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Aluminum "Core-shell" microparticles with an
oxide shell - fillers of spatially strengthened
composites, facilitating material digitization
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Abstract. The transformation of aluminum "Core-shell" microparticles
formed by low-temperature oxidation with water during their heating in a
controlled atmosphere has been studied. Spherical particles with an oxide
shell, convenient for mathematical modeling of the structure and properties
of the developed composites, are planned to be used as fillers for metal and
polymer oxide composites, as well as for 3D printing.

1 Introduction

Dispersion-strengthened metal and polymer composites [1], in particular particulate-
reinforced aluminum matrix composites (PAMCs) [2], are promising structural materials.
Their operational properties can significantly exceed the properties of the material used to
form the matrix, due to the enhancement of the properties of this material. What's more,
they can be custom designed and manufactured with properties optimized for that particular
use. The use of such materials shows steady growth. Their properties are widely studied,
methods of their production are being improved. In practice, composites are often used that
have an aluminum or polymer matrix reinforced with a filler (framework) of aluminum
oxide particles of various shapes and sizes. In the development and manufacture of such
composites, several scientific and engineering problems have to be solved at once in order
to provide the material with the performance properties necessary for a specific intended
use. Such tasks, in particular, are:

— selection of the optimal size and shape of oxide filler particles;

— organization of a given spatial distribution of aluminum oxide particles over the volume
of the composite matrix (products from it);

— creation of an adhesive bond between the oxide filler and the matrix material having the
required value.

In this work, it is proposed to use oxide shells of pre-oxidized spherical aluminum
particles (POSAP) as reinforcing oxide fillers. The spherical shape of the particles is chosen
based on the convenience of reproducing both the Al particles themselves of a given
diameter and the convenience of forming oxide shells of the required thickness on their
surface. The latter is determined, in particular, by the fact that the surface reactivity of
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particles of various shapes differ [3]. POSAP coated with an oxide shell are usually referred
to in the literature as "Core-shell particles". They can be made by additional oxidation from
commercially available aluminum particles of a given diameter. Usually, the surface of Al
particles in the delivered state is covered with an oxide film with a thickness of
approximately 2—4 nm [4], which is formed on the freshly formed aluminum surface upon
contact with air. This oxide coating protects the particle metal from further oxidation by
atmospheric oxygen and atmospheric moisture during particle storage and allows various
aluminum products, including structural ones, to be successfully operated under normal
conditions. However, by special additional oxidation of the particle surface, the thickness of
the oxide shell can be increased. Depending on the type of oxidation method used, it is
possible to obtain oxide shells of one thickness or another, which have different
physicochemical properties.

When using POSAP as a reinforcing filler:
— the diameter of the particles will be one of the determining factors that ensure the
regularity of the distribution of oxide shells (filler particles) over the volume in the formed
composite;
— the thickness of the shell will determine the characteristic minimum particle size of the
oxide filler, as well as the limiting stresses, under the influence of which the shell of
particles in the composition of the composite material will be destroyed;
— the spherical shape and the known diameter of the particles will allow the use of the filler
as “bricks” for building the structure of the reinforcing frame that is optimal for this
application;
— physic-chemical properties of the POSAP surface will determine the adhesive bond of the
filler with the matrix.
At the same time, when using POSAP as a filler, it becomes possible to provide:
- convenient mathematical modeling of the behavior of the planned structure of the
composite under the expected conditions of its operation due to the relative simplicity of
creating digital models for a similar structure of the material. Digital models will make it
possible to predict the behavior of a material under expected operating conditions. This will
affect the duration and cost of the material development stage and will speed up the
determination of the optimal structure, which is preferable for the conditions of its intended
use;
— high reproducibility of the structure of the strengthening matrix in the formed composite
materials (parts) during their replication in the production process.

