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Abstract: This paper examines dispersion hardened alloys based on commercial-purity aluminum
obtained by permanent mold casting with the addition of aluminum oxide nanoparticles. Ultrasonic
treatment provides a synthesis of non-porous materials and a homogeneous distribution of
strengthening particles in the bulk material, thereby increasing the mechanical properties of pure
aluminum. It is shown that the increase in the alloy hardness, yield stress, ultimate tensile strength,
and lower plasticity depend on the average grain size and a greater amount of nanoparticles in
the alloy.
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1. Introduction

The development of aerospace and automotive industries is accompanied by increased
requirements for the materials applied, in particular, high specific strength, workability, and low
cost [1,2]. Conventional aluminum alloys do not fully meet these requirements. For example, zirconium-
and scandium-containing alloys currently used in industry possess the appropriate level of mechanical
properties but are rather expensive [3-5]. Consequently, new, lightweight metal-based materials with
the required properties are being intensively developed.

The use of metal matrix composites seems to be relevant [1,6,7] because the mechanical properties
of such composites can be improved by the addition of high-melting particles, including ceramic
nanoparticles [8-13]. There are different methods of manufacturing such materials, but casting
technologies are the most universal and efficient [14,15]. At the same time, the production of composite
materials using casting technology is connected with a spectrum of problems concerning particle
agglomeration and flotation due to low wettability with melt [16-19]. As a result, the composite density
lowers, and the structure becomes non-homogeneous, leading to a decrease in the mechanical properties
of the material. This problem can be solved by several methods, namely the coating deposition onto
particles to enhance wettability [20], the addition of a master alloy, and the exposure of molten metal to
external effects. One such effect is the ultrasonic melt treatment. As is known, the ultrasonic treatment
provides melt degassing and also allows the introduction and distribution of nanoparticles owing to
their wettability and deagglomeration. These uniformly distributed nanoparticles promote structural
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refinement and harden the material. Structural refinement occurs due to the melt overcooling around
the introduced particles on which grains start to grow. Dispersion hardening is achieved by the
particle’s ability to resist dislocation motion during deformation. This requires additional energy to
overcome these barriers.

In most publications focused on the investigation of the nanoparticle effect on the structure and
properties of aluminum, a small amount (not over 0.5 wt.%) of additives was used alongside base alloys
with complex chemical compositions. For example, Vorozhtsov et al. [21] introduced non-metallic
nanoparticles via an A356 aluminum alloy. This allowed them to significantly increase the yield stress,
ultimate tensile strength, and plasticity of the alloy. The difference in the thermal-expansion coefficients
of the matrix and nanoparticles made the most important contribution to the improvement of the
mechanical properties of the alloy. At the same time, the presence of other elements in alloys prevents
one from fully appreciating the contribution of nanoparticles in matrix deformation and failure.

The aim of this work is to explore the influence of different amounts of aluminum oxide (Al;O3)
nanoparticles on the structure and mechanical properties of pure aluminum.

2. Materials

2.1. Preparation of Nanoparticles

Al,O3 nanoparticles were used in this experiment as a hardener. They were obtained by the
electrical explosion of wire [22]. The structure, particle distribution histogram, and phase composition
of the initial Al,O3 nanoparticles are shown in Figure 1.

Al,O3 nanoparticles and aluminum powder (20 pm) were mixed with the addition of 200 mL
petroleum ether and 1.5 wt.% octadecanoic acid as a superficially active substance to provide
deagglomeration and homogeneous distribution of the nanoparticles. After 20 min of mixing, the powder
composition was air-dried and then sifted. The powder composition was wrapped in foil to achieve a
cylindrical package. The prepared powder mixture was then introduced to the melt.
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Figure 1. TEM image of the structure (a), particle distribution histogram (b), and powder X-ray
diffraction [22] (c) of the Al;O3 nanoparticles.

