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The technology of oxygen blowing of pre-hydrogenated aluminum alloy melt allows to obtain a composite mate-
rial in situ, saturated with submicroscopic Al,O particles. The key factor of the technology is the presence of iron
in the melt, which negatively affects the strength of the oxide film, which allows to obtain isotropic particles of
aluminum oxide, and not extended films. Until now, the technology was used only for cast products based on silu-
min AISi7Fe. It is proposed to use an Al — Fe alloy with an iron content above 1.5% for obtaining a composite for
cold rolling technology. The alloy is also saturated with titanium due to the introduction of TiH, for hydrogenation.
As a result, a butterfly-shaped structure is formed in the metal, presumably by the following mechanism: the
butterfly body is an AI3Ti intermetallic compound, which precipitates in the melt first and collects oxide particles
and iron-containing intermetallic compounds. The composite demonstrates grinding of iron intermetallic compounds
at least 3 times relative to the original alloy. The content of the oxide component is 8 times lower than on the initial
alloy of the AlISi7Fe system due to a significantly smaller thickness of the oxide film. This leads to a significant
reduction in the blowing time, the total duration of melt processing, including hydrogen saturation, was 15 min. The
samples were subjected to cold rolling, the foil thickness achieved was 19 um. The obtained rolled product with a
thickness of about 150 um exceeds the original alloy in mechanical properties (¢, — 269 MPa against 174 MPa
of the original alloy), and the hot-rolled AlSi7Fe-Al,O,p composite (o, — 250 MPa).
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Introduction

raditional aluminium alloys contain strengthen-

ing intermetallic phases. Research in this area

suggests that grinding the structure can be used
to increase strength [1]. Aluminium matrix composites
involve a different approach, in which the strengthen-
ing phase is not formed from alloy components but is
introduced directly into the alloy — this is known as ex
situ technology. Aluminium oxide Al,O, and silicon
carbide SiC are mainly used as strengthening compo-
nents in aluminium matrix composites. This technol-
ogy appeared first chronologically [2] and is now fairly
well studied [3]. The main areas of research are aimed at
overcoming technological problems, including segrega-
tion of the strengthening phase in the melt, low adhe-
sion of the strengthening phase to the matrix metal, and
high porosity formed during gas absorption when mixing
filler particles into the melt. The latter problem is related
to the difficulty of reducing the size of the strengthening
phase particles, which is a key advantage of the techno-
logy. To solve these problems, researchers propose vari-
ous strategies.

When using in situ technology, the particles of the
strengthening phase are formed directly in the melt as a
result of a chemical reaction between the melt and the
precursor, which is introduced into the melt. This solves
the problems of adhesion, particle grinding and their uni-
form distribution in the matrix [4, 5].

Previous research by the authors of this paper shows
that submicroscopic (150—-250 nm) Al,O, particles form
in the pre-hydrogenated AlSi7Fe melt when it is purged
with oxygen [6]. According to these results, y-Al,O; is
formed when aluminium melt interacts with oxygen [7].
The technological process involves the formation of oxide
bubbles during purging, which are then destroyed on the
melt mirror. This destruction occurs due to the formation
of gaseous suboxides (AlO and Al,O) on the melt surface
instead of solid aluminium oxide. This is achieved by in-
creasing the melt temperature to 1000 °C during hydro-
gen combustion [8]. A key factor in this technology is the
presence of iron in the melt, which negatively affects the
strength of the oxide film. The presence of iron in the
alloy at a level of at least 0.8% allows isotropic aluminium
oxide particles to be obtained, rather than films. Residual
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hydrogen is adsorbed on the surface of aluminium oxide,
forming non-stoichiometric hydroxide after crystallisa-
tion, with the bound hydrogen content reaching 20 ppm,
but this does not lead to the formation of gas porosity
[9]. However, the improvement in mechanical properties
within this technology due to residual hydrogen, which re-
duces the bond between the strengthening phase and the
matrix, is not so great and amounts to about 50% of the
original alloy. Al,O, particles also restrict the flow of the
melt during crystallisation, which leads to the formation
of shrinkage porosity. To eliminate porosity, improve the
bond between phase components and, in general, improve
the mechanical properties of composites, pressure treat-
ment is used — rolling and forging [10—14].