2 Materials and methods

For the manufacture of POSAP, various methods of particle surface oxidation are used,
including oxygen [5, 6] and water. Oxidation of particles with oxygen forms smooth oxide
coatings on their surface, the specific surface of which, as a rule, is close to geometric (Fig.
1b). On the contrary, the oxidation of the aluminum surface with water molecules allows
the formation of hydroxide coatings with a high specific surface area (Figure 1 c, d, e).
Such oxidation is a convenient method that makes it possible to controllably form particles
with the necessary parameters, among which are the thickness of the hydroxide shell, its
specific surface area, and its physicochemical properties. It can be carried out, for example,
by the hydrothermal method described in [7, 8]. However, the flexible control of the
hydrothermal oxidation process seems to be problematic, which makes it difficult to control
the shell formation on-line. From this point of view, the method of controlled oxidation of
the surface of Al particles with water at atmospheric pressure [9, 10], in which liquid-phase
oxidation is carried out at temperatures not exceeding the boiling point of water, seems to
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be a more preferable method used in this work. For particles of micron size and above, the
process proceeds, as a rule, according to equation (1):

2Al + 6H,0 = 2A1(OH); + 3H, (1)

Reaction (1) makes it possible, due to the oxidation of surface layers, to form a shell of
amorphous aluminum hydroxide, which has a structure commonly referred to in the
literature as “Nanowalls” [9, 10], which is characterized by a high specific surface area,
reaching 80 m2/g in our experiments [11] . In this case, the surface of Al particles before
oxidation was only 1-2 m2/g. For the objects under consideration, reaction (1) seems to be
a convenient alternative to chemical etching [12] for obtaining “Nanowalls” structures. The
thickness of the oxidized aluminum layer and, consequently, the resulting hydroxide layer
can be estimated from the amount of hydrogen released during the oxidation of the particle
surface. The proposed oxidation method is the most flexible and makes it possible to
conveniently control the parameters of the formed POSAP (the thickness of the hydroxide
shell, the value of its specific surface area). In particular, for the studied micron particles,
the shell thickness can be from ten to several hundred (500) nm. Methods for activating
reaction (1) can be used to accelerate the process of particle surface oxidation. In particular,
thermal activation, ultrasonic (US) activation, chemical activation using calcium oxide
CaO0, described in detail in [9, 10], can be used.

POSAP with a shell of aluminum hydroxide have their own specific properties,
determined by the properties of aluminum hydroxide containing a large number of OH
groups and, as a result, water molecules. They can be used as fillers for some types of
matrices in the production of composites. However, these same particles can be easily
transformed into oxide-coated POSAP, the scope of which seems to be much wider. To do
this, particles oxidized with water must be subjected to heat treatment at temperatures
exceeding the temperature of the chain of phase transitions: aluminum hydroxide -
aluminum oxide aluminum hydroxide - aluminum oxide (up to 350 ° C):

AI(OH); = AIOOH+ H>0 2
2A100H = ALOs + H,O 3)
2AI(OH)3 = AlL,O3 + 3H,0 4)

The features of the occurrence of such a transformation for spherical particles were
studied and described in [13]. As a rule, POSAP coated with an amorphous hydroxide shell
of the “Nanowalls” type are transformed into an amorphous oxide shell of the same type.
The resulting Al particles coated with an amorphous oxide shell can be used to strengthen
metal (aluminum) or polymer matrices. Such a developed surface makes it possible to
ensure reliable adhesion of the filler particles in the matrix material, and at high degrees of
filling, the POSAP will provide the composite with the effect of a "sandbag" i.e. the ability
to effectively detain objects penetrating it. The thickness of the oxide shell will determine
the threshold of its destruction as a result of external influence. This will allow turning on
an additional channel for the dissipation of the energy of the external action, leading to the
destruction of the shells. This will increase the efficiency of the composite application. The
implementation of this option implies the need to optimize the strength and surface
properties of the formed oxide shells and additional control of their reproducibility.

