquid belt and the moving cooling substrate. In the spinning method, a
drop of molten metal hits the polished surface of a fast-rotating copper
cylinder and solidifies in the form of foil.

The structure of rapidly solidified foils differs significantly from the
structure of massive samples obtained at low and medium cooling rates,
and also has features compared to the structure of rapidly solidified met-
als with a higher melting point. Micro- and nanocrystalline materials ob-
tained by ultra-fast quenching from the melt have characteristics almost
equal to those of amorphous metals and have greater thermal stability.
This has generated interest in rapidly cooled alloys with a low melting
point. Aluminum-based alloys are quite dependent on the rate and history
of cooling and are well modified by annealing, cold working, and other
methods of external action.

Alloys of the aluminum-lead system, in which monotectic transfor-
mation takes place at 659 °C and eutectic transformation at 327 °C, are
used in mechanical engineering as antifriction and damped materials
[1,2, 3] In alloys of the Al-Pb, Al-Bi, Al-In and other systems, stratifica-
tion into two liquids occurs, one of which is enriched with aluminum, and
the other with an alloying element [3]. There have been reports of the use
of aluminum alloys doped with bismuth and lead to generate hydrogen
when interacting with water [4, 5]. Studies have been carried out on the
interaction of aluminum with water at high pressures and temperatures in
order to produce hydrogen [6-10]. In recent decades, research has been
actively carried out on materials synthesized under highly non-equilibrium
conditions, for example, during ultrafast melt quenching, when the cooling
rate reaches 108 K/s [11-13]. Studies of the influence of external energy
influences, in particular, a weak magnetic field, on the physical and me-
chanical properties of non-magnetic metals are also being actively inves-
tigated [14, 15]. In case of ultra-rapid quenching, a microcrystalline struc-
ture is formed, containing dispersed precipitates of the second compo-
nent. It has been established that rapidly solidified alloys of the Al-Bi
system interact with water at room temperature and normal atmospheric
pressure, forming aluminum oxides and generating hydrogen [15, 16],
which can be used immediately after its release. In this regard, the study
of the structure and properties of rapidly solidified foils of the monotectic
alloy Al-1.5 wt.% Pb, as well as their stability, is relevant and has scien-
tific and practical significance.

Experimental methods

Monotectic alloy Al-1.5 wt. % Pb is made by fusing the components in a
quartz ampoule. The purity of the components used is 99.99. The foils are
obtained from a drop of melt weighing = 0.3 g, injected onto the inner pol-
ished surface of a rapidly rotating copper cylinder, where it spreads and
solidifies into a foil [17]. In the study of the structure, fast-hardened foils with

a

a thickness of 40-70 pm were used. The estimated cooling rate of the melt
reached 108 K/s. The study of the structure of the foils was carried out on
aLEO 1455VP scanning electron microscope with a special “HKL CHAN-
NEL 5" attachment. X-ray spectral microanalysis of rapidly solidified alloy
foils was carried out using a Rontec detector. X-ray structural studies were
performed on the Ultima 1V diffractometer using copper radiation. The pole
densities of the diffraction lines of the inverse polar figures were calculated
using the Harris method [18]. The parameters of the microstructure (grain
size and specific surface energy of grain boundaries) were determined by
the method of random secant cross-sections of grains [19]; the measure-
ment error was 5-8 %. The microhardness of the foils was measured using
amicrohardness tester using a load of 3 g.

Results and discussion

To study the structure and properties, rapidly solidified foils were
used, the length and width of which reached 10 and 1 cm, respectively.
Micron-sized cavities were observed on the mirror surface (A) of the foil in
contact with the crystallizer. Due to the decrease in heat transfer in this
area of the foil, the cooling rate of the melt decreased, which led to the
appearance of lead particle precipitation on the surface of the cavities.
The opposite surface of the rapidly solidified foil (B) had a bumpy struc-
ture. A cellular structure was observed on it (Figure 1); the size of the cell
cross-sections varied in the interval from 2 to 8 um. Dispersed lead parti-
cles were located at the cell boundaries and in the cell volume.