The presence of silicon in the original alloy (AlSi7Fe)
is due to the use of casting technologies. Silicon improves
the fluidity of the melt, but practically does not dissolve in
solid metal, and after crystallisation, brittle primary sili-
con crystals are formed, which limit the plasticity of the
alloy, preventing cold rolling. However, hot rolling can
significantly improve the mechanical properties of the
alloy by 25% [15]. Since silicon is not a mandatory com-
ponent of the original alloy, unlike Fe, the idea is to use
the original Al — Fe alloy system to produce a composite
using the proposed technology.

Iron is considered a negative impurity in aluminium
alloys because it forms brittle needle-shaped Al;Fe
intermetallics and negatively affects corrosion resistance.
Nevertheless, iron is a powerful strengthening compo-
nent, and iron-containing alloys of the 8xxx series are
mainly used for the production of foil [16], primarily alloy
8021B according to the standard [17]. The problem with
the Al — Fe system is the widely varying density of the
components, Fe and Al, which leads to zonal liquidation,
as well as the significant size of Al;Fe intermetallics. To
solve these problems, researchers propose methods such
as solid-phase mixing — friction stir welding [18], rapid
crystallisation with mechanical mixing and intensive
plastic deformation [19].

The proposed technology of purging the pre-hydro-
genated Al — Fe melt with oxygen solves these problems:
mixing in the melt is ensured during purging, and the for-
mation of large Al3Fe crystals is prevented by reduced dif-
fusion in the melt due to the presence of aluminium oxide.
The authors hope to improve the mechanical properties of
the rolled composite material both relative to the stand-
ard 8021 alloy and relative to the rolled composite of the
AlSi7Fel — Al, O, system.

Materials and methods

The original alloy belongs to the Al — Fe system.
The presence of elements other than silicon leads to
the early destruction of the oxide film within the melt’s
volume rather than on its surface, resulting in oxide po-
rosity [20]. Silicon is excluded for the aforementioned
reasons. Therefore, the presence of elements other than
iron in the alloy is undesirable. In accordance with EU
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standard [17], the EN AW-8021B alloy with a Fe content
of 1.1—1.7% best meets the above conditions.

The technology used to prepare the composite ma-
terial is similar to that described in [21]. Ingots of pure
aluminium Al99.7 (RUSAL, Novokuznetsk, Russia)
and an AlFel7 alloy (Metallochemical Company LLC,
Yekaterinburg, Russia) were used as the original alloy
charge. The chemical composition of these materials was
examined using a Spectro Midex spectrometer, the results
of which are shown in Table 1. Three measurements were
taken for each sample and the arithmetic mean was cal-
culated.

Table 1
Chemical composition of the charge (mass %, Al-rest)

| s | Cu Mgl zn | Fo | T | V|
Al99.7 0.062 <0.001 0.002 0.006 0.141 0.003 0.150
AlFe17 0.12 <0.001 0.302 0.090 17.198 0.022 0.065

A total of 530 g (483 g of pure Al99.7 aluminium and
47 g of AlFel7 alloy) was pre-weighed on AND GF-4000
electronic scales with an accuracy of 1 g and placed in
a 700 ml corundum crucible. The crucible was then
placed in an electric resistance furnace at a set tempera-
ture of 750 °C in order to melt the materials in the charge.
Heating continued until the materials had melted. Then,
5 g of TiH, hydrogenator (Uralinvest LLC, Ufa, Russia),
wrapped in a piece of aluminium foil and weighed on AND
GR-300 electronic scales with an accuracy of 0.1 mg, was
added to the melt with a plunger and thoroughly mixed
with a quartz tube. Five minutes after the completion of
the intensive combustion of the released hydrogen, oxy-
gen (supplied by Linde-Uraltehgaz OJSC, Yekaterinburg,
Russia) with a flow rate of 0.063 nm3/h, as measured by
a rotameter, was blown into the melt through a quartz
tuyere for ten minutes. Intense slag formation began after
the specified time, which served as an indicator to stop
the blowing. After removing the slag, the melt was poured
into a sand mould. The installation and casting diagram is
shown in Fig. 1. To enable comparison of the composite
material and the original alloy, the latter was melted and
poured in the same way, but without hydrogenation and
oxygen purging. Intensive manual stirring with a quartz
tube was performed before pouring to prevent zonal liqua-
tion during melting of the original alloy. Four melts were
carried out: two to obtain cast cylindrical tensile speci-
mens, and two to obtain rolled flat specimens.

