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Abstract⎯We describe barothermal processing (hot isostatic pressing) of a 16 at % Si–Al binary alloy for 3 h
at a temperature of 560°C and pressure of 100 MPa for 3 h, in combination with measurements of heat effects
during cooling. The results demonstrate that this processing leads to the fragmentation of the silicon struc-
tural constituent and ensures a high degree of homogenization of the as-prepared alloy. Heat treatment of the
16 at % Si–Al alloy at 560°C and a pressure of 100 MPa leads to a thermodynamically driven enhanced silicon
dissolution, up to ~10 at %, in the aluminum matrix, resulting in the formation of a supersaturated solid solu-
tion, which subsequently decomposes during cooling. We analyze the complete porosity elimination process,
which makes it possible to obtain a material with 100% relative density. According to differential barothermal
analysis, microstructural analysis, and scanning and transmission electron microscopy data, barothermal
processing of the 16 at % Si–Al alloy produces a bimodal size distribution of the silicon phase constituent:
microparticles 3.6 μm in average size and nanoparticles down to ~1 nm in diameter. The Al matrix has been
shown to contain a high density of edge dislocations. Barothermal processing reduces the thermal expansion
coefficient and microhardness of the hypereutectic alloy. We conclude that solid-state barothermal process-
ing is an effective tool for completely eliminating microporosity from the 16 at % Si–Al alloy, reaching a high
degree of homogenization, and controlling the microstructure of the alloy, in particular by producing high
dislocation density in the aluminum matrix.
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INTRODUCTION
Aluminum alloys are widely used in modern tech-

nology to produce structural materials with low den-
sity, high corrosion resistance, and rather good
mechanical properties. Alloys based on the simple
eutectic binary system Al–Si constitute a considerable
fraction of the aluminum-based metallic materials.
Since a large amount of reliable experimental data
obtained in physicochemical studies was used to con-
struct the equilibrium phase diagram of this system
[1], it is considered canonical [2, 3]. The system is dis-
tinctive in that there is no chemical interaction
between the components of the alloy over the entire
composition range. It contains a rather wide range of
solid solutions of silicon in aluminum (Al), with a sol-
ubility limit of ~1.6 at % Si at the eutectic temperature
(577°C, 12.2 at % Si) [1–3]. In addition, the binary
alloys of the Al–Si system have the advantages of being
easy to synthesize, having relatively low phase trans-
formation temperatures, being composed of compo-
nents with low saturated vapor pressure, and being

nonreactive with typical crucible materials, which
allows these alloys to be employed as model systems
for gaining insight into barothermal processing mech-
anisms.

Cast aluminum alloys based on the basic binary
system Al–Si (silumins) constitute a large group of
materials containing 7–12 at % silicon. Silicon-rich
silumins, containing more than 12 at % silicon, are of
little or no use in structural applications, but given that
their thermal expansion coefficient (TEC) decreases
linearly with increasing silicon content, attention has
also been paid to silicon-rich alloys with reduced
TECs. To improve their mechanical properties, cast
silumins are heat-treated with the aim of reducing the
cooling-induced stress in the cast alloys and improv-
ing the morphology of the coarse needle-like (α + Si)
eutectic present in the cast material and unfavorable
for its mechanical properties [4]. In silumins intended
for use in highly loaded parts, shrinkage porosity is
eliminated by hot isostatic pressing (HIP) [5, 6].
Heating a material in order to reduce its yield strength,
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in combination with uniform pressure applied, makes
it possible to considerably raise the density of the
material, often to its theoretical density, thereby
improving its mechanical and engineering characteris-
tics [6]. This technique relies, on the one hand, on a
theoretical basis that allows one to model HIP densi-
fication processes [7–9] and, on the other, on dilato-
metric studies of densification processes [10, 11]. A
number of studies have been concentrated on the HIP
of aluminum alloys for the fabrication of high-density
materials [12, 13]. At the same time, there has been
much less work on phenomena related to barothermal
processing (BTP) induced changes in the morphology
of structural constituents of alloys.

In connection with this, the purpose of this work
was to assess the effect of BTP on solid-state micro-
structure formation in 16Si–Al binary alloy and find
correlation between its structural parameters and
some of its mechanical properties.