It should be noted that the oxide-shell POSAP obtained by the method proposed above
can also be used for 3D printing of composite materials, both by selective laser melting
(SLM) and selective laser welding (SLW) [14, 15]. After heat treatment and phase
transition, particles coated with an oxide shell will be characterized by a minimum gas
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evolution in subsequent stages associated with heating. However, the algorithms that ensure
their efficient use in the SLM and SLW methods appear to be quite different due to the
significant difference in operating temperatures used in each of these methods.

The results of the experiments show that if the heating of POSAP coated with a
hydroxyl shell is carried out in a gas atmosphere of a controlled composition, then it
becomes possible to change the surface physicochemical properties of the formed oxide
shell due to chemical modification of its surface layers [16].

The liquid-phase oxidation method can also form hydroxide coatings of mixed
elemental composition on the POSAP surface [17], which, in turn, can be transformed into
oxide coatings of mixed composition upon heating. As an example of such a mixed oxide
coating, one can cite POSAP, which are formed using a chemical activator [10] calcium
oxide (Ca0), also having the “Nanowalls” structure, the images of which are shown in Fig.
le. This also makes it possible to widely vary the physicochemical properties of the
PSACH surface, in particular, to control its adhesive properties.

Micron spherical particles with an average diameter of 4 pm (ASD-4 powder,
commercially produced by the Russian industry (TU 48-5-226-87)) were chosen as the
initial aluminum particles, the surface of which was subjected to oxidation. The initial
particles, as well as particles subjected to the necessary chemical and physical effects (heat
treatment, oxidation, drying) were studied by scanning electron microscopy (SEM) on a
JSM-7401F instrument, X-ray phase analysis (XRD) on a DRON-3 instrument (CuKa -
radiation). Elemental analysis of the surface of the samples (EDS elemental analysis) was
performed on a Quanta 200 3D instrument with EDAX Genesys energy dispersive
microanalysis.

A photograph of the surface of ASD-4 particles in the delivered state is shown in Fig. 1
a. Particles were oxidized with water using installations and according to the procedures
described in [9]. Micron powder particles oxidized in distilled water were obtained with a
metal conversion degree of 8%, 18%, and 33%, which corresponds to the average
thicknesses of the oxidized aluminum layer of 120, 270, and 500 nm. After reaching the
required degree of aluminum conversion, the oxidation process was forcibly stopped, and
the oxidized particles were subjected to rapid drying with dry air until a constant weight
was reached. After drying, hydroxyl-coated POSAP were stored in closed glass containers,
which were opened to the atmosphere only for a short time when particles were collected
for experiments and analyses.

a) ASD-4 - initial state b) oxidation in oxygen at ¢) oxidation in water, Al
630°C conversion 8%
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d) oxidation in water, Al 1) €) oxidation in water + e) f) oxidation in water, Al

conversion 18% CaO, Al conversion 28%  conversion 15%, Ar heating,

shell thickness 200 nm

Fig. 1. Micrographs of ASD-4 powder particles: a) in the initial state; b) oxidized in oxygen; c), d)
oxidized by water without activation with different degrees of metal conversion; ) oxidized by water
with CaO activation; f) oxidized with water after heating in Ar at 750°C. The shell thickness is 200
nm. Particles a), b), f) are covered with an oxide shell. Particles c) - e) are covered with a hydroxide
shell.

