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Abstract: This paper investigates the impact of tungsten nanoparticles on the microstructure and
mechanical properties of the Al-5Mg alloy. Tungsten concentrations of up to 0.5 wt.% led to a slight
modification of the Al-5Mg alloy microstructure, and grain refinement occurred due to the inhibition
of crystal growth along the boundaries. Dispersion hardening with tungsten nanoparticles made it
possible to increase the ultimate strength by the Orowan mechanism with a simultaneous increase in
the plasticity of the Al-5Mg alloy. An increase in the tungsten content to 0.8 wt.% made it possible
to modify the microstructure of the Al-5Mg alloy, due to the formation of the Al;,W phase and
an increase in crystallisation centres. The modification of the microstructure, as well as dispersion
strengthening by nanoparticles, led to a simultaneous increase in the yield strength, ultimate tensile
strength, and ductility of the Al-5Mg alloy.

Keywords: metal matrix composites; nanoparticles; tungsten; microstructure; mechanical proper-
ties; fracture

1. Introduction

Aluminium-based metal matrix composites (MMCs) are attractive to the automotive,
marine, aerospace, etc., industries due to a combination of their physical and mechan-
ical properties and oxidation resistance [1,2]. Non-metallic powders (oxides, carbides,
intermetallics, etc.) are widely used as reinforcing particles in aluminium MMCs. These
reinforcing particles are introduced by the ex situ [3] method, where reinforcing particles
are synthesised before being introduced into the matrix, or by the in situ [4-6] method,
where initial materials are introduced into the metal matrix for the reaction to synthesise
reinforcing fibre particles. When using the ex situ method, it is possible to set the dispersion
and phase composition parameters for the reinforcing particles in advance; for dispersion
strengthening, Al,O3 [7,8], SiC [9,10], B4C [11,12], etc., particles are commonly applied.
The most effective strengthening is achieved with the use of nanoparticles to obtain metal
matrix nanocomposites (MMNCs), but this requires their uniform distribution within the
metal matrix volume. In [13], an Al/Al;3Ti composite was obtained, the Young’s modulus of
which amounted to 110 GPa, 57% more than the initial alloy. In this case, the nanoparticles
must be evenly distributed within the volume of the aluminium matrix and provide a
strong bond with it, which should be retained during the dislocation motion. Producing
MMCs and MMNCs is possible using a variety of methods, but casting technology is the
most versatile [14,15]. Meanwhile, fabricating MMCs by casting is associated with a num-
ber of problems, including the agglomeration of nanoparticles and the flotation of particles
on the melt surface due to their poor wettability [16-19]. As a result, there is a decrease
in the composite density and heterogeneity of its structure, leading to a decrease in its
mechanical properties. The solution to this problem is possible in several ways, namely, by
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forming coatings on the particles to increase their wettability [20], by using master alloys,
and by applying external fields (ultrasonic, mechanical treatment) to the melt.

The Al-5%Mg alloy is mainly used in the form of sheets after deformation and heat
treatment. The highest properties of this alloy are achieved due to dispersion strengthening,
by introducing such elements as Sc and Zr [21-23]. The main disadvantage of using
scandium and zirconium is their high cost, resulting in a significant increase in material cost.
A number of papers report on using tungsten to produce aluminium-based MMCs. The
casting process makes it possible to provide an interaction [24-27] of metallic tungsten with
an aluminium matrix and form such intermetallic compounds as AW, AlsW, and Al;,W;
the process will combine in situ and ex situ methods within the same technology [28].

In this study, the research team used tungsten nanoparticles to fabricate aluminium
MMCs. In connection to the aforementioned, it is known that tungsten has a high melting
point, strength, and a low coefficient of thermal expansion (CTE). Studies on such materials
have shown a significant increase in the mechanical and functional properties of aluminium
alloys [29]. Tungsten particles and W-Al intermetallic compounds in the aluminium alloy
can improve mechanical properties, such as strength, hardness, oxidation resistance, and
thermal stability compared to the initial Al and W. The low solubility of W in aluminium
alloys and its reactivity makes it possible to obtain an aluminium MMC reinforced with
nanoparticles, which are distributed in the metal matrix.

