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Abstract

This paper describes the influence of deformation by equal-channel angular
pressing (ECAP) on the solid particle erosion resistance of the AlSi7Mg0.3 alloy and
AlSi7Mg0.3 based composite material reinforced with the addition of 4 % of fly ash (FA)
particles. Both, alloy and composite samples were produced using the compo-casting
method. The samples have been subjected to ECAP in multiple passes with the rotation
of samples around the vertical axis for the angle of 90° after each pass. Particles of silicon
carbide (SiC) have been used as erodent while their impact angle was varied (30° and
90°). Observed samples of AlSi7Mg0.3 alloy generally showed higher wear resistance at
90° angle where material fatigue predominates, than at a 30° angle where abrasion-related
phenomena predominate. On the other hand, AISi7Mg0.3 based composite material
exhibited erosion wear at 30° angle less than at 90° angle after one ECAP pass. Evaluation
of the erosion resistance has been made based on mass and volume loss. After two passes
of ECAP, the matrix structure of the AlSi7Mg0.3 based composite material, as well as
that of the AISi7Mg0.3 alloy was improved from the aspect of erosion resistance.

Keywords: Erosion resistance; Al alloy; Al matrix composite; Fly ash; Equal-
channel angular pressing.

Introduction
In the production of composites based on aluminum and its alloys, fly ash (FA)
can be used as reinforcement. The fly ash is generated as a side-product of coal
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combustion in thermal power plants and collected in flue gas filters. FA is a lower density
material presenting a non-homogeneous mixture of metallic oxides in the form of filled
and hollow spherical particles with a diameter between 1 and 120 microns. FA
composition depends mostly on the type and origin of the coal burned in the thermal
power plant and the mode of operation of the thermal power plant. About 370 million
tons of FA are produced annually globally [1] and its disposal represents a serious
ecological problem [1-4]. Previous studies [5-10] have shown that by using FA as a
reinforcement in the matrix based on aluminum and its alloys, a composite with lower
density with properties same or better than the base material can be obtained. Properties
of such composite materials can be further improved by applying a plastic deformation
treatment process [11-13]. One of the insufficiently researched processes is equal-channel
angular pressing - ECAP. In this process, the material is pressed through an L-shaped
angular channel where it is exposed to intensive plastic deformation resulting in changes
in the material structure. The research shows an improvement to the properties of the
pressed material: increase in strength, hardness and wear resistance [11, 12].

Erosion can be defined as the wear of the material due to the impact of solid
particles on its surface. This phenomenon represents serious engineering problems, for
example in the pipelines, hydraulic and pneumatic systems, aircraft components,
pneumatic transport, and similar. Many influencing factors in the process of solid particle
erosion have been recognized, such as size, shape, and hardness of the solid particles,
their velocity and impact angle, as well as properties of the tested material. Many studies
have shown that alternation in the impact angle changes the dominant wear mechanism.
At smaller impact angles (30°) abrasion appears as the dominant wear mechanism, while
at higher impact angles (90°) the dominant mechanism is surface fatigue. Different
behaviors have been noted at ductile and brittle materials. Ductile materials have better
resistance at higher impact angles while this is the opposite at brittle materials [14-21].

Due to all given above, the analysis of solid particle erosion is an important subject
of research in the development of new composite materials. This paper describes the
methods and results of solid particle erosion resistance of the composite based on
AlSi7Mg0.3 and 4% of FA and compares them to the AISi7Mg0.3 alloy. To improve the
properties of the material ECAP of individual AlSi7Mg0.3 alloy and AlSi7Mg0.3 based
composite samples has been performed and obtained results of erosion resistance tests
have been shown and discussed.

Experimental work

Materials and methods

For the research purposes composite based on Al alloy (AlSi7Mg0.3) reinforced
with 4% of FA has been cast using the compo-casting method [20, 21]. The chemical
composition of the alloy has been listed in Table 1. This alloy, by its classification and
properties, is meant to be used for casting, but during testing, it has also shown itself to
be suitable for ECAP.

