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INTRODUCTION

The Al–Sn phase diagram belongs to the eutectic
type, and Al–Sn alloys are characterized by a ten�
dency toward separation into two phases, namely, a tin
solution in aluminum and eutectic [1]. The eutectic
solidifies at a temperature of 228.3°C and 97.8 at %
Sn. The solubility of tin in aluminum is insignificant
and has a retrograde character, and it is maximal
(0.011–0.014 at % Sn) at a temperature of 500°C.
The solubility of tin in rapidly cooled aluminum�
based alloys can reach 0.26 at % [2]. The microstruc�
ture of an Al–50 wt % (18.5 at %) Sn alloy is repre�
sented by globular α�solution regions surrounded by
eutectic layers. In practice, it is difficult to produce
an Al–50 wt % Sn alloy with a homogeneous micro�
structure, since its components differ substantially in
melting temperature and density. Density segrega�
tion is often observed; as a result, tin is mainly
located in the bottom part of an ingot. Therefore, for
the manufacture of Al–Sn alloys, metallurgists use
continuous casting of a melt preliminary heated to a
certain temperature, increase the cooling rate of a
metal, and introduce additional chemical elements
that change the solidification of a liquid metal into
the melt [3]. An Al–50 wt % Sn alloy is used as a mas�
ter alloy in the manufacture of various alloys [4]. The
application of this master alloy implies its water�
cooling rolling, which is often accompanied by metal
rejection because of separation along phase bound�
aries. It was experimentally established that an
increase in the temperature of heating of a metallic

liquid to 1150°C radically decreases the tendency of
an Al–50 wt % Sn master alloy toward separation in
rolling [4]. It was also assumed that the tendency of
an Al–50 wt % Sn master alloy toward separation in
rolling can depend on the cooling rate of an ingot and
microadditions of some chemical elements, e.g.,
titanium and zirconium.

According to [5], when a metallic melt is overheated
to temperature t* specific for every composition, the
metallic liquid transforms irreversibly into a homoge�
neous state on an atomic level (homogenization). This
transformation results in a substantial change in the
structure and phase composition of the solid metal
upon subsequent cooling and solidification even at
moderate rates (1–10 K/s). According to [5], liquid
metal homogenization temperature t* is determined
from the beginning of the high�temperature coincident
segment in the heating and cooling polytherms of a cer�
tain structure�sensitive property of a melt, e.g., viscosity.
The authors of [6, 7] analyzed the temperature depen�
dences of the kinematic viscosity of the Al–50 wt % Sn
melt recorded in heating followed by cooling and found
that the homogenization temperature of this melt is
t* = 950°C. In this work, we consider heating of the
Al–50 wt % Sn melt to a temperature above 950°C as a
new method for modifying the microstructure of an as�
cast metal [8].

We performed experiments to revel the mechanism
of the effect of homogenization of the metallic melt on
the mechanical properties of the as�cast metal.
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EXPERIMENTAL

We studied Al–50 wt % Sn alloy samples fabricated
under laboratory conditions from pure components,
namely, OVCh000 tin and A999 aluminum. The sam�
ple surfaces were first polished mechanically and then
electrochemically to a roughness height of ~10 nm.

To reveal the physical nature of the separation in
the Al–50 wt % Sn alloy in rolling, we measured
Young’s modulus and the hardness of the phases in this
alloy, namely, tin solution in aluminum and eutectic.
The experiments were carried out for Al–50 wt % Sn
alloy samples prepared by the following methods: tradi�
tional method (heating of the melt to 700°C followed by
cooling at a rate of 0.2 K/s), using a temperature of
1150°C for heating the liquid metal, and using a cooling
rate of 4 K/s and the introduction of 0.06 wt % Ti or
0.1 wt % Zr into the binary alloy.

As the method of measuring Young’s modulus and
hardness, we used mechanical tests with a small load
applied to a diamond indenter and smoothly increas�
ing in time τ (nanoindentation). This method consists
in continuous recording of indentation force P(τ) and
indentation depth h(τ) at a resolution of 1 nm. These
data are then used to plot a P–h loading diagram,
which is an analog of the σ–ε diagram recorded during
a uniaxial test, and various information is taken from
this diagram [9].