EXPERIMENTAL
16Si–Al alloy samples for this investigation were

synthesized through melting PA-1 aluminum powder
(≥99% Al) with a particle size under 100 μm and Kr00
silicon powder (≥99% Si) with a similar particle size
composition. Ingots were prepared by vacuum suction
using a Kristall-702 inductively heated system in f low-
ing argon. After melting the powders, the melt was
heated in a quartz crucible to 700°C, which was 50°C
above the liquidus temperature for the composition in
question. After complete silicon dissolution in the alu-
minum, a quartz tube 3.6 mm in inner diameter was
immersed vertically in the melt. After the pressure in
the tube was sharply reduced relative to that in the
melt, the liquid metal filled the tube to a height on the
order of 100 mm. Under these conditions, the melt
was then cooled at a rate on the order of tens of degrees
Celsius, with supercooling. These synthesis conditions
resulted in multinucleus crystallization and the forma-
tion of samples with a microcrystalline structure and a
rather uniform distribution of the structural compo-
nents of the alloy: aluminum and silicon. For experi-
ments requiring larger samples, we performed stan-
dard syntheses: ingots 15 mm in diameter and 80 mm
in length were produced by melt casting into graphite–
fireclay molds.

BTP was carried out in an HIRP 20/70-200-2000
apparatus (ABRA, Switzerland) in an argon atmo-
sphere using a system of graphite heaters. After the
samples were placed in the working chamber, the pres-
sure was raised to ~53 MPa and then the temperature
was raised at a constant rate of 10°C/min. At the required
temperature, the pressure reached 100 ± 2 MPa. This
temperature was maintained with an accuracy of ±1°C
throughout the holding time. After the barothermal
processing cycle, the samples were cooled to 300°C at
a rate of 7°C/min and then to room temperature at a
higher rate.

Samples for characterization, 3.6 mm in diameter
and ~3–10 mm in height, were prepared using a dia-
mond saw blade, diamond pastes, electrolytic polish-
ing, and chemical etching. Microstructures were
examined on an MeF3 optical microscope (Austria),
by scanning electron microscopy (SEM) on a TES-
CAN VEGA SBU 11 instrument (Czechia), and by
transmission electron microscopy on a Tecnai G2 F20
instrument. X-ray diffraction measurements were
made on a Shimadzu XRD-6000 diffractometer
(Japan) with CuKα radiation. Vickers microhardness
tests were performed on a PMT-3 microhardness tes-
ter (OAO LOMO, Russia). The linear thermal expan-
sion of the samples was measured on a DIL 402 C
dilatometer (Netzsch, Germany) equipped with a vac-
uum furnace. Quantitative information about the
microstructural constituents of the alloy was obtained
by processing and analyzing images and data arrays
using appropriate software, including ImageJ.

RESULTS AND DISCUSSION

The microstructure of the as-prepared alloy
(Fig. 1a) consisted of coarse primary silicon crystals
and needle-like eutectic silicon microcrystals up to
40–50 μm in length, with a cross-sectional size on the
order of a few microns, which formed an essentially
continuous silicon skeleton in the aluminum matrix.
The synthesized as-prepared alloy had considerable
porosity, localized in the α-matrix, whereas the pri-
mary and eutectic silicon crystals and needles were
free of such structural defects. By analyzing optical
microscopy images with the use of appropriate soft-
ware, we obtained a histogram of the pore size distri-
bution (Fig. 1b) and quantitative data on the porosity
of the as-prepared material. In particular, porosity
characteristics were as follows: the pore volume frac-
tion in the α-matrix was 6.0 vol % as determined pro-
ceeding from quantitative metallography [14], the
pore number density was 4.7 × 109 cm–3, the average
center-to-center pore distance was 6.0 μm, the average
pore diameter was 0.75 μm, and the average pore vol-
ume was 2.2 × 10–13 cm3. The reason for the increased
porosity of the as-prepared material was that the alloy
was synthesized from powders. Since the aluminum
and silicon particles had surface oxide films, this led to
pore formation.

The BTP temperature was chosen using previously
reported differential barothermal analysis (DBA) data
[15], which showed that, at a pressure of 100 MPa,
heating the 16Si–Al alloy led to solid-state silicon dis-
solution at a temperature of ~550°C and that subse-
quent cooling led to the precipitation of silicon micro-
and nanoparticles as a result of the decomposition of
the supersaturated (Al) solid solution. Based on those
results, small ingots 3.6 mm in diameter and 10 mm in
length were subjected to BTP for 3 h at an isobaric–
isothermal holding temperature of 560 ± 1°C, which
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was ~10°C above the solid-state transformation tem-
perature according to DBA data.