The FA originates from the Thermal power plant Kolubara, Serbia. FA phase
composition has been determined by the X-ray diffraction analysis - XRD. It has shown
that the FA belongs to class F, and its composition is dominated by oxides: Al,O3, SiOa,
Fe,03, and others [7, 8].
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Table 1. Chemical composition of the AlSi7Mg0.3 alloy

Chemical element Al Si Fe Cu Mn Mg Zn Ti Sr

Fraction, wt%  matrix 79 0.11 <0.01 <0.01 0.37 0.01 0.12 0.056

Equal-channel angular pressing (ECAP)
From the casted ingot, samples with dimensions 12 x 12 x 120 mm have been cut
and subjected to ECAP in the squared section tool, shown in Figure 1.

Fig. 1. ECAP tool, on the left - process scheme, on the right - used tool.

Samples have been subjected to multiple passes of ECAP with rotation around the
vertical axis for the angle of 90° after each pass. According to the literature [11, 12], this
route, Bc, showed the best results for the improvement of the material properties by
ECAP. Samples have been pressed on the hydraulic press "HYDRAUMA" with the rated
force of 40 kN, velocity below 0.2 m/s, and constant pressure. To reduce friction,
molybdenum-disulfide was used as a lubricant.

Erosion test

Sample surfaces exposed to solid particle erosion of silicon carbide have been
previously ground and polished. The equipment used for the erosion test is shown in
Figure 2. The stream of solid particles falls freely while being encountered by samples
that rotate at a velocity of 1440 revolutions per minute. The tested surface of each sample
has been subjected to erosion for 13 minutes and 53 seconds, which equals a number of
20 000 impacts. During the test, the impact angle of particles to the sample surface has
varied: 90° and 30°. The dominant wear mechanism is influenced by the change of the
impact angle. At a 90° angle the dominant wear mechanism is surface fatigue, while at a
30° angle the dominant wear mechanism is abrasion [14].
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Fig. 2. The equipment used for erosion test.

Images of the microstructure have been recorded with the light microscope
Olympus GX51F-5 with a magnification of 100x. Samples of composite with different
impact angles and different deformation degrees have been subjected to scanning electron
microscope - SEM analysis. The morphology of FA particles was analyzed by SEM JEOL
5800LV.

Results and discussion

Figure 3. shows the morphology of FA used at composite casting. The spherical
shapes that are characteristic of FA are visible in these images. Before usage, FA has been
sieved, and particles whose diameter is smaller than 45 microns have been used to
reinforce the composite. Some FA analyses are listed in the previously published paper
[7], and detailed analyses of the FA from Serbia can be found in the literature [22-24].
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Fig. 3. SEM images of FA particles.

The structure of casted and pressed samples of the AISi7Mg0.3 alloy and
AlSi7Mg0.3 based composite with 4% of FA is shown in Figure 4. Dendritic structure,
common for casted alloys, is observed in Figure 4 where lighter areas represent the
primary o—Al phase and darker areas represent the eutectic. The eutectic in Al-Si alloys
is a mixture of primary o—Al phase and needle-like silicon (o+Si). After one ECAP pass
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(Figure 4.a;), several crystal-shaped darker areas were observed. This sample was thus
subjected to SEM-EDS analysis which determined that these darker areas belong to areas
rich in Si (Figure 5). Given that Al is poorly soluble in Si, in Al-Si alloys pure Si appears
as the other phase. Therefore, these Si crystals are probably generated during alloy
solidification. The observed morphology of the base alloy matches with literature data [8,
25].
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Fig. 4. The microstructure of material: a) AlSi7Mg0.3 alloy, b) AlSi7Mg0.3 based
composite with 4% of FA. The subscripts represent the number of ECAP passes as zero
ECAP passes (0), after one ECAP pass (1), after two ECAP passes (2).