Polished sections were prepared from castings of the
original alloy and composite rolled samples, and their
microstructure was examined using an Olympus GX-51
optical microscope. The chemical composition of the
samples was determined using the aforementioned spec-
trometer. To determine the aluminium oxide content, the
samples were dissolved in a mixture of potassium bromide,
bromine and ethyl acetate in accordance with GOST
11793.1-90 [22].
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Fig. 1. Installation diagram (a), casting (b)

The samples were mechanically processed to a thick-
ness of 6 mm on a milling machine, cut into three parts
(Fig. 2, a) and then rolled on a YUMO B61 electrome-
chanical rolling mill (YUMO-Neva LLC, St. Petersburg,
Russia). Rolling was carried out in three stages according
to the following scheme: 6 mm — 1 mm — 150 pm —
20 um. Five passes were made at each stage, with a re-
duction of approximately 20%. Corrections were made
at each stage in accordance with the thickness measured
using an Inforce 06-11-44 electronic spiral micrometer
(Vseinstrumenty.ru LLC, Moscow, Russia; accuracy: 2 um).

To study the mechanical properties of rolled stock
with an approximate thickness of 150 pm, samples were
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(2]

cut using a laser in accordance with GOST 1497—84 [23]
in preparation for tensile testing. The samples were then
tested for mechanical properties at a speed of 2 mm/min
using an Instron 3382 universal testing machine. Three
tests were performed on each sample and the arithme-
tic mean was calculated. Cast cylindrical samples were
studied in a similar manner.

Results and discussion

Fig. 2 shows the stages involved in rolling the com-
posite samples. The original alloy samples have a similar
appearance. The final thickness of the rolled material is
19 um. The absence of cracks at the edges of the rolled

a b c d
Thickness 6 mm 1mm 160 um 19 um
Width 30 mm 32mm 34 mm 37 mm

Fig. 2. Composite rolling stages
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material indicates the absence of coarse, brittle interme-
tallic phases in the composite and original alloy structures
(Figs. 3—4).

The composition of the phases is determined by chem-
ical analysis (Table 2).

The Al,O, content in the composite ranges from
0.51% to 0.65% (0.51, 0.57, 0.59, 0.65), with an average
0f 0.58%.

The significant Ti content in the composite is the re-
sult of the dissociation of titanium hydride TiH,, which is
added to saturate the melt with hydrogen. The solubility
limit of titanium in aluminium is 0.024%, and the residual
titanium forms the intermetallic compound AL;Ti [24].
For this reason, titanium is used to refine the structure of
aluminium alloys [25]. However, a high concentration
of Ti (0.4%) leads to the formation of flat (needle-shaped
on the polished section) Al;Ti crystals up to 300 pm in
length [24]. The iron content in the composite was higher
than calculated and higher than recommended by the
standard for alloy EN AW-8021B, obviously due to zonal
liquidation in the alloying agent used.
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Microstructural analysis shows that both materials
are dense, with no porosity, cracks, or other structural
defects. The crystals of iron-containing intermetal-
lic compounds are distributed in the structure of the
original alloy along the grain boundaries of the alu-
minium matrix and have an isotropic, rod-like shape.
There are no coarse needle-like inclusions, and the
phase size does not exceed 10 um (Fig. 3, b). This struc-
ture is characteristic of Al — Fe alloys [25]. Compared to
the original alloy, the microstructure of the composite
(Fig. 4, a) has structural elements in the form of a but-
terfly in which the matrix contains a rod-shaped inter-
metallic phase up to 30 um long, around which another
phase is distributed.