Thus, the aim of this study was to explore the impact of the content of tungsten nanopar-
ticles on the microstructure and mechanical properties of the Al-Mg alloy after casting.

2. Materials and Research Methods
2.1. Obtaining the Composites

The Al-5Mg (Al—95 wt.%, Mg—>5 wt.%) alloy was used as an initial alloy. Tungsten
powder, obtained by the electrical explosion of a conductor, was used as strengthening
particles. Figure 1 shows the scanning electron microscopy (SEM) (Figure 1a) and the
transmission electron microscopy (TEM) (Figure 1b) images of W nanoparticles.

Figure 1. Images of W nanoparticles: (a) SEM; (b) TEM.

W powder particles have a regular spherical shape (Figure 1), formed during the
electrical explosion of the conductor. The average size of a W particle is 200 nm (Figure 1b).
In the W powder, large metallic particles are observed, the size of which reaches 10 um.

One thousand grams of the Al-5Mg alloy was placed into a graphite crucible, melted
in a mulffle furnace at a temperature of 780 °C, and aged for 2 h. The crucible was then
removed from the furnace with a gripper, and the master alloy AI-W was introduced while
being subjected to ultrasonic treatment melt at a temperature of 730 °C. Tungsten particles
were introduced in Al—5wt.% W master alloy, which was obtained by mixing in a planetary
mill and pressing on a hydraulic press at a load of 0.5 tons. The ultrasonic treatment melt
was performed using a magnetostrictive water-cooled transducer PMS-5-8 (W = 4.1 kV,
f =17.6 kHz, RELTEC, Ekaterinburg, Russia). After complete dissolution of the master alloy
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(absence of undissolved master alloy and its parts in the melt), the ultrasonic treatment was
performed for 2 min. At a temperature of 720 °C, the melt was poured into a coquille. The
amount of W nanoparticles in the alloy varied from 0 to 0.8 wt.%. The Al-5Mg initial alloy
was obtained under similar casting parameters without introducing W nanoparticles. The
obtained alloy samples were flat castings 10 mm thick, 100 mm wide, and 150 mm high.

2.2. Research Methodology for Studying Initial Materials and Composites

The structure of the W nanoparticles was studied by TEM using a JEOL JEM-2100 mi-
croscope (JEOL Ltd., Akishima, Japan). Research alloys were used in their initial cast form
without heat and mechanical treatment to assess the effect of “ex situ” W nanoparticles
on the dispersion strengthening of the Al-5Mg alloy. The microstructures of the obtained
materials were investigated through SEM using a Quanta 200 3D (FEI Company, Hillsboro,
OR, USA) microscope, and optical microscopy using an Olympus GX71 microscope (Olym-
pus, Tokyo, Japan). The particle dispersion was analysed using the images obtained by
the secant method. Phase analysis of the alloys was performed using a Shimadzu XRD
6000 X-ray diffractometer (Shimadzu, Tsukinowa, Japan) with filtered CuKa radiation at
diffraction angles from 20° to 80° with 0.1° step and an exposure time of 10 s. Mechanical
tests were performed using a universal testing machine, Instron 3369 (Instron European
Headquarters, High Wycombe, UK), at a gripping speed of 0.2 mm/min. The specimens
were cut from the castings using electroerosive cutting and were in the form of flat blades,
2 mm thick with a ratio of the width of the working part to the gripping point >1.5. The
tests were carried out according to ASTM B557-15. The samples for research were cut from
the upper, middle, and lower parts (relative height) of the casting.

3. Results and Discussion
Figure 2 presents optical images of the microstructure of the aluminium alloys.

Figure 2. Optical images of the microstructure of the Al-5Mg (a), Al-5Mg-0.3W (b), Al-5Mg-0.5W
(c), and Al-5Mg-0.8W (d) alloys.

The microstructure of the initial Al-5Mg alloy is made up of equiaxed grains with
an average size of 180 pm. The introduction of 0.3 and 0.5 wt.% W does not lead to a
significant decrease in the average grain size, which was 164 and 149 pum, respectively.
However, an increase in the content of W nanoparticles in the Al-5Mg alloy to 0.8 wt.%
leads to a decrease in the average grain size to 95 um. It is known that grain refinement in
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aluminium alloys is possible due to the nucleation and inhibition of grain growth during
melt solidification [30]. The formation of new solidification centres requires the formation
of a phase with a coherent structure, on which further grain growth is possible. For the
Al-W system, the AljW intermetallide can act as a solidification centre, but according to
the data of X-ray diffraction (XRD) analysis (Figure 3), this phase cannot be identified.
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Figure 3. Results of XRD analysis of Al-5Mg alloys.