The darker areas of FA agglomerate are visible in the AlSi7Mg0.3 based composite
(Figures 4.b). The FA is well bonded to the composite structure, where no fractures, voids
or pores have been noticed within the observed section. After each pass of ECAP due to
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the intensive plastic deformation, the dendrite cast structure collapses in both the
AlSi7Mg0.3 alloy and AlISi7Mg0.3 based composite reinforced with 4% FA. The shape
and dimensions of the grains in both materials are changed and the direction of
deformation is visible. As every change in the microstructure influences material
properties, it is expected that the properties will change regarding the originally casted
alloy or composite. Figures 4.a; and 4.b; show samples after one ECAP pass and Figures
4.3, and 4.b, show samples after two ECAP passes. After two consecutive passes the
structure becomes more homogeneous and additional grain reduction is observed. Within
the AISi7Mg0.3 based composite, the FA particles are additionally distributed inside the
matrix after each pass of ECAP, which is shown in Figures 4.b; and 4.h,.
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Fig. 5. SEM-EDS analysis of the AlISi7Mg0.3 alloy after one ECAP pass.
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To assess the materials’ erosion wear, the mass of the samples was measured on
an analytical balance before and after the erosion. Due to different density values of the
base alloy and composite, sample mass loss (Am) has been calculated as volume loss (AV)
by the expression:

AV =2 1
p

Where p-density [8]:

- alloy pL=2.67 g/cm?,

- fly ash pra=2.103 glcm?,

- composite pr=2.64 g/lcm?,

The density of the composite is calculated by the inverse rule of the mixing:

PK PL PFA

1 wy, w
==Ly FA 2

where:
W =0.96 - mass fraction of alloy,
Wea=0.04 - mass fraction of FA.

Obtained results of the erosion test on the AISi7Mg0.3 alloy and AlSi7Mg0.3
based composite reinforced with 4% FA are shown in Table 2 and Figure 6. It can be
noticed that within the same test parameters wear of the AISi7Mg0.3 based composite
reinforced with 4% FA is greater than that of the AISi7Mg0.3 alloy. Mass and volume
loss at most of the samples was greater with the impact angle of the erodent at 30° than
at 90°. Accordingly, it can be concluded that the dominant wear mechanism is the one
where abrasion occurrences prevail. However, the AISi7Mg0.3 based composite
reinforced with 4% FA shows greater wear losses at an impact angle of 90°.

Table 2. The erosion test results of the AISi7Mg0.3 alloy (a) and the AlSi7Mg0.3 based
composite reinforced with 4% FA (b).

Sample Am [mg] AV [*10% cm?]
FA[%] 90° 30° 90° 30°
0 ECAP passes a O 0.50 143 0.19 0.54
bo 4 0.80 2.83 0.30 1.07
aa O 0.83 117 0.31 0.44
1 ECAP pass
b 4 3.83 3.03 1.45 1.15
a 0 0.27 0.83 0.10 0.31

2 ECAP passes
b, 4 0.97 1.10 0.37 0.42
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According to Figure 6, the greatest solid particle erosion resistance is shown in
samples of the AISi7MgO0.3 alloy (labeled as an alloy) after two ECAP passes compared
to AlSi7Mg0.3 based composite reinforced with 4% FA (labeled as composite). Figure
6.a) illustrates results for the erosion impact angle of 90°, where it can be noticed that
samples of both materials after one ECAP pass, show greater wear than the cast and twice
deformed material.
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Fig. 6. Volume loss relative to the number of ECAP passes for the impact angle of
a) 90° and b) 30°. Samples of the AISi7Mg0.3 alloy are labeled as alloy while the
samples of AlSi7Mg0.3 based composite reinforced with 4% FA are labeled as
composite.