SEM examination showed that the microstructure
of the alloy underwent significant changes (Fig. 2a).
First, the as-prepared, porous alloy acquired a total
density. Microstructural defects in the form of pores in
the aluminum-based solid solution were detected at
none of the magnifications used in optical microscopy
or SEM (up to 27000×). This result is sufficiently
obvious because the applied uniform pressure of
100 MPa considerably exceeds the yield strength of the
alloy containing 0.72 wt % silicon: ~10 MPa at a tem-
perature of 500°C, as determined from uniaxial com-
pression results obtained in the temperature range 30–
500°C [16]. Subsequently, we assumed that a major
contribution to the yield strength was made by the alu-
minum structural constituent and that, with increas-
ing silicon concentration in the alloy, it increased but
remained on the same order. When extrapolating the
data obtained by Schumacher et al. [16] to higher BTP
temperatures, it is reasonable to expect a decrease in
the yield strength of the aluminum matrix of the 16Si–
Al alloy at 560°C to a few megapascals. The applied
uniform pressure of 100 MPa is then many times
higher than the yield strength of the alloy and plays a
key role in determining active plastic deformation of
the pores, subsequent closure of their walls, and diffu-
sion joining of the surfaces brought into contact. In
analyzing the diffusion joining process, we proceeded
from the temperature dependence obtained by Fujik-
awa et al. [17] for the self-diffusion coefficient of alu-
minum atoms under ordinary conditions and assumed
that, at the pressure of 100 MPa used in this study,
only a slight pressure-induced decrease in aluminum
self-diffusion coefficient is possible, by analogy with
previous results on the influence of pressure on diffu-
sion coefficients in high-temperature nickel alloys
(D100 MPa ~ 0.9D0.1 MPa) [18]. Using the temperature
dependence of the aluminum self-diffusion coeffi-
cient [17], we find that, according to the Einstein
equation   = ( τ)1/2, the diffusion distance of
aluminum atoms at 560°C during the isobaric–iso-
thermal holding time (10800 s) reaches 80 μm [19].
Therefore, the pore walls brought into contact by a
plastic deformation mechanism in the aluminum
matrix during BTP completely consolidate, which
determines the total density of the alloy.

Significant changes were also observed in the mor-
phology of the silicon microparticles (Fig. 2a). BTP
converted the coarse, needle-like shape of the starting
eutectic silicon inclusions into a uniform microstruc-
ture with fragmented silicon particles, whereas the
morphology of the primary silicon crystals remained
essentially unchanged. Therefore, the BTO process
was accompanied by active silicon dissolution in the
aluminum, which led to a high degree of homogeniza-
tion of the alloy. This circumstance is due to the ther-
modynamically driven silicon dissolution in the alu-
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minum under applied uniform pressure, which leads
to a reduction in the lattice parameter of the alumi-
num-based solid solution [1] and to a reduction in its
specific volume, thermodynamically preferred at high
pressures. An increase in silicon solubility in alumi-
num (up to 15 at %) at high pressures was also reported
by Mii et al. [20]. Thus, as a result of barothermal pro-
cessing of the 16Si–Al alloy, an increased amount of
silicon can dissolve in the aluminum matrix, consider-
ably exceeding the equilibrium value 1.38 at % in the
phase diagram of the Al–Si system [1–3]. This model
is supported by the morphology of the silicon particles
(Fig. 2a), which can be divided into two types. The
particles of one type are rounded in shape and have a
length-to-width ratio on the order of unity. The parti-

Fig. 1. (a) Microstructure of the as-prepared 16Si–Al alloy
(optical microscopy; magnification, 500×; image dimen-
sions, 150 × 200 μm), consisting of coarse primary silicon
crystals, a needle-like Al + Si eutectic, and pores in the alu-
minum matrix; (b) histogram of the pore size distribution in
the aluminum matrix of the as-prepared alloy, which can be

represented by the relation  = 1.0 × 103 ,

where   is the number of pores in the starting material
and dpore is the pore diameter.