In addition, in the case of the formation of Al;,W, which occurs at a concentration of
more than 0.3 wt.% W in aluminium [31], grain refinement could also be observed in alloys
Al-5Mg-0.3W and Al-5Mg-0.5W.

In the microstructure of the Al-5Mg alloy, there are inclusions of pores with a size
of no more than ~1 pm (Figure 4a). At the same time, the alloy microstructure is quite
uniform, without a visible accumulation of pores. The introduction of 0.3 wt.% W did
not lead to a significant change in the microstructure compared to the initial alloy, and no
accumulation of nanoparticle agglomerates was observed in the microstructure (Figure 4b).
A deeper analysis of the microstructure makes it possible to reveal individual particles of
tungsten in the Al-5Mg-0.3W alloy, which are displaced into pores due to the movement of
the solidification front during the cooling of the melt (Figure 5a, Table 1). An increase in
the W content to 0.5 wt.% does not lead to a change in the microstructure of the alloy at
magnifications of up to x 1000 (Figure 4c). However, at high magnifications, both individual
W particles and their agglomerates can be observed, which are located in the volume of
grains and interboundary regions (Figure 5c, Table 1).

Table 1. Results of EDS analysis of Al-5Mg alloys (see Figure 5).

Point Number Al, wt% W, wt.% Mg, wt% O, wt%
1 87.75 - 3.07 9.18
2 81.92 - 4.73 13.35
3 93.69 - 2.09 422
4 - 100 - -
5 19.62 80.38 - -
6 0.79 99.21 - -
7 80.16 19.84 - -
8 56.78 43.22 - -
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Figure 4. The SEM image of Al-Mg alloys: (a) Al-5Mg, (b) Al-5Mg-0.3W, (c) Al-5Mg-0.5W, and
(d) AI-5Mg-0.8W.

Figure 5. The SEM image of Al-Mg-W alloys: (a) Al-5Mg-0.3W, (b) Al-5Mg-0.5W, (c) Al-5Mg-0.8W.
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An increase in the W content to 0.8 wt.% led to a significant increase in nanoparticles
and their agglomerates in the volume and at grain boundaries (Figure 4d). In addition, the
microstructure of the Al-5Mg-0.5W alloy contains irregularly shaped particles up to 10 pm
in size, as well as inclusions in the form of a “needle” with a thickness of less than 500 nm
and a length of up to 10 um (Figures 4d and 5c). According to the energy-dispersive X-ray
spectroscopy (EDS) analysis data (Table 1), these phases contain aluminium and tungsten
(points 7, 8), which indicates the formation of intermetallic compounds when 0.8 wt.% W
is introduced into the melt, but their low content does not allow for their identification in
XRD analysis (Figure 3). Irregularly shaped particles can be Al4W or AljpW intermetallic
compounds [32], but the Al;W phase is formed in liquid aluminium at temperatures above
700 °C and is retained only under conditions of rapid cooling during solidification [33].
Acicular-shaped intermetallic inclusions are AlsW (point 8), the particle shape of which
differs significantly from Al4W and Alj,W [33]. The formation of the Al;,W phase during
solidification led to a refinement of the microstructure of the aluminium alloy (Figure 2d).
Thus, the main mechanism of microstructure refinement at a content of W nanoparticles up
to 0.5 wt.% in the Al-5Mg alloy is the inhibition of crystal growth along the boundaries, and
at a content of more than 0.5 wt.%, the dominant mechanism is an increase in the number
of solidification centres during melt cooling.

It can be seen from the stress—strain curves for the alloys obtained (Figure 6, Table 2)
that the introduction of tungsten nanoparticles into the alloy leads to a simultaneous
increase in the Al-5Mg alloy yield strength and ductility.

200

- Al-5Mg-0.5W
175 4

[5Mg-0.8W

oO+——F———T T T T T T T T 1

Strain, %

Figure 6. The stress—strain curves for the Al-5Mg and Al-5Mg-W alloys.