Erosion wear of the AlSi7Mg0.3 alloy at an impact angle of 30° is reduced after
each ECAP pass, as shown in Figure 6.b). It can be noticed that the resistance of the
AlSi7Mg0.3 based composite reinforced with 4% FA is increased after two ECAP passes.
For a better understanding of the gained results samples have been subjected to SEM
analysis.

The eroded surface of the sample after one ECAP pass and after being submitted
to the erosion test with the impact angle of 90° is shown in Figure 7, where the greatest
material loss has been measured.



M. Musli¢ et al.- Solid particle erosion resistance of Al alloy and Al alloy-fly ash ... 23

[ Nk

COE Y b R % . P - . % .
SEM MAG: 1.11 SEM MAG: 1.71 kx DET: SE Detector
HY: 10.0 kv DATE: 1172918 50 um Vega@Tescan HY. 10.0KkY DATE: 11/29/19 20um Vega @Tescan
VAC: HiVac Device: TS5136MM Digital Microscopy Imaging  VAC: HiVac Device: TS5136MM Digital Microscopy Imaging
Laboratory for materialography Laboratory for materialography
Faculty of Mechanical Engineering, Uni of Zagreb, Croatia Faculty of Mechanical Engineering, Uni of Zagreb, Croatia

Fig. 7. The surface of the AISi7Mg0.3 based composite reinforced with 4% FA after one
ECAP pass and erosion test at 90° impact angle.

Figure 7. shows particles of FA that are well incorporated into the AlSi7Mg0.3
matrix, however, surface irregularities are observed as well. Some voids, that apparently
originate by the “falling out” of smaller particles of FA and/or matrix particles, can be
seen. Considering that erosion wear at a 90° angle was also increased in the alloy after
one ECAP pass, it can be concluded that bonds between crystal grains have been
weakened due to intensive plastic deformation. Passing through the ECAP channel the
material changes direction flow and plastic deformation shear forces are severe. In the
shear planes, microfractures may occur as well as residual stress, which weakens the
bonds inside the crystal structure. Due to the large impact angle of the eroding particles,
the dominant wear mechanism is surface fatigue which at the end leads to the fallout of
the weakened particles from their place. The same sample of composite shows smaller
erosion wear at a 30° angle than at a 90° where the fine FA particles were resisting the
abrasive impact of SiC.

Figure 8. shows the surface of the AlISi7Mg0.3 based composite reinforced with
4% FA after 2 ECAP passes eroded at a 30° impact angle. After the second ECAP pass,
the observed composite structure is more homogenous with a fine distribution of FA
particles and with less expressed surface inequalities compared to Figure 7. When rotating
the material around the vertical axis before the second ECAP pass a change of the shear
planes occurs and the microstructure becomes finer and more compact. Cracks disappear
and the material shows better erosion resistance.
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Fig. 8. The surface of the AlSi7Mg0.3 based composite reinforced with 4% FA after the
second ECAP pass and erosion test at a 30° impact angle.

Conclusions

Based on the conducted experimental research the following can be concluded:

— the composite material based on AISi7Mg0.3 alloy with FA as the
reinforcement, that is suitable for ECAP can be produced by compo-casting,

— multiple ECAP passes can improve the microstructure and the solid particle
erosion resistance of the examined materials,

— the tested materials generally show higher wear resistance at a 90° angle where
material fatigue predominates, than at a 30° angle where abrasion-related
phenomena predominate,

— the exception was an AlSi7Mg0.3 based composite reinforced with 4% FA
material in which the erosion wear at 30° angle was less than at 90° angle after
one ECAP pass,
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— the SEM analysis showed changes in the microstructure corresponding to the
"falling out" of particles from the observed composite sample’s surface
subjected to one ECAP pass, after two passes of ECAP, SEM analysis showed
an improvement in the structure of the AlSi7Mg0.3 based composite reinforced
with 4% FA, where FA particles are well integrated into the matrix, and further
investigation of the described composite to replace the base alloy is justified.
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