In contrast to tension/compression, nanoindenta�
tion makes it possible to localize plastic deformation
in a submicron or micron region and to vary region
size R (it is usually taken that R ≈ h) by several orders
of magnitude in one test cycle. Owing to this specific
feature of nanoindentation, the mechanical properties
of individual phase inclusions can be automatically
scanned. Moreover, using multiple measurements per�
formed on one sample, one can accumulate large sta�
tistics of experimental data on Young’s modulus of a
certain phase in order to analyze it by modern means
of data processing. With P–h diagrams, we also esti�
mated the yield strengths and the ductilities of the
phases in the Al–50 wt % Sn alloy.

Young’s modulus and the microhardness of indi�
vidual phases were measured during continuous load�
ing by a load linearly increasing in time at room tem�
perature. The measurements were carried out with the
nanosclerometric unit of an NTEGRA probe nano�
laboratory (NT�MDT, Zelenograd, Russia) [10]. The
nanoindentation method for measuring Young’s modu�
lus E (GPa) and hardness H (GPa) is based on the mea�
surement and analysis of the dependence of the load
during indentation into a metal surface on the indenta�
tion depth and is nondestructive. With this method, one
can correctly measure the elastic modulus in the range
50–1000 GPa in the minimum region of 200 nm.
These measurements are performed with a piezoreso�
nance probe transducer having a tuning fork design
with a high flexural stiffness of the cantilever
(~104 N/m), which makes it possible to use probes

with a stiffness that is three orders of magnitude higher
than that of the standard probes in atomic force
microscopy (AFM). Using this approach, one can
map the elastic modulus distribution over a sample
surface, i.e., can take scanning probe microscopy
(SPM) images, the contrast of which is based on the
local differences in Young’s moduli. Owing to the
unique design and principle of operation of this probe,
we were able to distinguish between the viscous and
elastic components of the interaction force between
the probe tip and the sample surface. As a result, we
could reveal hard surface under a viscous adsorbed
layer and perform measurements in air without spe�
cial�purpose treatment of samples.

A series of indentations was applied onto a sample
surface during indentation. They were then analyzed
to determine the hardnesses and the elastic moduli of
the phase components of the sample, namely, tin solu�
tion in aluminum and eutectic. The fraction of elastic
strain was estimated by the formula (%)

where hmax is the maximum indentation depth and hf is
the indentation depth after unloading. The computer
analysis of the scanning results consisted in choosing
the parameters of the power function that described
the load dependences of the indentation depth and the
contact area. Before indentation, the sample surface
area chosen for analysis was scanned to make sure that
the surface is smooth and has no defects that can affect
measurement results and to choose the position of
indentations on the sample surface. For every indenta�
tion, we obtained the dependence of the applied load
on the probe coordinate. Young’s modulus and the
hardness of a phase were determined from the results
of 15 measurements. The measurement errors were
calculated using traditional methods [11] at a confi�
dence level of 95%.

SPM images were processed using the Nova
(NT�MDT, Zelenograd, Russia) and SPIP (Image
Metrology, Denmark) software packages. The nano�
sclerometric unit was calibrated against a fused quartz
plate with well�known Young’s modulus and hardness.
The load to an indenter was increased in the range 0.25–
2.50 mN. During experiments, a Probe B�S�10�Nova
probe transducer was used, and its working portion was
represented by a Berkovich diamond prism. Indenta�
tions were measured from the results of tapping SPM.

The crystal structure and the elemental composi�
tion of the phases in samples were studied by tradi�
tional metallography methods using an Auriga Cross�
Beam (Carl Zeiss SMT GmbH, Germany) working
station. Auriga CrossBeam is a scanning electron
microscope intended for the investigation of the mor�
phology and the chemical and structural properties of
materials at a nanometer spatial resolution. We also
used a focused ion beam for sample preparation, energy

r
hmax hf–

hmax

����������������,=
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dispersive spectroscopy (EDS) for an analysis of the ele�
mental composition of a phase, and electron backscat�
ter diffraction (EBSD) for studying the crystal structure

of the metal.
1
 These investigations were performed in

the Ural Center for Shared Use “Modern Nanotech�
nology,” Institute of Natural Sciences of the Ural Fed�
eral University.