Introducing 0.3 wt.% of W nanoparticles results in an increase in the hardness from
57 to 64 HB, microhardness from 68 to 71 HYV, yield strength from 80 to 85 MPa, and
ductility from 5.2 to 6.4%. There is also a slight increase in the ultimate tensile strength
from 155 to 164 MPa. The introduction of 0.5 wt.% W nanoparticles led to an increase in
hardness from 64 to 69 HB, ultimate tensile strength from 164 to 185 MPa, and ductility
from 6.4 to 8.5%. At the same time, there is no increase in microhardness and yield
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strength, which amounted to 73 HV and 79 MPa, respectively (Table 2). An increase in the
content of W nanoparticles to 0.8 wt.% made it possible to increase the hardness from 69
to 75 HB, the microhardness from 73 to 81 HYV, the yield strength from 79 to 91 MPa, the
ultimate tensile strength from 185 to 194 MPa, and the ductility from 8.5 to 10.3%. Based on
the microstructure (Figures 2, 4 and 5), it can be assumed that the increase in mechanical
properties (yield strength and ultimate tensile strength) Al-5Mg aluminium alloy is due to
the Hall-Petch law, Orowan mechanisms [1,34], the difference in the (CTEs) for the matrix
and particles [35], and the load transfer from particles to the matrix [36].

Table 2. Grain size, hardness, and tensile properties (0p,—vyield strength, op—ultimate tensile
strength, emax—ductility) of the aluminium alloys obtained.

Grain Size, Hardness, = Microhardness,

Alloy um HB HV 9.2, MPa o, MPa Emax, %o
Al-5Mg 180 £5 57 +3 68 £9 80£2 155+ 6 52+04
Al-5Mg-0.3W 164 +4 64 +1.2 71+ 10 85+ 1.6 164 £5 6.4+0.7
Al-5Mg-0.5W 149+ 6 69 +1 73+9 79+1 185+ 7 85=£0.5
Al-5Mg-0.8W 95+ 4 75+2 81+7 91+22 194+ 6 10.3+£0.7

The contribution of grain refinement to the improvement of the yield strength of the
Al-5Mg aluminium alloy can be calculated by the Hall-Petch relationship [23]:

1
oer = ky (D—% _ D@), 1)

where D—modified alloy grain size, Dg—grain size of the initial alloy, and k,—Hall-
Petch coefficient (68 MPa). The contribution of the Hall-Petch law for Al-5Mg alloy
upon introduction of 0.3, 0.5 and 0.8 wt.% W enhances the mechanical properties of
Al-5Mg alloy by 1.6, 1.7 and 6.9 MPa, respectively. Thus, the Hall-Petch law contributes
to an increase in the yield strength of the Al-5Mg-0.8W alloy due to the refinement of the
microstructure of the aluminium matrix in the process of modification with the Al;; W
intermetallic compound.

The contribution of the load transfer mechanism from the hardening particles to the
metal matrix is calculated by the formula:

Tl0ad = 0.5V00.2, )

where V), is the volume content of tungsten nanoparticles and 0y is the yield strength of
the matrix (80 MPa).

The contribution of the load transfer from the particles to the matrix [36] in this case
was 0.58 MPa (Al-5Mg-0.3W), 0.92 MPa (Al-5Mg-0.5W), and 1.47 MPa (Al-5Mg-0.8W). This
is due to the high density of W (19.25 g/cm?); the volume content of nanoparticles in the
Al-5Mg alloy does not exceed ~0.08 vol.%.

