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Abstract

The aim of this study is to develop a novel class of alloy material using spray forming process,
which is a rapid solidification process that produces refined, equiaxed microstructures with low
segregation. In the present study, the effects of adding Ni and Cu on the dry sliding wear
behavior of the spray formed Al-15Si alloy at different elevated temperatures were investigated
and compared with the cast Al-15Si alloy. Al-15Si and Al-15Si-4Ni-2Cu alloys were prepared
by spray forming and conventional casting methods. The microstructure of the alloys was
examined using optical and scanning electron microscopy (SEM) and energy dispersive X-rays.
The hardness was measured using a Vickers hardness tester. Dry sliding wear tests at room
temperature, 25°C, 100°C, 200°C, and 300°C were performed on a pin-on-disc tribometer at
different loads (10, 20, 30, 40, 50 N) and a sliding velocity of 1.0 m/s. The microstructure of the
spray-formed Al-15Si-4Ni-2Cu alloy show fine, spherical form of primary Si, eutectic Si phases
and fine dispersion of intermetallic particles. The spray-formed alloys display higher hardness
values compared to the cast alloys and the spray formed Al-15Si-4Ni-2Cu alloy show a hardness
almost 24% higher than the spray formed binary alloy. Lower wear rate and coefficient of
friction were obtained in the Al-15Si-4Ni-2Cu alloy at all the normal loads and elevated
temperatures. The spray formed alloys emerge as a better wear resistant material than the cast
alloys at elevated temperatures. Although oxidative, abrasive and delamination wear
mechanisms were found in the alloys manufactured by both the technique but severe plastic

deformation was observed only in the cast alloys.

Keywords

Al-Si-Ni-Cu alloy, Spray-forming, Microstructure, Intermetallic, Sliding wear, Coefficient of

friction.
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1. Introduction

Hypereutectic Al-Si alloy is one of the most commonly used materials in automotive and
aerospace applications. Due to its outstanding properties such as low weight, oxidation and
corrosion resistance, machinability as well as high damping capacity. Properties of the Si
enhanced Al-Si alloy include low coefficient of thermal expansion, low density, high rigidity,
hot tear strength and improved mold feeding properties. Increased Si in the Al-Si alloy results in
improved castability, and melt flow ability [1]. The size, shape and distribution of hard Si
particles have a significant impact on the wear behavior of hypereutectic Al-Si alloys [2]. Most
hypoeutectic and eutectic Al-Si cast alloys are designed for optimal performance at temperatures
below 250°C and are rarely used in practice (above 250°C) [3]. Poor mechanical and wear
properties are driven by coarse Si phases at high temperatures, unstable strengthening
mechanisms, incompatible lattices in the Al solid solution, and a large mismatch in lattice
coherence [4]. Superior materials will play an increasingly important role in the development of

advanced engineering techniques.

Multicomponent Al-Si alloys are widely used as piston materials, and demands for high
performance of these alloys have increased. Improving the properties of Al-Si alloys, particularly
at high temperatures, has drawn much attention to the addition of transition metals to improve
the properties of the Al-Si alloy. Iron, manganese, nickel, copper and magnesium can be
beneficial in improving the thermal stability of the Al-Si alloy. However, most of the alloying
elements have low solid solubility in Al except Mg and Cu. During casting of an aluminum
alloy, equilibrium and non-equilibrium processes lead to the formation of a variety of
intermetallic phases with intricate morphologies. These intermetallic compounds have the
chemical formulae Mg>Si, Al,Cu, Al3Ni, Al3CuNi, and Al;CusNi, Al,CuMg [5]. In recent years,
numerous investigations have been carried out to investigate the influence of different alloying
elements on the hardness and wear resistance of Al alloys [6]. According to previous studies [7-
8], nickel is the most effective component for improving the elevated temperature properties of
the Al-Si alloys. Yamanoglu et al. [8] studied the microstructure and the wear behavior of pure
Al alloy with the addition of Ni. It was observed that wear resistance increased with increasing
Ni content of up to 3.0 wt. % and inclined to decrease at 4 wt.% Ni. Das et al. [9] reported that
the addition of 1.0 wt.% Cu to an Al-Si alloy increased wear resistance through protective
surface layer strength and stability, which in turn increases the transition load from light wear to
heavy wear by 3 to 4 times. However, the addition of more than 2 wt.% Cu did not affect the
transient load and wear resistance of the hypereutectic Al-Si alloys [10]. According to Li et al.