RESULTS AND DISCUSSION

The table gives the measured Young’s moduli and
hardnesses of the phases in the Al–50 wt % Sn alloy. It
was found that heating of the liquid metal to 1150°C
followed by cooling and solidification at a rate vcool =
0.2 K/s substantially affected Young’s modulus E of
the tin solution in aluminum and the eutectic (accord�
ing to [1], the eutectic contains 97.8 at % Sn). Young’s
modulus of the α solution decreases by 30% and that
of the eutectic, by 44%; that is, the elastic moduli of
the phases differ by 12% rather than 42%. The hard�
ness of the tin solid solution in aluminum decreases by
13%, and the hardness of the eutectic remains almost
unchanged. It should be noted that the Al–50 wt % Sn
alloy heated in the liquid state to 1150°C is character�
ized by the formation of coarse globular α�solution
regions during solidification (Fig. 1).

An increase in the cooling rate of the metal by an
order of magnitude during solidification weakly affects
Young’s modulus and the hardness of the phases and
substantially changes the alloy microstructure: the
characteristic size of the globular α�solution regions
almost halves at the same volume fraction, and the
structure becomes finer (Fig. 1).

1 This method is identical to reflection electron diffraction.

A combination of heating of the liquid metal to
1150°C and an increase in the cooling rate during
solidification enhances the effect of decreasing
Young’s modulus for both phases against the back�
ground of an insignificant increase in the hardness.
Young’s modulus of the α solution decreases by 48%
and that of the eutectic, by 53%. The characteristic
size of the globular α�solution regions remains almost
unchanged when the temperature of heating the liquid
metal increases to 1150°C.

The introduction of 0.06 wt % Ti in the liquid metal
at vcool = 4 K/s and a melt heating temperature th =
1150°C weakly changes Young’s modulus and the
hardness of the globular α�solution regions and
decreases Young’s modulus of the eutectic by 41% as
compared to the sample fabricated at th = 700°C and
vcool = 0.2 K/s. In this case, the tin solid solution in
aluminum is characterized by the maximum fraction
of the elastic component (r = 14%). The change in the
characteristic size of the globular α�solution regions is
insignificant.

The introduction of 0.1 wt % Zr in the liquid metal
at vcool = 4 K/s and a melt heating temperature th =
1150°C is accompanied by the most significant change
in Young’s modulus and the hardness of both the glob�
ular α�solution regions and the eutectic. As compared
to the sample fabricated at th = 700°C and vcool =
0.2 K/s, Young’s moduli of the tin solid solution in
aluminum and the eutectic decrease by 43% and 64%,
respectively, the hardness of the α solution decreases
by 14%, and the hardness of the eutectic increases by
14%. As a result, the difference between the elastic
moduli and the hardnesses of the phases in this sample
is only 10%. Note that the fraction of the elastic com�
ponent for both phases is almost the same (8%). As

Mechanical properties of the phases in the Al–50 wt % Sn alloy

Sam�
ple

Sample preparation 
characteristic* Eutectic Solid solution of tin in aluminum

th,
°C

vcool, 
K/s

AE, 
wt %

δ r E H δ
α�Al r

σy, 
MPa

E HM

% GPa % GPa

I 700 0.2 – 87.7 – 97.93 ± 4.93 0.51 ± 0.06 71.0 3.3 213.4 68.88 ± 5.10 0.73 ± 0.07

II 1150 0.2 – 89.5 0.8 55.37 ± 1.81 0.52 ± 0.04 75.1 6.8 614.3 49.24 ± 3.01 0.62 ± 0.03

III 700 4.0 – 84.8 – 100.73 ± 4.19 0.56 ± 0.01 71.4 3.7 216.1 68.89 ± 1.10 0.66 ± 0.02

IV 1150 4.0 – 87.2 2.3 45.22 ± 1.61 0.65 ± 0.02 74.5 7.6 770.1 36.56 ± 0.47 0.69 ± 0.03

V 1150 4.0 Ti 0.06 87.5 – 57.26 ± 3.10 0.55 ± 0.06 74.7 13.7 650.7 68.57 ± 11.59 0.73 ± 0.07

VI 1150 4.0 Zr 0.l 86.2 7.6 35.31 ± 5.93 0.57 ± 0.05 77.6 7.8 711.7 39.28 ± 1.76 0.63 ± 0.06

* th is the heating temperature, vcool is the cooling rate, and AE is an alloying element.
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compared to the sample fabricated at th = 700°C and
vcool = 0.2 K/s, the characteristic size of the globular
α�solution regions changes insignificantly (see Fig. 1).