3 Results and discussion

Figure lc, d, e shows micrographs of POSAP surfaces with various degrees of metal
conversion, coated with a hydroxide shell, the subsequent heat treatment of which was
carried out in order to form oxide shells. The results of electron microscopy show that at a
degree of metal conversion less than 30%, ‘“Nanowalls” structures are formed on the
surface, which, according to XRD analysis, are formed from amorphous AI(OH)3. The
cellular structure of this type of coating is well represented in Fig. lc, d, e, f The
characteristic cell size is about 100 nm, and the thickness of the walls forming the cells is
up to 20 nm. Fig. 1f shows that for a sample with a metal conversion of 15%, the thickness
of the Nanowalls shell after the transformation of the hydroxide shell into an oxide shell is
about 200 nm. The thermophysical properties of POSAP samples coated with hydroxide
and oxide shells were studied using a NETZSCH STA 449 F1 Jupiter thermal analysis
instrument equipped with a QMS Aeolos 3 mass spectrometer. mass-spectrum analysis of
the composition of gas-phase compounds released into the environment. STA 449 F1
analysis of samples coated with hydroxide shells (linear heating to 750°C at a rate of up to
20°C/min in an oxidizing (artificial air (75% O2 + 25% Ar)) (Fig. 2) and neutral
atmosphere (Ar ) shows that in the temperature range of 260—400°C, the Al(OH)3 surface
layer undergoes a chain of phase transitions (2) — (4), dehydrates, and transforms into the
AI203 surface layer [13]. (release of water and hydrogen), the DTA curve shows the
endothermic effect (phase transition), and mass spectral analysis registers the release of
water and hydrogen molecules into the surrounding space.
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Fig. 2. Thermoanalytical curves DTA (1, 2, 3) and TG (4, 5, 6) obtained for POSAP heated in an
atmosphere of artificial air with different degrees of conversion of aluminum oxidized by water at
temperatures below 100°C. The degree of aluminum conversion in the samples: 1 - 33%; 2 - 18%; 3 -
8%.

The SEM data demonstrate that the oxide coatings formed as a result of the phase
transition also belong to the “Nanowalls” type structures. According to XRD analysis, the
formed structures of oxide shells are also amorphous. Fig. 3 shows the structure and
construction of an oxide-shell POSAP cut by a high-energy atomic beam. The boundary
between the metal core and the oxide shell is clearly defined. The structure of the oxide
shell is clearly visible, including thickness unevenness, density inhomogeneity, and through
defects.

Fig. 3. Micrographs of POSAP with an oxide shell, cut by a high-energy beam: a — in transmission; b
- in the characteristic radiation of oxygen; ¢ - in the characteristic radiation of aluminum; d - the
structure of the metal-oxide shell boundary, a crack in the oxide shell
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Analysis of the thermoanalytical curves shown in Fig. 2 shows that at temperatures
above 550°C, the oxide coating formed on the surface of the Al particle core as a result of
phase transitions (2-4) is broken. This leads to an increase in the mass of the sample due to
the oxidation of the surface layer of the aluminum core by the oxygen of the atmosphere
surrounding the particle, which is accompanied by the observed exothermic effect.

The reason for the discontinuity of shells at temperatures in the region of 570°C is
thermal stresses arising in the core-shell system. Due to the fact that the thermal expansion
coefficient (TEC) of metallic aluminum (34.55 * 10-6) [18] significantly exceeds the TEC
of its oxides (6.58 * 10-6 - for 0-Al20) [19] (the values of the TEC correspond to a
temperature of 600°C and are obtained by extrapolating data from the relevant articles), the
expansion of the aluminum core during heating of the particles should occur faster than the
oxide shell, however, the shell prevents the core from expanding due to its slower growth,
as a result of which pressure arises in the system under consideration, which acts on the
shell from the side of the more rapidly growing core, which in turn causes stress in the
shell, leading to its rupture when a certain critical deformation is reached, corresponding
under the given conditions to the ultimate tensile strength of aluminum oxide (o (Al 2
O 3, ext) = 551 MPa [20] ). The metal core expanding more rapidly with increasing
temperature destroys the oxide shell, disrupts its continuity, providing contact of the core
metal with the atmosphere surrounding the particle and, if the latter contains an oxidizing
agent (oxygen, water vapor), it leads to oxidation of the surface of the metal core.

To obtain an estimate of the destruction temperature of oxide shells, a model can be
considered that describes the interaction between the shell and the metal core of a particle,
when each particle can be modeled by an aluminum ball placed in a thin spherical oxide
shell weakly bonded to it. When heated, independent volumetric expansion of the sphere
and the shell are considered.