1.61.41.21.00.80.6
0
0.4

(a)

20

30

40

50

10

20 μm

(b)

N
po

re

dpore, μm

0

0
poreN − pore6.7e d

0
poreN



128

INORGANIC MATERIALS  Vol. 54  No. 2  2018

DEDYAEVA et al.

cles of the other type have an elongated morphology,
with a length-to-width ratio ranging from 2 to ~20.
Under the assumption that the rounded particles were
formed as a result of dissolution and subsequent pre-
cipitation on cooling and that the elongated particles
were the undissolved residues of the eutectic silicon
needles, it follows from a semiquantitative estimate of
the relationship between the rounded and elongated par-
ticles that the fraction of precipitates in the supersatu-
rated (Al) solid solution is on the order of 8–10 vol %.
This means that, at an overall silicon content of 16 at %,
on the order of 8–10 at % silicon was dissolved in the
course of BTP, which considerably exceeds the silicon
solubility limit in aluminum under ordinary condi-
tions [1–3].

Figure 3 shows a DBA curve of the alloy. The insig-
nificant height of the exothermic peak (~3% of the
height of the high-pressure crystallization peak of the
alloy [15]) obtained upon the decomposition of the
(Al) solid solution correlates with results reported by
Schumacher et al. [16] on silicon precipitation from a

supersaturated (Al) solid solution under ordinary con-
ditions. The curve indicates that, after the exposure of
the alloy to 560°C and 100 MPa, silicon precipitation
from the solid solution begins at 547°C, which agrees
well with previously reported data (550°C) [15]. The
composite nature of the peak can be accounted for in
terms of stages in the decomposition of the (Al) solid
solution. The initial stage is the growth of the undis-
solved silicon particles. The next stage, at 531°C, is the
nucleation and growth of silicon microparticles in the
aluminum matrix. This process reaches completion at
520°C, and starting at 491°C we observe the precipita-
tion of nanoparticles.

The silicon microcrystals are rather evenly distrib-
uted over the aluminum matrix, without predominant
localization. To interpret this experimental finding,
we took into account the temperature dependence of
the equilibrium diffusion coefficient of silicon in alu-
minum under ordinary conditions [17], assuming that
a uniform pressure of 100 MPa reduces it only slightly
and that, accordingly, the diffusion distance of the sil-
icon atoms reaches 80 μm [19]. Therefore, the silicon
atoms can be sufficiently evenly distributed over the
alloy, including the axes of aluminum dendrites. This
model agrees well with the present SEM data (Fig. 2a).
Quantitative information about the silicon phase con-
stituent of the 16Si–Al alloy after the BTP cycle is pre-
sented in Fig. 2b in the form of a histogram of the size
distribution of the silicon microparticles. It is seen that
the particle size distribution is well fitted by the expo-
nential relation   = 6.0 × 102 , where

 is the number of silicon microparticles and deq is
the equivalent diameter of a silicon microparticle. From
this distribution, the average equivalent diameter of the
silicon particles was determined to be 3.6 ± 0.3 μm, and
the average particle volume, 2.4 × 10–11 cm3. Their vol-
ume fraction evaluated from the total area occupied by
the silicon phase [14] was 14.2 ± 1.5 vol %. The surface
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Fig. 2. (a) Microstructure of the 16Si–Al alloy (SEM)
containing bulk primary silicon particles after BTP at
100 MPa and 560°C for 3 h (1000×; image dimensions,
270 × 385 μm); (b) histogram of the size distribution of the
silicon microparticles (except the primary crystals) in the
16Si–Al alloy after BTP.
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and volume microparticle concentrations were 1.1 ×
106 cm–2 and 1.2 × 109 cm–3, respectively. At this sur-
face particle concentration, the average center-to-
center distance between the particles was 9.5 μm. Note
that the overall content of silicon microparticles in the
alloy, as determined by quantitative microstructural
analysis, is lower than the nominal silicon content
(16 at %). This circumstance is related to the instru-
mental capabilities of quantitative microstructural
analysis, which were unsuitable for gaining informa-
tion about micro- and nanoparticles in a single SEM
image. To assess BTP efficiency, we present quantita-
tive data on the microstructure of the commercially
available silumin AK7pch, containing 7 at % silicon,
after standard heat treatment [21], in which the phase
constituents at a surface density of 4.9 × 105 cm–2 had
an average size of 5.6 μm and an average center-to-
center distance of 15.6 μm. These parameters differ
markedly from the quantitative characteristics of the
silicon structural constituent in the 16Si–Al alloy after
a BTP cycle.