To increase the mechanical properties (including
metal forming) of Al–Sn alloys, metallurgists tend to
produce alloys with a homogeneous structure using
various methods. The following metal preparation
methods are applied for this purpose: melt quenching,
chemical vapor deposition, severe plastic deforma�
tion, and so on [12, 13]. Based on the results of mea�
suring Young’s modulus and the hardness of the phases

in the Al–50 wt % Sn alloy, we are the first to propose
a new method for improving the metal forming of this
alloy, namely, homogenization of the alloy melt, the
effect of which on solidification and the related
structure of the as�cast metal can be corrected by
increasing the cooling rate and introducing a third
component.

We estimated the mechanical stresses induced by
the presence of two phases in the Al–50 wt % Sn alloy,
namely, eutectic and α�Al (see Fig. 1). When a two�
phase sample is deformed, the pressure caused by the

I 100 μm 100 μm

100 μm100 μm

100 μm 100 μm

II

III IV

V VI

Fig. 1. Microstructures of Al–50 wt % Sn alloy samples I–VI prepared by various methods (see table).
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difference between the elastic moduli of the matrix and
an inclusion (E1 and E2, respectively) appears [14],

where ε =  χ0 =  λ0 = c12,

and μ0 = c44 are the Lame constants for the cubic lattice;
R is the inclusion radius; and F is the applied force. Sub�
script 0 belongs to the inclusion characteristics.

Our calculation shows that the additional pressure
induced by the difference between the elastic moduli
of the matrix and inclusion in the homogenized sam�
ple is lower than that in the reference sample by a fac�
tor of 9 and that quenching, in contrast, increases the
additional pressure by a factor of 6.5. Even preliminary
homogenization of a sample does not improve the sit�
uation: the pressure increases by 4.6 times. Alloying
with titanium slightly improves the situation: the pres�
sure of the alloyed sample decreases by 1.5 times as
compared to the reference sample. Alloying with zir�
conium decreases this pressure threefold. This addi�
tional pressure is assumed to cause fracture of samples
in rolling [4].

According to [6, 7], heating of the Al–50 wt % Sn
melt above 1000°C followed by cooling even at a low
rate (vcool = 10 K/s) substantially changes solidifica�
tion and results in a modified microstructure [4].
Al⎯50 wt % Sn alloy samples are characterized by a
dendritic structure. As a result, we were able to exactly
estimate the cooling rate using the empirical depen�
dence proposed in [15]. The cooling rate at the solidi�
fication front was found to be 1–2 K/s, which agrees
with the cooling rate of the sample.

The dendrite sizes in the sample homogenized in
the liquid state differ substantially from those in the
heterogeneous sample. In the sample overheated to
1150°C, the primary dendrite arm length reaches
20 μm, whereas this length in the sample cooled from
700°C does not exceed 5 μm. It follows from a com�
parison of these data with the results of the quantita�
tive estimation of the dendrite sizes using the Traivedi
formulas [16] that the diffusion mechanism is pre�
dominant in this case among the two mechanisms of
dendrite structure formation (diffusion and thermal
mechanisms). According to the Langer–Müller–
Krumbhar theory (which is the most strongly
grounded dendrite growth theory) [17], the equilib�
rium of dendrite growth depends on, first, the charac�
ter of the diffusion field during heat transfer to the
regions next to a dendrite and, second, on whether the
dendrite surface remains stable near the dendrite tip.
The change in the structural state of the melt (homo�
genization) achieved upon its overheating to 1150°C
positively affects both factors and, hence, favors the

Pr
4εμμ0

R 2μ0 μ χ0 1–( )+[ ]
��������������������������������������,=

F

4πR2
���������� 1

E1

���� 1
E2

����–⎝ ⎠
⎛ ⎞ ;

λ0 3μ0+
λ0 μ0+

����������������;

formation of a more stable equilibrium structure of the
metal.