2.2. Alloy Casting

The 1100 aluminum alloy (99.0 wt.% Al, 0.8 wt.% Si, 0.04 wt.% Mg) castings were prepared in
a laboratory-scale melter with the addition of master alloy containing ceramic Al,O3 nanoparticles.
The ultrasonic treatment (UST) for 2 min, and the addition of the master alloy was carried out
simultaneously at 730 °C. The aluminum alloy melt was prepared at 1003 K in an electric furnace, in a
clay graphite crucible. The permanent mold casting in a 100 X 150 x 10 mm? steel die was then used to
obtain the cast products. Prior to experimental research, the cast products were annealed at 300 °C for
one hour. Alloys with nanoparticles of aluminum oxide were also obtained without using ultrasonic
treatment (no UST).

3. Methods

The electron backscatter diffraction (EBSD) technique for a Tescan Vega II LMU scanning electron
microscope (SEM) (TESCAN ORSAY HOLDING, Brno, Czech Republic) was used to study the grain
structure and orientation of the alloy surface. The surface was prepared by mechanical polishing and
ion milling on a SEMPrep2 multifunction device (Technoorg Linda Co. Ltd., Budapest, Hungary). The
EBSD analysis of the obtained data was performed via HKL Channel 5 software (Oxford Instruments,
High Wycombe, UK).

In accordance with the ASTM E-8M-08 standard, the plate-like samples had 25 mm gauge length,
2 mm thickness, 6 mm width, and 14 mm spherical radius and were obtained via electrical discharge
machining. The samples were used for uniaxial tension testing on an Instron 3369 Dual Column
Tabletop Testing System (Instron European Headquarters, HighWycombe, UK) conducted at 24 °C
with a 0.001 s™! strain rate.

The Brinell hardness test method was used to determine the Brinell hardness, as defined in the
ASTM E103 standard, using a wide sample surface in different places. For hardness measurements,
a Duramin 500 (Struers GmbH, Ballerup, Denmark) hardness tester was used. Measurements were
carried out at a 2500 N indentation load over 30 s. More than 20 measurements were performed
for each sample. The sample surface was prepared in accordance with the standard procedures for
abrasive machining.

4. Experimental Results

The grain structure and the grain size distribution in the studied alloys are illustrated in Figure 2.
The average grain size of the initial Al 1100 alloy is 200 pm. The grain size of 112 and 69 um belongs to
the dispersion-hardened alloys with 0.5 and 1 wt.% Al,O3, respectively.
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Figure 2. EBSD images of the structure and block diagrams of the grain size distribution in the alloy
samples: (a) initial state, (b) 0.5 wt.% Al,O3, (c) 1 wt.% AlyOs. dg is the grain size, and N/n is the ratio
between the number of measurements and the number of grains of a certain size.

The results of the Brinell hardness tests are shown in Figure 3.

As can be seen from Figure 3, the Brinell hardness increases with an increasing content of hardening
nanoparticles and decreasing average grain size. Its maximum value of 21.7 HBW is observed after
the addition of 1 wt.% Al,O3. The increased content of 1.5 wt.% Al,O3 does not change the alloy
hardness. The addition of 0.1 wt.% Al,O3; without ultrasonic treatment produces an insignificant
hardness increase from 18.5 to 19.6 HBW. A further increase in Al,O3 content lowers the alloy hardness
because the nanoparticle distribution in aluminum cannot be reached without ultrasonic treatment.

The stress—strain curves resulting from the uniaxial tensile tests are presented in Figure 4.
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Figure 3. The dependence between the Brinell hardness and Al;O3 content in the 1100 aluminum alloy.
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Figure 4. Stress—strain curves obtained for the tensile test samples from investigated alloys: Al 1100:
Initial state; Al 1100/0.5 wt.% Al,O3; Al 1100/1 wt.% Al,Os.