Upon reaching the tensile strength - that maximum force applied to the sample, at which
the critical value of deformation is reached, the sample is destroyed. Since aluminum oxide
is a brittle material, it does not have a region of plastic deformations and, in the model used,
Hooke's law for linear deformations is valid up to sample failure. The force applied to the
sample is related to the resulting elongation through the coefficient of proportionality -
Young's modulus, and for the stress ¢ we have:

o =Eeg, %)

where E — modulus of normal elasticity (Young's modulus), € — relative strain.
For the oxide shell, expression (5) takes the form:

041,05 = €a1,05 Ealyo, > (6)

where Ejy, 0, — modulus of normal elasticity (Young's modulus) of aluminum oxide,
€a1,0, — Telative deformation of aluminum oxide. Hence the value of relative deformation
for aluminum oxide:
CAl03, Alerit
g = —_——l—l— — N 7
hooy = ik = o ™
where Al,,;; — is the value of the critical deformation at which the shell is destroyed, [, —

circumference of the large diameter of the oxide shell. From expression (7) for the critical
strain, we have

looai,04
Al = £ )]
Al,03
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For the initial circumference of the original aluminum ring, we write:
lo =2mR,, )

where Ry — the radius of the aluminum core of the initial particles. Then, for the critical
strain, taking into account (9), we have:

2TRy 041,04

Al = (10)

Eal,03

At the same time, the magnitude of the absolute deformation is determined by the
temperature of the heated particle. An increase in the linear dimensions of an aluminum
spherical core in accordance with the theory of thermal expansion corresponds to the
following increase in the radius of spherical aluminum:

Ry = Ro(1 + ayAT), (11)

where Ry — radius of the aluminum core of the initial particles, a,; — coefficient of thermal
expansion of metallic aluminum, AT — the temperature to which the initial oxide-coated
particles were heated. The magnitude of the absolute deformation of the circumference of
the oxide shell, which first causes stress in the shell, and then its destruction, is equal to the
difference between the elongation resulting from the thermal expansion of the aluminum
core and the elongation associated with the thermal expansion of aluminum oxide:

AlCTit = (27TRO(1 + aAlAT) - 27TRO) - (ZﬂRo(l + (XA1203AT) - ano) =
2Ry AT (ap — Aarz03) (12)

where @ap,05 ~ coefficient of thermal expansion of aluminum oxide, a,; — TEC of

aluminum.
Then, equating expressions (10) and (12), we obtain for the value AT:

— OAl,03
AT = Ea,05(@a1-@a1,05) (13)

For a-aluminum oxide E,;, o, = 400 GPa [20], for alumina ceramics Ey,o, = [220 —
350] GPa [21]. To carry out calculations, it is necessary to determine the starting
temperature of heating particles with an already formed oxide shell. The initial particles are
covered with a layer of amorphous Al(OH)3; from the results of TGA and DTA, it follows
that the temperature range of 250-380°C corresponds to a first-order phase transition
corresponding to the transition of aluminum hydroxide A1(OH)3 to oxide hydroxide
AlOOH (called boehmite), which proceeds according to the reaction (2). On the water
release rate curve, this transition corresponds to a pronounced maximum in the given
temperature range. A further increase in temperature to 500°C transforms aluminum oxide
hydroxide into oxide and is also accompanied by the release of water. The transition occurs
according to reaction (3). Thus, the formation of the oxide shell ends at temperatures of
about 500°C, and at higher temperatures, the oxide shell is already subjected to heating.
Then for the cracking temperature Tgamage We have:

041,03

Tdamage —500 = (14)

E05(@a—2a1,05)

Substituting into formula (14) the values of the coefficients obtained from the literature,
characterizing various forms of alumina, we obtain: - for particles with a shell of a-
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aluminum oxide, the temperature of crack formation Tgamage = 549.2°C; - for particles, the
coating of which corresponds to alumina ceramics, the temperature of crack formation,
which lies within the limits T gamage = [556.3 - 589.5] °C.