[11] the presence of Al3Ni, AI3CuNi and Al;CusNi phases has a much higher contribution to the
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properties of the Al-Si-Cu-Ni alloy at elevated temperatures due to their better thermal stability.
Dwivedi [12] reported that the addition of Cu, Ni and Mg elements increases the hardness and
the adhesive wear resistance of the cast Al-Si alloy. According to Jeong et al. [13], the eutectic
A-Si alloy showed finer microstructure and more uniform precipitation with increasing Cu and

Ni concentrations.

Funda et al. [14] studied wear behavior of Al-Ni alloys and found that increasing the Ni content
up to 3.0 wt. % reduces the wear rate of the alloy. However, further increasing the Ni content
increases the wear rate. Farag et al. [15] studied the mechanical and tribological properties of Al-
Si-Ni alloys. It was concluded that the improvement in hardness and wear resistance is attributed
to the presence of the hard primary Si phase, eutectic phase and the Al3Ni intermetallic phase in
the Al-Si-Ni alloy. The hard AI3Ni intermetallic phase modifies the microstructure and reduces
the spacing between flakes in Si and is believed to improve the wear resistance of Al-Si-Ni
alloys. According to Yang et al. [16], increasing the Cu content in the Al-Si-Cu-Ni alloy leads to
a change in the morphologies of Ni-rich intermetallic compounds from short strip-like to net-like
and then to an annular or semi-annular shape, which has a significant impact on the mechanical
properties of the alloy. Kaya et al. [17] reported that the addition of 2 wt. % Ni to the Al-12.6Si1
alloy results in a finer Si phase with reduced spacing between the lamellae and modified
microstructure properties, resulting in an improvement in hardness. Badr et al. [18] investigated
microstructure and tribological properties of Al0.1Mg-0.35Ni based alloys. It was observed that
the alloy’s wear resistance increases with an increase in Si content and the presence of AI3Ni
phase. Samuel et al. [19] studied the microstructures and mechanical properties of Al-Cu-Si (-Ni)
alloys with conventional A319 alloy. It has been observed that the refined microstructure with
dispersed Ni intermetallic particles formed in the cast Al-Cu-Si-Ni alloys provides improved
elevated temperature properties. During conventional solidification processing routes, the
addition of transition elements leads to the formation of coarse intermetallic phases. To improve
mechanical and wear properties, the rapid solidification process is used to produce higher
alloyed compositions. The finer dispersion of intermetallic Ni particles would be required to

achieve the efficient strengthening of the Al-Si alloys [20].

Al-Si alloys alloyed with transition elements are produced using a rapid solidification processing
route that retains more solute elements in the solid solution, and the resulting supersaturated
solid solutions exhibit high thermal stability. Spray-forming is a process for producing rapidly
solidified alloys and composites directly from molten metal. In this process, micro-size droplets
are generated from a stream of molten metal atomization using an inert gas, and the droplets are

deposited onto a substrate. The rapid solidification effects in the spray deposition process due to
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the high heat exchange rate at the droplet-gas interface and also at the deposition surface ensure
significant chemical and microstructural homogeneity of the pre-form [21]. The sprayed
materials have fine, uniform and equiaxed microstructures; low micro segregation; high
solubility; and excellent workability. During the rapid solidification process, Al alloys containing
transition metals are expected to precipitate fine intermetallic compounds, resulting in high
strength and increased wear resistance at room and elevated temperatures. Upadhyaya et al. [22]
concluded that the superior wear properties of the spray-formed alloy are due to the reduced
spacing between the particles of the intermetallic phases and changes in the microstructure of the

eutectic phases.