An additional investigation of the microstructure
and elemental composition of the phases in the Al–
50 wt % Sn alloy produced upon the overheating of the
liquid metal to th = 1150°C at vcool = 0.2 K/s did not
exhibit supersaturation in the phases, which was
repeatedly noted in [5] during similar experiments on
eutectic melts. An additional EDS study of the ele�
mental composition of the phases in Al–50 wt % Sn
alloy samples fabricated by various methods showed
the presence of aluminum in the eutectic in an amount
of 1 wt % (reference sample), 0.5 wt % (sample
homogenized in the liquid state), and 0.2 wt % (sam�
ple with titanium addition). A combination of the
homogenization of the liquid metal at 1150°C and a
high cooling rate during solidification did not change
the elemental composition of the eutectic. The α�Al
phase of the titanium�containing sample has 1 wt %
Ti, and no titanium is detected in eutectic layers. Thus,
the homogenization of the metallic liquid, which
resulted in substantial changes in Young’s modulus and
the hardness of the phases in the Al–50 wt % Sn alloy
upon subsequent cooling and solidification of the alloy,
can be related to changes in their crystal structure.

The effect of a crystallite orientation on the inter�
atomic distance leads to a change in Young’s modulus
[18]. The following data on the anisotropy of Young’s
modulus of aluminum are known: Emax = 77 GPa in
the [111] direction, Emin = 63 GPa in the [100] direc�
tion, and E = 70 GPa for a polycrystal with a chaotic
orientation. We took into account the polycrystalline
structure of aluminum and used the following data for
Young’s modulus: EV = ER = 71 GPa, where EV and ER
are Young’s moduli according to Voigt and Reuss,
respectively. In other words, we performed solid�angle
averaging of the expressions for compression moduli
and shear moduli in the case of an arbitrary orienta�
tion, as was done initially by Voigt, and performed the
same averaging for the elasticity constant equations, as
was initially proposed by Reuss [18–20].

A comparative crystallographic EBSD analysis of
the globular α�Al inclusions in the samples showed
that they have a polycrystalline structure (Fig. 2). We
present crystallite orientation maps (Euler angles) and
pole figures (two�dimensional projections of orienta�
tion distribution function) for sample I, which was pre�
pared by the traditional method (liquid metal heating
temperature th = 700°C, cooling rate vcool = 0.2 K/s),
and sample II, which was prepared at an elevated tem�
perature of heating a liquid metal and the same cool�
ing rate (th = 1150°C, vcool = 0.2 K/s). We also plotted
crystallite misorientation histograms for the reference
sample and the sample homogenized in the liquid state
(Fig. 3). Correlated misorientations Δgcor reflect the
misorientations between neighboring points, and
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uncorrelated misorientations Δguncor reflect the mis�
orientations between randomly chosen points in a set
of data. The theoretical (theor.) curve shows the results
for a random set of orientations. It is seen that the cor�
related (black) and uncorrelated (gray) misorienta�
tions differ strongly from the theoretical curve and
from each other. The difference between the uncorre�
lated misorientations and the theoretical curve is
mainly caused by a strong texture, which is most pro�
nounced in homogenized sample II. The correlated
distribution histograms of both samples demonstrate a
large number of low�angle boundaries, i.e., bound�

aries with a misorientation angle <15°, which are
invisible in the uncorrelated distribution for the refer�
ence sample. An analysis of the crystallite misorienta�
tion histograms for the reference sample and the sam�
ple homogenized in the liquid state shows a large num�
ber of high�angle boundaries in sample I, whereas
almost all boundaries in sample II are low�angle ones.
In other words, the texture of the homogenized sample
is higher. Nevertheless, we deal with a textured metal
in both cases, which manifests itself in its elastic prop�
erties [18, 19].

I 5 μm

All euler All phases

Euler 1:
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340

Euler 2:
0 6 12 18 24 30 36 42 48 54 60 66 72 78 84

Euler 3:
0 6 12 18 24 30 36 42 48 54 60 66 72 78 84

II 5 μm

All euler All phases

Euler 1:
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340

Euler 2:
0 6 12 18 24 30 36 42 48 54 60 66 72 78 84

Euler 3:
0 6 12 18 24 30 36 42 48 54 60 66 72 78 84

Fig. 2. α�Al crystallite orientation maps for samples I and II.
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As follows from [18], deformation in fcc crystals,
such as α�Al, develops only according to a shear
mechanism. Based on an analysis of Kikuchi diffrac�
tion patterns, we plotted Taylor factor X maps for the
deformation system (slip system) characteristic of alu�

minum, {111}〈 11〉, for the loading direction parallel
to axis x (Fig. 4). When a load is applied, deformation
begins to develop in dark grains and extends gradually
to bright grains. The Taylor factor map plotted for the