Thus, the estimates show the destruction temperatures of oxide shells close to those
observed in our experiments. Note that for the case of a shell made of the a-modification of
aluminum oxide, lower values were obtained. This suggests that amorphous alumina with a
“Nanowalls” type structure, which is formed under the conditions of the described
experiments, is more resistant to thermal action.

Due to the difference in the values of the thermal expansion coefficients of aluminum
and aluminum oxide at temperatures close to the melting temperature of the metal, it is
possible for the metal to reach the surface of the PSACH through the formed through
defects of the oxide shell.

X17.000

2) o b)

Fig. 4. a — images of aluminum droplets extruded onto the POSAP surface; b - a crack in the coating
with metal drawn in during cooling; ¢ - metal extruded to the surface through through pores, not
merged into a single drop.

Micrographs of various options for the release of aluminum core of the particle on its
surface, depending on the conditions under which the particles are heated, are shown in
Fig.4. Thus, one can see images of aluminum droplets extruded onto the surface of the
POSAP, which are balls, and sometimes even hollow bubbles [22]. Fig. 4b shows a crack
into which, when the particle cools, molten metal is drawn in after the particle cools down
(end of heat treatment), and Fig. 4c shows the metal extruded to the surface through the
through pores, which has not merged into a single drop. Such different results were
obtained due to the different conditions under which the PSACH with the hydroxide shell
(precursors) was heated in order to transform it into an oxide one. It can be stated that the
release of metal to the surface of the oxide shell of the particle is determined by the heating
conditions and can be organized in various forms (drops, spreading a thin layer over the
surface of the metal) and used to connect individual particles into a connected structure
(framework) for further use in the production of composites or highly porous materials.

4 Conclusions

Spherical aluminum particles with an oxidized surface (“Core-shell particles”) of various
diameters and oxide coating thicknesses seem to be a convenient filler for the production of
volume-strengthened metal-oxide and oxide-polymer composites. The use of such particles
as composite fillers will facilitate the creation of mathematical models of the structure and
structure of specific composite materials and the prediction of their behavior under
conditions that simulate real operating conditions, thus facilitating the use of mathematical
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modeling methods in the design of composites designed to solve specific engineering
problems.

The precursors of these fillers, spherical Al particles with an oxidized surface (“Core-
shell particles”), which have the specified parameters: particle diameter, hydroxide shell
thickness, and specific surface area, can be successfully produced by controlled liquid-
phase oxidation of spherical aluminum particles with water at atmospheric pressure.

Subsequent heating of the precursor particles in a controlled atmosphere makes it
possible to transform their hydroxide shell into an oxide shell, thus forming “Core-shell
particles” with parameters that satisfy the parameter values (shell thickness, adhesion to the
matrix material, particle specific surface area) obtained by mathematical modeling optimal
structure of the material, optimal for given specific conditions of use of the composite
material strengthened by particles.

The release of the metal of the particle core to the surface of the oxide shell is
determined by the heating conditions and can be organized in various forms (droplets,
metal spread over the surface) and used to combine individual particles into a connected
structure (3D framework) for further use in the production of composites or highly porous
materials.

In this paper, an attempt is made to propose a concept of a digital approach to the
creation of composite materials dispersion-strengthened with aluminum oxide, the
structure, structure and operational properties of which are developed by mathematical
modeling methods directly for the specific application of the created material (parts from
it). It is proposed to use aluminum "Core-shell particles" as reinforcing fillers, with
parameters calculated by mathematical modeling methods: particle diameter, thickness,
specific surface area and physicochemical properties of the oxide shell. As precursors of
such fillers, it is proposed to use spherical Al particles with a surface oxidized by the
method of controlled liquid-phase oxidation of aluminum with water at atmospheric
pressure. Such hydroxide-coated POSAP having the required particle diameter, as well as
the thickness and specific surface area of the shells, can be easily fabricated and
transformed into composite filler particles coated with oxide shells (“Core-shell particles”).
Thus, a system can be created that allows designing composites with desired properties.
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