Table 1 presents the mechanical properties of aluminum alloys with different amounts of Al,O3
nanoparticles. According to this table, when the content of Al,O3 nanoparticles increased to 1 wt.%,
the yield stress (YS) and the ultimate tensile strength (UTS) grew from 12 to 27 MPa and from 48.75 to
79.1 MPa, respectively. The growth of YS and UTS led the plasticity to reduce from 45% to 34.4%.

Table 1. Mechanical properties of the investigated alloys.

Alloy Composition P X 103, g/mm3 YS, MPa UTS, MPa Emax, Yo Brinell Hardness

Initial state 2.68 12.08 48.75 45 19.36
0.5 wt.% Al,O3 2.66 16.36 58.85 41.8 20.08
1 wt.% Al,O3 2.69 27.40 79.10 344 21.73

Figure 5 shows the yield stress (YS) and the ultimate tensile stress (UTS), which are dependent on
the concentration of Al,O3 nanoparticles in the 1100 aluminum alloy.

As shown in Figure 5, the addition of Al,O3; nanoparticles with ultrasonic treatment in the
amount of 0.1 wt.% significantly increased both the yield stress and the ultimate tensile stress. Al,O3
nanoparticles introduced in an amount over 0.1 wt.% decreases the yield stress. The ultimate tensile
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stress is the same. The addition of Al,O3 nanoparticles without ultrasonic treatment does not allow
enhancement of the mechanical properties of the alloy. One can see the reduction in the yield stress
from 8 to 4 MPa, the ultimate tensile stress from 35 to 16 MPa, and the plasticity from 35% to 5%.
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Figure 5. The dependencies of (a) the yield stress (YS) and (b) the ultimate tensile stress (UTS)
depending on the Al,O3 nanoparticle concentration in the 1100 aluminum alloy.

5. Discussion

The investigation results of the alloy microstructure show that the presence of Al,O3 nanoparticles
in the melt affects the grain size. This is because the melt-nanoparticle system is in a low-stability state.
Therefore, any thermal effects on the grain nucleation from inoculant particles modify the aggregate
state of the melt on their surface. As a result, the matrix starts to crystallize, and decreases the size of
the grain nucleus, thus forming a lower grain size. A homogeneous distribution of inoculant particles
in the melt provides the formation of a uniform structure in the bulk material.

The significant improvement of the mechanical properties of pure aluminum can be explained
by the influence of four hardening mechanisms: The Hall-Petch relationship, Orowan strengthening,
the particle-to-matrix load transfer, and the material hardening owing to the difference between the
thermal-expansion coefficients of the particles and the aluminum matrix.

5.1. Hall-Petch Relationship

The contribution of grain refinement to the improvement of the mechanical properties of the
material can be calculated by the Hall-Petch relationship [23]:

1
ocr = k(D" =D?), )

where D and Dy are the grain size, and k;, is the Hall-Petch coefficient (~68 MPa).
In accordance with the Hall-Petch relationship, the addition of 0.5 and 1 wt.% Al,O3 enhances
the mechanical properties of pure aluminum by 2.4 and 3.7 MPa, respectively.

5.2. Orowan Strengthening

The Orowan strengthening mechanism implies the direct influence of homogeneously distributed
solid particles on precipitation hardening. These particles impede the smooth motion of dislocations
through the matrix over its slip planes. When the particle size is greater than 1 um, this effect can be
neglected [1]. The increase in precipitation hardening is in inverse proportion to the distance between
particles. Thus, the smaller the particles, the stronger the hardening. The latter can be achieved
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in an inverse proportion to the volume fraction of particles. The contribution of Orowan [24,25]
strengthening to the mechanical properties of the alloy can be obtained from

0.13bG,, . 4
OOR = T’”mz—z )

where A is the geometry of the distance between particles. This value is calculated as

A—dp((ﬁ)E}—l) €)

where b is the Burgers vector, G, is the shear modulus, d, is the mean diameter of nanoparticles, and
V) is the volume fraction of the particles.