Electron microscope image
.

10um

Figure 1 - Cellular structure of surface B of rapidly solidified
Al-1.5 wt.% Pb alloy foil

The cross-sectional image of the rapidly solidified Al-1.5 wt.% Pb al-
loy foil is shown in Figure 2. Layers a and b are adjacent to the foil sur-
faces A and B, respectively, and layer c is located in the middle part of
the foil. Layer a has more dispersed lead particles than layers b and c. As
the crystallization front moves from surface A to B, enlargement of lead
particles is observed, which is associated with a decrease in supercooling
of the liquid phase. The shape of lead particles is close to spherical,
which is due to the minimum value of the surface energy of the alloy [20].

Figure 2 — Cross-sectional microstructure of Al-1.5 wt.% Pb alloy foil. (a, b are the foil layers adjacent to its surfaces A and B, respectively,
c is the middle part of the foil)
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Distributions of cross-section diameters of lead particles of the Al-1.5
wt.% Pb alloy by size groups in layers a, b and c are characterized by the
presence of a maximum. The average size of lead precipitates in the foil
increases as the crystallization front moves. The structure of foils and
massive samples was compared. In massive samples obtained at cooling
rates of 102 and 102 K/s, the average size of lead particles is 15 and
1.2 um, respectively, and in layers a, b, and ¢ of rapidly solidified foils,
0.11,0.13, and 0.15 pm, respectively.

Isothermal annealing of quickly solidified foils of the alloy under study
was performed for eight hours at temperatures below and above the
melting point of lead. Annealing at 295 °C did not have a significant effect
on the average diameter of lead particle cross-sections, while annealing
at 400 °C caused their monotonous growth.

During high-speed solidification, due to significant supercooling of the
melt, lead atoms are “captured” by aluminum precipitates. According to
the data of work [21], devoted to the study of the effect of supercooling on
the decomposition of a supersaturated aluminum-lead solution, it was
found that when the melt is supercooled by more than 20 °C, lead
nanoclusters are formed in it. During high-speed cooling of the melt [12],
supercooling in the layer adjacent to the crystallizer surface reaches
200 °C, which promotes the formation of dispersed lead deposits. When
the crystallization front moves from surface A to surface B, due to the
release of heat during crystallization, the value of supercooling of the
liquid phase decreases, which causes an increase in lead deposits and
the formation of a cellular structure.

When the alloy is cooled below the eutectic temperature, the remain-
ing lead-rich liquid undergoes a eutectic transformation, which produces
lead and aluminum precipitates. The aluminum precipitates are adjacent
to the previously solidified aluminum. Lead deposits are located at the
grain boundaries of the main component; they are larger compared to
previously formed lead particles and localized at the cell boundaries and
inside them. This difference is 2—4 times.

Rapidly solidified foils of the monotectic Al-1.5 wt.% Pb alloy have a
microcrystalline structure. Figure 3 shows images of the grain structure
on the A side of the foil.

-
I - 1 00 pm: Map2; Step=1.5 pm; Grid216x162

Figure 3 — Grain structure of rapidly solidified Al-1.5 wt.% Pb alloy foil on
surface A.

The random intercept method was used to determine the distribution
of chords on grain cross-sections by size groups and presented as histo-
grams in Figure 4. The maximum proportion of chords falls on the size
group from 20 to 40 pm. The parameters of the grain structure were de-
termined. The average values of the chord lengths on grain cross-
sections on surfaces A and B are 31 and 30 um, respectively. The aver-
age value of the grain size is 52 and 50 um, respectively. The specific
surface area of the grain boundaries is 120 ym-!.
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Figure 4 — Histogram of the distribution of chords of random secants on
the sections of grains of rapidly solidified foils of the Al-1.5 wt.% Pb alloy
in the initial state on the surface A (a) B (b)

Dimensional groups, pm

In rapidly solidified foils of the alloy under study, a preferred grain
orientation is formed. Figure 5 shows the pole figures of the {111} planes
of aluminum on the surface of foil A. Gnomostereographic projections of
the {111} planes of aluminum are located predominantly in the center of
the projection circle or at a small distance from it, which indicates the
formation of the {111} texture. A weaker similar texture is formed in the
foil layer adjacent to the free surface, i. e. the texture of the rapidly solidi-
fied foil {111} is retained as the crystallization front moves.