To obtain a more detailed information about the
particle size of the silicon phase constituent, we used
SEM at higher magnifications, up to 27000× (Fig. 4).
The image in Fig. 4 shows a twinned silicon particle
that was formed, according to Shamsuzzoha and
Hogan [22] during the solidification of a synthesized
alloy. It is that the aluminum matrix contains a con-
siderable concentration of much finer silicon parti-
cles, ~40–100 nm in diameter.

Assuming that the size of some silicon nanoparti-
cles may be below the resolving power of standard
SEM, we used TEM. The TEM image in Fig. 5
demonstrates the presence of a dense disordered dislo-
cation network in the aluminum matrix. The silicon
microparticle in Fig. 5a, which was, most likely,
formed as a result of the decomposition of the super-
saturated (Al) solid solution, has a twinned structure.
The dark-field image of a portion of the matrix in
Fig. 5b has contrast characteristic of fine coherent
particles. A quantitative assessment of the particles,
with allowance for the fact that the TEM image was
obtained from an entire 80-nm-thick foil, showed that
the particles had a rather high number density, on the
order of 2.7 × 1011 cm–2, which approaches the limit-
ing dislocation density in metals after deformation
processing. Following an approach that made it possi-
ble to obtain reliable information about β// nanopre-
cipitates in an alloy of the Al–Mg–Si system [23], we
Fourier transformed the image. The results are pre-
sented in Fig. 5c. The [111] crystallographic direction
lies in the plane of the foil, and the image shows (111)
Al atomic planes. It is seen that the a and b planes, typ-
ical of the image under consideration, are discontinu-
ous, and a c plane then emerges in the same direction,
which corresponds to an edge dislocation [24]. A sim-
ilar picture was observed in a TEM image of plastically
deformed zirconium [25]. Edge dislocations, detected

by TEM, act as sites of preferential precipitation of sil-
icon particles during the decomposition of the (Al)
solid solution (Fig. 5c), resulting in the formation of
an edge dislocation–silicon nanoparticle pair, which
leads to the same high concentration of silicon
nanoparticles. The present results regarding the pres-
ence of nanoparticles in the 16Si–Al alloy are consis-
tent with data reported by Schumacher et al. [16], who
demonstrated, using atom probe tomography, the for-
mation of silicon nanoparticles for two hypoeutectic
alloys of the Al–Si system in the region of solid solu-
tions containing ≤0.72 at % silicon. They examined
silicon precipitation at normal pressure after anneal-
ing above the solvus temperature in the alloys at slow
cooling rates (down to 0.001 K/s).

The X-ray diffraction pattern of the 16Si–Al alloy
after BTP showed only reflections from aluminum
and silicon phases (Fig. 6a). In the diffraction pattern
obtained, we analyzed all five peaks of Al (hkl) and five
peaks of Si (hkl), separating the   components and
finding its peak position in order to determine the lat-
tice parameters of the aluminum and silicon (Fig. 6b).
It follows from the decomposition results for all five
peaks of silicon that BTP increases the lattice param-
eter of the silicon structural constituent, consisting of
micro- and nanoparticles, to   = 5.439 ± 0.003 Å
in comparison with the lattice parameter of pure sili-
con powder prepared by the same technique (aSi =
5.431 ± 0.003 Å). The increase may be due to the par-
tial distortion of the crystal lattice of the Si nanoparti-
cles upon precipitation from the (Al) solid solution. In
addition, BTP increased the lattice parameter of the
aluminum matrix (evaluated from the position of five
peaks) to 4.054 ± 0.002 Å in comparison with aAl =
4.049 ± 0.002 Å, which may be due to the high density
of edge dislocations in the α-matrix: local lattice dis-

α1
K

BTP
Sia

Fig. 4. Fragments of primary silicon crystals and silicon
micro- and nanoparticles formed in the aluminum matrix
as a result of the decomposition of the supersaturated (Al)
solid solution during the BTP of the 16Si–Al alloy.
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order in the dislocations leads to a slight increase in
lattice parameter.