In accordance with Orowan strengthening, the addition of 0.5 and 1 wt.% Al,O3 allows us to
improve the mechanical properties of pure aluminum, respectively, by 19.7 and 36.4 MPa.

5.3. Particle-to-Matrix Load Transfer

The particle-to-matrix load transfer is caused by the direct particle contribution to the hardening
process. This particle contribution depends on the amount in the alloy and can be written as [16]

Oload = 0.5Vp0m, 4)

where V), is the volume fraction of Al;O3 nanoparticles, and oy, is the yield stress of the matrix alloy
(12 MPa).
The calculated load transfer is 2.16 and 4.32 MPa for 0.5 and 1 wt.% Al O3, respectively.

5.4. Difference between the Thermal-Expansion Coefficients of the Particles and Aluminum Matrix

When the alloy temperature drops to room temperature, volume inconsistency between the
matrix and strengthening particles can be produced by the difference between their thermal-expansion
coefficients. This subsequently leads to the formation of dislocations around the strengthening particles.
The length of the generated dislocation loop is determined by the value of 7d}, (d;, is the particle size).
Material hardening due to the difference in thermal-expansion coefficients can then be evaluated as [16]
12(am — ap) ATV, 2

AO'CTE = ﬁGb( bdp(l — VP) ) (5)

where § is the constant (~1.25), a,, is the thermal-expansion coefficient of the Al matrix (23 x 107°
1/K), «y is the thermal-expansion coefficient of the strengthening particles (7 x 107 1/K), and AT is the
difference between the synthesis (725 °C) and room (25 °C) temperatures. The value of dp, is used here
as an average distance between the particles (~1.8 um) calculated for the alloy sample with 1 wt.%
Al,Os. This is shown in Figure 6.

G =05E,/(1+9) (6)

where E;; is the Young’s modulus for aluminum (70 GPa), v is the Poisson ratio (0.33), and b is the
Burgers vector (0.286 nm). The difference in the thermal-expansion coefficients calculated for the
alloy sample with 1 wt.% Al,O3 is 20 MPa. Based on the results obtained, it can be concluded that
in introducing Al,O3 nanoparticles to pure aluminum, the Orowan strengthening and the difference
in a uniform thermal-expansion coefficients of the matrix and the particles dominate among other
indicated mechanisms of precipitation hardening.

For pure aluminum, the picture is observed when the introduction of nonmetallic inclusions
increases the yield strength, tensile strength, and decreases the plasticity, which corresponds to the
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results presented in [2,14,26,27]. Moreover, the introduction of nanoparticles, including aluminum
oxide, into aluminum alloys can lead to a simultaneous increase in plasticity [21,28-30]. All this
indicates that the alloying elements contained in aluminum alloys significantly change the deformation
process. Nanoparticles can lead to atypical dependences of changes in mechanical properties alloys
but not pure metals. In the future, it will be necessary to consider the contribution of alloying elements
and nanoparticles to the formation of the mechanical properties of the alloy.

Figure 6. SEM image of the alloy sample with 1 wt.% Al,Oj3.

6. Conclusions

This work has clearly shown that the addition of Al,O3 nanoparticles to commercial-purity
aluminum promoted its structural refinement and reduced the average grain size from 200 to 69 pm.

This grain refinement and the addition of Al,O3 nanoparticles allowed us to increase the alloy
hardness from 19.36 to 21.73 HBW), the yield stress from 12.08 to 27.4 MPa, and the ultimate tensile
strength from 48.75 to 79.1 MPa. It was shown that the mechanical properties of pure aluminum
depend mostly on two hardening mechanisms: The Orowan strengthening and the difference in
thermal-expansion coefficients of the matrix and the particles. The contribution of these two mechanisms
to precipitation hardening of the alloy sample with 1 wt.% Al,O3; was 36 and 20 MPa, respectively.
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