11} i

* .

Figure 5 - Pole figure of the gnostereometric projections of the {111}
planes of the aluminum foil of the Al-1.5 wt.% Pb alloy on the surface A

The formation of aluminum texture (111) in rapidly hardened foils is
confirmed by the calculation of the inverse pole densities of aluminum
diffraction lines presented in Table 1. Pole densities were calculated
using the Harris method. Texture formation (111) has been observed
previously in fast-hardened foils of other aluminum alloys with other ele-
ments [22, 23].

Table 1 - Pole densities of diffraction lines of rapidly solidified foils of
Al-1.5 wt.% Pb allo
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Diffration Annealing temperature, °C
reflections 20°C | 180°C | 350°C | 470°C | 600°C
200 0,2 0,2 0,3 0,2 0,2
220 05 0,4 0,4 0,4 04
311 0,3 04 0,3 0,3 0,3
222 47 47 4,6 4.7 4.7
331 0,2 0,2 0,2 0,2 0,2
429 0,1 0,1 0,2 0,2 0,2
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The rationale for the formation of the (111) texture in aluminum is given
in [24, 25], which presents the results of calculating the energy barrier dur-
ing the movement of the crystal-liquid interphase boundary for various crys-
tallographic planes. It has been established that its value takes a minimum
value for the interphase boundary coinciding with the {111} planes. There-
fore, in the direction of heat removal, predominantly those grains grow
whose {111} planes coincide with the interphase boundary, i. e. are parallel
to the crystallizer surface, thereby forming the (111) texture.

A study was conducted on the effect of annealing on the texture of
the foils of the alloy under study. It was found that in the annealing tem-
perature range from 20 to 600 °C, the pole densities of diffraction reflec-
tions change by no more than 0.1, i. e. the texture of rapidly solidified foils
is preserved, which may be due to the presence of liquid dispersed lead
deposits at the grain boundaries.

Rapidly solidified foils of the investigated Al-1.5 wt.% Pb alloy are in an
unstable state. Thus, holding rapid solidified foils at room temperature for
2 hours leads to an increase in microhardness by 20 %, which is explained
by the decomposition of the supersaturated solid solution based on alumi-
num, causing the release of strengthening dispersed lead particles.

A subsequent increase in the exposure of foils at room temperature
does not change their microhardness. However, with an increase in the
annealing temperature above 400 °C, there is a stronger growth of lead
particles located at the grain boundaries than in their cell volume (Figure 6).
Most likely, this is due to the fact that the diffusion processes that cause the
movement of lead atoms in the area of grain boundaries proceed more
intensively than in their volume at the same annealing temperature.

08

d, um

t°C

200 250 300 350 400 450 500 550 600 650

Figure 6 — Dependence of the average diameter of lead particles
of the Al-1.5 wt.% Pb alloy located at grain boundaries (1) and in the bulk
of cells (2) on the annealing temperature

Conclusions

Thus, a cellular structure is formed in the Al-1.5 wt. % Pb foil layer
adjacent to the free surface. The size of the cell sections varied in the
range from 2 to 8 uym. The diameter of the lead particle cross-sections
increases monotonically with the movement of the crystallization front
from 0.1 to 0.3 pm. The average grain size in the foils is 51 pm, and the
specific surface area of the grain boundaries is 120 um-*. In rapidly solidi-
fied foils of the alloy, a (111) texture is formed. Annealing the foils above
400°C causes a decrease in the density of lead particles and an increase
in the diameter of their cross-sections. The texture of the foils of the
1.5 mass. % Pb alloy is retained upon annealing up to 600 °C.
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