The contribution of the Orowan mechanism [1] to the increase in the mechanical
properties of the alloy was calculated by the formula:

0.13bG d
OOR = #lni 3)

where b—Burgers vector, G;;—shear modulus, dy—diameter of particles, and A the value
taking into account the size and volume content of the particles, which is calculated by
the formula: :
1 .3
A=dy((==) —1 4
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The calculated contribution of W nanoparticles to the mechanical properties of the
Al-5Mg aluminum alloy by the Orowan mechanism was 22.2 MPa (Al-5Mg-0.3W), 30.5 MPa
(Al-5Mg-0.5W), and 41 MPa (Al-5Mg-0.8W). The contribution of the difference between the
matrix and particle CTEs [35] is calculated by the formula:

12(am — ap) ATV, 2
b,A-V,) ©)

AUCTE = ﬁGb(

where [,—the distance between the particles, B—constant (1.25), a;,—metal matrix CTE
(23 x 107® 1/K), ay,—CTEs of the particles, AT—the difference between the synthesis
temperature (725 °C) and the room temperature (25 °C). The contribution of the mechanism
of the difference between the CTE of the matrix and particles was less than 0.5 MPa for all
obtained alloys. Thus, the dominant mechanism for increasing mechanical properties is
the Orowan mechanism, due to dispersion strengthening by W nanoparticles. It should
be noted that for the Al-5Mg-0.8W alloy, the deformation behaviour is more complex, due
to the influence of W metal particles, Alj;W intermetallic particles, and AlsW acicular
inclusions, which contributes to a simultaneous increase in the ultimate tensile strength
and ductility of the aluminium alloy.

The evaluation of the contribution of various mechanisms made it possible to identify
the dominant mechanism for increasing the yield strength and ultimate tensile strength
of the Al-5Mg alloy. However, at the same time, an increase in plasticity occurs with
the introduction and increase in the content of tungsten nanoparticles. In [37], a similar
relationship was observed for an aluminium alloy when the yield strength, ultimate tensile
strength, and ductility increased. It is assumed that the introduction of particles into the
grain body can result in a deviation of a potential crack from the grain boundary into its
bulk, as well as in greater involvement of the metal matrix in the process of deformation
and fracture [38,39]. Tungsten nanoparticles allow for a more efficient use of the aluminium
matrix in the deformation process, similarly to non-metallic particles. In this case, it is metal
tungsten nanoparticles that contribute to the plasticity of the aluminium matrix, which
increases regardless of the formation of AlsW and Alj;W intermetallic phases.

In general, the Al-5Mg alloy fracture (Figure 7a) is the pronounced one following
the viscous transcrystalline mechanism. Introducing 0.3 wt.% W nanoparticles does not
lead to a significant change in the fracture surface (Figure 7b). An increase in the content
of nanoparticles leads to a mixed failure mechanism, due to the presence of nanoparticle
agglomerates in the interboundary regions, which do not make it possible to achieve the
maximum mechanical properties of the aluminium alloy (Figure 7c). The fracture of the
Al-5Mg-0.8W alloy occurs according to the viscous transcrystalline mechanism (Figure 7d),
due to the refinement of the alloy microstructure, which made it possible to avoid the
brittle fracturing of the alloy along the grain boundaries that contain agglomerates of
tungsten nanoparticles.
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Figure 7. SEM images of the Al-Mg alloy fracture surface: (a) Al-5Mg, (b) Al-5Mg-0.3W, (c) Al-5Mg-
0.5W, and (d) Al-5Mg-0.8W.

4. Conclusions

It has been established that the introduction of 0.8 wt.% W nanoparticles makes it
possible to reduce the average grain size of the Al-5Mg alloy from 180 to 95 pm due to the
formation of the Al;;W intermetallic phase. With the introduction of less than 0.8 wt.% of
W nanoparticles in the Al-5Mg alloy, the average grain size decreases from 180 to 149 um,
due to the inhibition of crystal growth during melt cooling.

The introduction of 0.8 wt.% W nanoparticles has increased the alloy hardness and
microhardness from 57 to 75 HB and from 67 to 81 HV, respectively, the yield strength from
80 to 91 MPa, the ultimate tensile strength from 155 to 194 MPa, and the ductility from
5.2 t0 10.3%. Using the data calculated, it has been shown that the dominant mechanisms
for increasing the mechanical properties of the alloy are the Orowan mechanism and
Hall-Petch law.

The introduction of up to 0.3 wt.% W nanoparticles does not lead to a significant change
in the fracture surface of the alloy, but an increase to 0.5 wt.% leads to the implementation of
a ductile-brittle mechanism. The refinement of the microstructure of the Al-5Mg alloy with
the introduction of 0.8 wt.% W nanoparticles makes it possible to avoid brittle fractures
along the grain boundaries that contain agglomerates of W nanoparticles.
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