Considering:

e the length of iron-containing intermetallics in the
structure of the original alloy is smaller;

e the composite contains aluminium oxide, which
limits the growth of phase components;

o the length of the crystals of the Al;Ti intermetallic
phase with a titanium content of 0.4% is up to 300 um.

e the observed content of the iron-con-

a] ]

1000 ym 100 ym

Fe-rich phase

taining intermetallic phase in the composite is
significantly lower than in the original alloy.

It can be concluded that the large interme-
tallic phase in the composite (the body of the
butterfly) is AlL;Ti. The surrounding volume
(the wings of the butterfly) has a lighter struc-
ture due to its saturation with iron interme-
tallics, which are significantly smaller in size
(up to 3 um), than those in the original alloy

Fig. 3. Microstructure of the original alloy:
a — magnification x100; » — magnification x1000

(Fig. 4, b). Al,O, particles (less than 250 nm
in size [6]) are evenly distributed throughout
the metal and refine the structure. The reason
for the formation of the butterfly structure is

a] b

Butterfly structure
Fe-rich phase

Ti-rich phase

1000 ym 100 ym

T~

—_

presumably related to the sequence of forma-
tion of the phase components: Al,Ti collects
around itself the oxides and iron-containing
intermetallics present in the melt, which pre-
cipitate from the melt during flow and crys-
tallisation. Despite the relatively large Al;Ti
crystals, cold rolling of the composite is not
problematic as these crystals are destroyed by
the presence of oxide particles of significantly

Fig. 4. Microstructure of the composite:
a — magnification x100; b — magnification x1000

Table 2
Chemical analysis of alloy and composite

| s Jou [ Mg | 2 [ Fe [ T [ v |

Samples for rolling

Original 0.218 0.015 0.008 0.009 1.151 0.013

Composite  0.218 0.016 0.019 0.013 1.843 0.468
Cast samples for mechanical testing

Original 0.184 0.040 0.022 0.011 1.582 0.002

Composite  0.266 0.031 0.115 0.006 1.719 0.392

greater hardness in the structure. This effect
even allows rolling of a similar composite
based on silumin [15].

The mechanical properties of cast samples
of the original alloy and composite are given
in Table 3.

The mechanical properties of the origi-
nal cast alloy correspond to, and even

0.150

slightly exceed, the results obtained in [27].
0.012 .. . ..

This is due to the active mixing of the melt,

which prevents iron liquation and reduces
GHIEIY the length of needle-like iron intermetallics
0.065

(see Fig. 3, b).
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Compared to the original alloy, the cast com-
posite exhibits a slight increase in strength and a
more significant increase in the relative elonga-
tion. The composite’s higher strength is associ-
ated with the contribution of dispersed A,O,
particles to the dispersion of the structure, the
difficulty of dislocation slip and the grinding of
iron intermetallics. At the same time, the absence
of embrittlement by lamellar Al;Ti inclusions is
explained by the formation of “butterfly” structures
around these inclusions in the composite. These struc-
tures collect oxide inclusions and iron intermetallics,
thereby reducing their concentration in the rest of the
volume. This is also evidenced by the significant disper-
sion of relative elongation and yield strength. The slight
increase in the composite’s strength properties is due
to the samples rupturing outside the high-strength ‘but-
terfly’ structures, which have a lower concentration of
strengthening phases.

The mechanical properties of the composite obtained
are slightly lower than those reported in work [28], in
which a cast AlFel.7 — Al,O,p composite was produced
by mixing 50 um diameter electrolytic iron microspheres
into molten aluminium. In this work, aluminium oxide
was formed as a result of an aluminothermic reaction on
the surface of the microspheres, a fact that was not identi-
fied by the authors. However, its presence is evident from
the significant improvement in the tribological characte-
ristics of the composite. The higher mechanical proper-
ties observed in [28] are due to the absence of the embrit-
tling effect of titanium intermetallics. Using the proposed
composite production technology did not significantly
increase the mechanical properties of the cast AlFel.5
alloy, as was observed with the cast AlSi7Fe [14], since
there are fewer phase components that are ground by the
presence of aluminium oxide, and less aluminium oxide
itself was formed, not 4—5%, but 0.5—0.6%. This decrease
in the aluminium oxide mass fraction is associated with a
decrease in the oxide film thickness on aluminium-iron
alloys [29]. Consequently, the aluminium oxide parti-
cles formed by implementing the technology have a large
specific surface area. This leads to a significant reduction
in the time required for oxygen blowing of the melt, as
observed experimentally. The duration of blowing is de-
termined by the residual hydrogen, which maintains the
temperature of the melt mirror at a level sufficient for the
formation of gaseous aluminium suboxides during com-
bustion. Hydrogen is also adsorbed onto aluminium oxide
particles [30]. The end of the blowing process is identified
visually when slag covers the melt mirror. For the AlSi7Fe
alloy, the duration of blowing at the same specific oxygen
consumption was about one hour, and for the Al — Fe
alloy system, it was 10 minutes.