Numerous research publications show that the addition of alloying elements Cu, Mg, Fe, etc.
affects the wear resistance of Al-Si cast alloys both at room temperature and at elevated
temperatures. Most of the previous studies on Ni-added Al alloys focused on the evaluation of
microstructure and mechanical properties. Limited information is available in the open literature
about the effect of the Ni content on the wear behavior of the hypereutectic Al-Si alloy with Cu
alloy addition. In order to reduce weight and increase efficiency in the automotive and aerospace
industries, rapid solidification in combination with the addition of alloying elements may
produce refined structural characteristics and outstanding wear qualities at high temperatures. In
this work, both Al-5Si and Al-15Si-4Ni-2Cu alloys were fabricated by a novel spray forming
methods to achieve a unique microstructure leading to significantly improved elevated-
temperature wear characteristics. The microstructure and wear behavior of spray formed alloys

were studied at room and elevated temperatures and compared to conventionally cast alloys.
2. Experimental procedures
2.1. Materials and casting procedure

As received (Fenfee Metallurgical, Bangalore) ingots of cast hypereutectic A-15 Si (AC1) and
Al-15Si1-4Ni-2Cu (AC2) alloys were remelted in an electric furnace (Make: SILICARB
Recrystallized (P) Ltd. Bangalore, India) and the super-heated molten metal poured into a
preheated steel die to produce cylindrical bars (Figure 1). The composition of the experimental

alloys was analyzed using an optical emission spectrometer and given in Table 1.
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Figure 1. Die cast Al-15Si-4Ni-2Cu alloy

Table 1. Chemical compositions of Al-15Si and Al-15Si-4Ni-2Cu alloys (wt.%)

Alloy (alloy name) Si Ni Cu Fe Mg Mn Al
Al-15Si (AC1) 15.02 | --- 0.02 0.05 ]0.001 0.001 Bal.
Al-15S8i-4Ni-2Cu (AC2) | 15.00 [4.01 |2.10 0.007 ]0.0011 - Bal.

The experimental set-up employed for the spray atomization and deposition process was used in
the present investigation is shown in Figure 2(a). Figure 2(b) shows the convergent-type free-fall
nozzle used in the present study. The atomization assembly consisted of a free-fall nozzle; a melt
feed tube and a nozzle heater. A melt delivery made up of a ceramic tube having a inner diameter
of 4 mm was inserted into the steel tube. The free-fall atomizer (nozzle) was attached to the other
end of the delivery pipe in such a way that the axis of the metal delivery pipe runs through the
geometric point of the atomizer. The concentric gas jets interacting with the liquid flow create
instability due to the shearing action of the gas flow and its relative velocity, which leads to the
disintegration of the liquid. The atomized fine droplets were deposited on a substrate held at a
predetermined distance from the nozzle. The droplet spray is deposited layer by layer on the
copper substrate and eventually builds up into a bell-shaped preform. The experimental set-up
consists of a melting unit, an atomization assembly, a gas supply assembly and a deposition
substrate. The melting unit consists of a melting furnace of 5 kg capacity and a maximum
temperature of 1250°C. The details of the spray-forming process parameters used in the present

study are listed in Table 2.
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Figure 2 (a). Experimental set-up of spray deposition process and (b) Convergent type free fall nozzle

[23].

Figures 3 shows the top view of the entire deposit as well as cross-sectional views after cutting

the deposit into two halves. It is observed that the centre of the deposit has the greatest thickness

. Spray

S

, Cu substare

and it decreases away from the centre.

Figure 3. Pre-form images of spray- formed alloys including top views of (a) of Al-15Si (b) Al-15Si-4Ni-

2Cu alloy and sectional views of (c) Al-15Si and (d) Al-15Si-4Ni-2Cu alloys

Table 2. Details of spray forming process parameters used in preparing alloy samples.