{111}〈 01〉 deformation system can be used to deter�
mine the degree of deformation uniformity. The Taylor
factor can be considered as the quantity inversely pro�
portional to the Schmid factor, which is generally
accepted in the Russian literature. It is known that
applied mechanical stress σ and shear stress τ in a slip
system are connected by the relation τ = mσ, where
m = cosλcosχ is the Schmid factor (orientation fac�
tor), λ is the angle between the slip direction and the
deformation axis, and χ is the angle between the nor�
mal to the slip system and the deformation axis. Obvi�
ously, the maximum Schmid factor is 0.5 at λ = χ =
π/4. The histogram of the Taylor factor (orientation

factor) of the reference sample for the {111}〈 11〉
deformation system has two maxima, which indicates
nonuniform elastic properties of the material.

In physical meaning, Young’s modulus E charac�
terizes the strength of interatomic bonds and depends
strongly on a crystallographic direction [20, 21]. Elas�
tic moduli are known to be weakly sensitive to a struc�
ture but change substantially with increasing anisot�
ropy in a metal [18]. In this case, texture of a metal can
change its elastic modulus. This assumption is sup�

1

1

1

ported by the diffraction data (see table). For a two�
phase structure of the samples, anisotropy in their
properties manifests itself in the fact that the α solid
solution has a predominant orientation (i.e., low ori�
entation angles (<15°)).

We now discuss the data on the effect of the method
of preparing Al–50 wt % Sn alloy samples on the hard�
ness of their phase components. In the Oliver–Pharr
method used in this work, hardness is represented by
Meyer hardness HM, which is determined by the aver�
age contact pressure on the indenter–sample contact
surface and correlates well with the flow stress [22].
The measured hardnesses of the phase components in
the Al–50 wt % Sn alloy agree with the data in [13].

The most important moment in discussing the
results of measuring Young’s modulus and Meyer
hardness HM is the correlation of their values. Follow�
ing analysis in [22–24] and using the relation between
elastic moduli c11, c12, and c44 and Young’s modulus for
fcc crystals in the harmonic approximation [21], we
can obtain the following calibration dependence
between the indentation parameters and the mechan�
ical properties of the material (indentation equation):

According to this equation, the higher the elastic
recovery r, the lower the hardness. Thus, quantities
HM and r correlate with each other.

Using the loading and unloading diagrams, we esti�
mated the values of σy and δ for the phase components
of the samples under study (see table). For σy, we
assumed that the material obeys the linear elasticity
law σ = Eε during elastic deformation and obeys the

HM 1
r
�� 1.–≈

MA, deg
Theor

f
0.14

0.12

0.10

0.08

0.06

0.04

0.02

0 10 20 30 40 50

I

Δgcor (6634) Δguncor (1000)
MA, deg

f
0.20

0.12

0.10

0.08

0.06

0.04

0.02

0 10 20 30 40 50

II

0.16

0.14

0.18

TheorΔgcor (4573) Δguncor (1000)

Fig. 3. Crystallite misorientation histograms for (I) reference sample and (II) sample homogenized in a liquid state. f is the event
frequency and MA is the misorientation angle.
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power law σ = aεb, where a and b are certain constants,
at the stage of plastic deformation. The strain at which
the material transforms into the state of plasticity is
determined as the nonzero solution to the set of these
two equations, and the corresponding value of stress σy

is found [25]. The calculation data presented in the
table indicate that the homogenization of the metallic
liquid leads to a substantial (almost threefold) increase
in the yield strength. The yield strength of tin is an
order of magnitude lower than that of aluminum. We
failed to determine the yield strength of the eutectic
from the indentation diagram at the loads used in

experiments. The values of σy for the tin solid solution
in aluminum α�Al of δ for α�Al and the eutectic agree
with the tabulated data in handbook [26] within an
order of magnitude.

The homogenization of the metallic liquid leads to
a decrease in Young’s modulus by 30% for α�Al and by
44% for the eutectic upon subsequent cooling and
solidification; that is, the elastic moduli of the phases
differ by 12% rather than 42%. An additional exami�
nation of the elemental composition of the phases in
the Al–50 wt % Sn alloy prepared upon the overheat�
ing of the liquid metal to th = 1150°C at vcool = 0.2 K/s

5 μm

I

Taylor factor X All phases (98.8%)

0 1 2 3

II

5 μm

Taylor factor X All phases (92.7%)

0 1 2 3

Fig. 4. α�Al Taylor factor maps for the {111}〈 11〉 deformation system when the loading direction is parallel to axis x in samples I and II
(strain decreases from dark to bright regions).