According to thermal expansion coefficient (TEC)
measurements, the average TEC of the as-prepared
alloy in the temperature range 70–150°C,   =
19.5 × 10–6 K–1, correlates with the average TEC of the
heat-treated 16Si–Al alloy in the temperature range
20–100°C:  = 19.9 × 10–6 K–1 [26]. A BTP cycle
shifts the curve representing the temperature depen-
dence of the TEC (Fig. 7) to lower values, and the
average TEC decreases to  = 17.5 × 10–6 K–1,
which is lower than that reported by Hidnert and
Krider [26] for the 16Si–Al alloy: 19.9 × 10–6 K–1. The
relative BTP-induced decrease in TEC is ~12% rela-
tive to the as-prepared alloy, which is due, first, to the
removal of microporosity, an additional factor raising

−α70 150
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−α20 100
av

−α20 100
BTP

Fig. 5. TEM results for the 16Si–Al binary alloys after BTP
at 100 MPa and 560°C for 2 h: (a) bright-field image of the
Al matrix (with dislocations) and a Si particle, (b) dark-
field image (g = (111), 〈112〉 zone axis) of the Al matrix
with a characteristic contrast of fine coherent inclusions,
(c) edge dislocation–silicon nanoparticle complex.
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Fig. 6. X-ray diffraction characterization results: (a) X-ray
powder diffraction pattern of the 16Si–Al alloy after BTP,
(b) typical decomposition results exemplified by the Al
(222) peak: (1) Cu   component of the peak, (2) Cu
component of the peak, (3) superposition of peaks 1 and 2,
(4) composite peak.
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the TEC, and, second, to the partial disordering of the
crystal lattice of the nanoscale silicon phase constitu-
ent of the alloy, as well as to the high defect density in
the crystal lattice of the aluminum, which also leads to
a reduction in the TEC of the alloy.

The Vickers microhardness of the alloy after BTP
was determined by indenting the two-phase material.
Note that an indent ~800 μm2 in area covered on the
order of 9 microparticles, up to 2.2 × 106 silicon
nanoparticles, and more than 2.2 × 106 dislocations
(with allowance for the TEM results). The high dislo-
cation density considerably reduced microhardness, to
366 ± 11.6 MPa. This is markedly lower than the mea-
sured microhardness of the as-prepared  alloy
(601 MPa), which correlates well with the microhard-
ness of a number of commercially available silumins [27].

CONCLUSIONS
Exposure of the 16Si–Al binary alloy to a tempera-

ture of 560°C and a pressure of 100 MPa gives rise to
active diffusion processes, which make it possible to
significantly fragment the needle-like eutectic silicon
crystals and markedly improve the homogeneity of the
as-prepared alloy, which is chemically and structurally
inhomogeneous.

The morphology of the silicon microparticles in
the 16Si–Al alloy attests to a thermodynamically
driven enhanced silicon dissolution, up to ~10 at %, in
the aluminum matrix during heating, resulting in the
formation of a supersaturated solid solution, which
subsequently decomposes during cooling.

An applied uniform pressure of 100 MPa is many
times higher than the yield strength of the alloy at
560°C and plays a key role in determining plastic
deformation of pores, closure of their walls, and sub-
sequent diffusion joining of the surfaces brought into
contact, enabling one to produce a material with 100%
relative density.

A high uniform pressure leads to edge dislocation
generation in the α-matrix—up to a density of 2.7 ×
1011 cm–2, which approaches the limiting dislocation
density in metals—and to the formation of edge dislo-
cation–silicon nanoparticle complexes during subse-
quent silicon precipitation from the supersaturated
(Al) solid solution.

According to the present DBA, microstructural
analysis, SEM, TEM, and X-ray diffraction data, BTP
of the 16Si–Al alloy produces a bimodal size distribu-
tion of the silicon phase constituent: microparticles
3.6 μm in average size and nanoparticles down to
~1 nm in diameter. The bimodal microstructure
obtained and the high density of structural defects in the
aluminum matrix reduce the microhardness of the alloy.

Solid-state BTP is an effective tool for completely
eliminating microporosity in the Al–16Si alloy, reach-
ing a high degree of homogenization, and producing a
near-optimal microstructure, and allows one to sig-
nificantly change the perfection of the aluminum
matrix, which is comparable to and surpasses results of
conventional heat treatment of the material at atmo-
spheric and reduced pressures.
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