However, pressure treatment is a reserve for impro-
ving the mechanical properties of the AlFel.5-based
composite, which, although possible for the cast AlSi7Fe
alloy, is extremely technologically unfeasible [15]. The

COMPOSITES AND MULTIPURPOSE COATINGS

Table 4
Mechanical properties of rolled original alloy and composite

Degree .9

Original alloy

174.0+4.8
=7 201.0£11.0
~40 269.0£7.8

167.0+3.8 3.3+£0.9
180.0+7.8 5.0+0.5
242.0£6.4 3.2+0.3

Composite

results of mechanical tests of the rolled original alloy and
composite are given in Table 4.

The mechanical properties of the rolled alloy are con-
sistent with the data in [30]. The significant improvement
in the composite’s mechanical properties relative to the
original alloy can be explained by an increased proportion
of strengthening phases: the composite contains slightly
higher proportions of iron (1.8% versus 1.5%), titanium
(0.4%) and aluminium oxide (0.6%). However, alumini-
um oxide is not the main strengthening component of the
alloy. However, its presence inhibits diffusion, preventing
the needle-like phases from growing to significant sizes
and becoming stress concentrators. As is clear from the
results of work [15], during rolling the harder aluminium
oxide causes Al;Ti to be crushed, resulting in a homoge-
neous distribution of strengthening phases throughout
the alloy volume. This can be seen from the relative elon-
gation, which is close in magnitude to that of the initial
alloy, and the minimum dispersion of relative elongation.
Homogenisation of the structure during rolling enables
the full realisation of the dispersion strengthening mecha-
nism, in contrast to the cast alloy.

Titanium aluminide is an important strengthening
phase. Introducing titanium into the gas-forming phase
ensures its uniform distribution throughout the metal vol-
ume [32]. The isolated introduction of hydride leads to
the formation of foam metal, which is the standard pro-
duction technology [33]. Oxygen blowing is necessary to
eliminate porosity. Significantly greater refinement of the
structure, and consequently an increase in the mechani-
cal properties of deformed Al — Fe alloys, can be achieved
through intensive plastic deformation; however, this proc-
ess is much more expensive [34].

Thus, the proposed technology enables the production
of a strong aluminium alloy with a foil thickness of 19 um
through cold rolling and short-term modification treat-
ment, namely:

e introduction of titanium into TiH,;

e oxygen blowing for 10 minutes.

Conclusions

The adaptation of technology to obtain a composite
material in situ by blowing oxygen into a pre-hydrogen-
ated melt of an Al — Fe alloy system, followed by pressure
treatment, showed that:

o due to the saturation of the melt with titanium intro-
duced into TiH, for hydrogenation, a “butterfly” structure
is formed in the metal;
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e the structural components of the strengthening
phases are refined by at least three times;

e the composite exhibits an oxide component content
eight times lower than that of the initial AlSi7Fe alloy,
due to the significantly lower thickness of the oxide film.
This also leads to a significant reduction in purging time:
the total duration of melt processing, including hydrogen
saturation, was 15 minutes;

e during cold rolling of the composite, a foil thickness
of 19 um was achieved;

e theresultingrolled product hasimproved mechanical
properties compared to the original alloy (c, = 269 MPa
versus 174 MPa for the initial alloy) and the hot-rolled
AlSi7Fe — Al,O,p composite (5, = 250 MPa).
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