1
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detected no supersaturation in the phases, which
served as the basis for the assumption about a change
in their crystal structure due to the homogenization of
the metallic liquid (Fig. 5).

CONCLUSIONS

(1) We studied the effect of irreversible transition of
the Al–50 wt % (18.5 at %) Sn melt into a homoge�
neous state on an atomic level (homogenization) upon
heating to a temperature t* = 950°C on the crystal
structure and the mechanical properties of the phases in
the solid metal. The mechanical properties of the
phases in the Al–50 wt % Sn alloy (tin solid solution in
aluminum, eutectic) were studied by nanoindentation.

(2) We measured Young’s modulus, the hardness,
the plasticity, and the yield strength of the phases in
Al–50 wt % Sn alloy samples fabricated by the follow�
ing methods: traditional method (liquid metal heating
temperature th = 700°C, melt solidification rate vcool =
0.2 K/s), cooling at a rate that is higher by an order of
magnitude (th = 700°C, vcool = 4 K/s), the use of a high
heating temperature and two cooling rates (th =
1150°C, vcool = 0.2 and 4 K/s), and alloying of the

binary alloy (introduction of 0.06 wt % Ti or 0.1 wt %
Zr at th = 1150°C and vcool = 4 K/s).

(3) It was found that Young’s moduli of the phases
in the Al–50 wt % Sn alloy were most strongly affected
by an increase in the liquid metal heating temperature
to 1150°C and the introduction of zirconium into the
alloy melt.

(4) Young’s modulus and the hardness of globular
α�solution regions and the eutectic change most
strongly when 0.1 wt % Zr is introduced into the liquid
alloy upon subsequent cooling at vcool = 4 K/s or the
melt heating temperature increases to th = 1150°C. As
compared to a reference sample, Young’s modulus of
the solid solution of tin in aluminum decreases by 43%
and that of the eutectic, by 64%. The change in the
hardness is ambiguous: it decreases by 14% for the
α solid solution and increases by 14% for the eutectic. As
a result, the difference between the elastic moduli and
the hardnesses of the phases in the sample is only 10%.

(5) A comparative crystallographic EBSD investi�
gation of the globular α�Al inclusions in the reference
sample and the sample homogenized in the liquid state
detected a large number of high�angle boundaries in
the reference sample, whereas almost all boundaries in
the homogenized sample are low�angle ones. In other
words, the texture in the latter sample is stronger. The
change in the texture of the metal determined the
change in its elastic characteristics detected experi�
mentally.

(6) Our calculation shows that the additional pres�
sure induced by the difference between the elastic
moduli of the matrix and an inclusion in the homoge�
nized sample is smaller than that in the reference sam�
ple by a factor of 9. In contrast, quenching increases
this additional pressure by a factor of 6.5. Even prelim�
inary homogenization of a sample does not improve
the situation: the pressure increases by 4.6 times.
Alloying with Ti or Zr slightly improves the situation:
the pressure decreases by 1.5 times as compared to the
reference sample when titanium is introduced and by
3 times when zirconium is introduced. This additional
pressure is assumed to cause fracture of samples in
rolling in [4].

(7) Loading and unloading diagrams were used to
estimate σy and δ for the phase components in the
alloy samples. The calculation data indicate that an
increase in the metallic liquid heating temperature to
1150°C followed by cooling and solidification leads to
a substantial (almost threefold) increase in the yield
strength of the aluminum�based phase and to an insig�
nificant increase in the plasticity of both phases.

(8) Thus, we studied the effect of irreversible tran�
sition of the alloy melt into a homogeneous state on an
atomic level upon heating to a temperature t* = 950°C
on the crystal structure and the mechanical properties
of the phases in the Al–50 wt % Sn alloy. The decrease
in the elastic moduli of the phases that is caused by a
high texture in the material substantially lowers the

AlK
α1

SnL
α1

Fig. 5. Microstructure and element distribution maps for
Al–50 wt % (18.5 at %) Sn alloy sample II.
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additional pressure and improves the metal forming of
the alloy ingot.
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