Process parameters

Al-15Si Alloy

Al-15Si-4Ni-2Cu alloy

Melting superheat temperature

825°C

950°C
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Atomizing gas Nitrogen Nitrogen
Gas pressure (Kg/cm?) 4.0 4.0
Atomizer-substrate distance (mm) 390 400
Melt flow rate (Kg/min) 2.45 2.5

2.2. Microstructural and hardness characterisation

Standard metallographic techniques were used to prepare samples for microstructural analyses.
The samples were sectioned to a convenient size and is mounted in a homogeneous liquid
mixture of resin and catalyst by the cold mounting method (Figure 4) to facilitate handling,
grinding, and polishing steps. The samples were polished on emery papers with 1/0, 2/0, 3/0 and
4/0 specifications. The micro polishing was carried out on a double-disc grinding and polishing
machine (Metatech DM-2T). Mirror polishing was carried out using Levi-Gated liquid alumina
on a velvet cloth, and diamond paste (0.5-2um) on a PSA-coated velvet cloth with Aero-spray.
The methanol washed polished samples were etched with Keller’s reagent (1% vol. hydrofluoric
acid, 15% vol. hydrochloric acid, 2.5%vol. nitric acid and water). Metallographic observations
were performed using an optical light microscope (ZYNAX and Clemex image analysis system)
and a field emission scanning electron microscope (SEM/EDS) (JEOL JSM-6480LV). The
chemical compositions of the constituent phases are examined using an energy dispersive X-ray
(EDX) and SEM was operated at an acceleration voltage of 10-30 kV. The Vickers hardness test
was carried out according to ASTM E384 standard. Digital Micro Vickers Hardness Tester
(Future Tech Japan: FM-310) was employed to evaluate the micro-hardness of the cast and
spray-formed alloys, where the experiments were conducted at an indentation load of 200g for a
dwell time of 15s. An indentation depth in each measured specimen was quantified using a
microscope. An average of six measurements taken from different locations on each specimen,
and the average value along with the standard deviation are reported as the ultimate hardness

value of the alloys.

. e e
RSN

Figure 4. Mounted samples for microstructure and microhardness (a) AC2 and (b) SF2 alloys
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Figure 5. Wear test pins (a) top end (b) wear end

2.3. Wear testing procedure

The cast and spray formed alloys specimen were machined into cylindrical pins of 60 mm % ®15
mm for conducting dry sliding wear tests (Figure 5) on a pin-on-disc testing machine (DUCOM-
Wear & Friction Monitor-TR-20LE) having a steel disk made of of EN-32 material at a sliding
velocity of 1.0 m/s (Disc speed- 160 rpm) and varying the normal loads of 10, 20, 30 and 40 N.
All the tests were carried out at room temperature and different elevated sliding temperatures
(100, 200 and 300°C) with a wear track diameter of 120 mm and sliding distance of 2000 m and
repeated three times. The test pin was heated by inserting the shank portion of the pin into the
hole surrounded by a heating element (Figure 6b) and temperature was measured using a
commercially available small chrome-alumel type thermocouple foil with a stainless steel sheath
of 0.25 mm outer diameter placed inside the hole made at the pin centre. After completion of
each wear test at different test conditions, wear samples were cleaned with acetone. Weight loss
of pin (AW) was calculated by measuring the difference in weight of a pin before and after each
test. The wear rate (WR) is calculated by using Equation 1.

(AW /density of alloy )
= m

(1)
SD m’/m

WR

Microstructural observation of the worn specimens was studied by using a scanning electron

microscope.

Figure 6. (a) Pin-on-Disc testing machine (b) specimen heating attachment.
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Figure 7 shows an example of data acquisition (from wear and friction monitor) of the SF2 alloy
at 1.0 m/s sliding velocity, temperature of 100°C and, SON applied load. It was observed that the
initially friction force and COF increased sharply for a sliding time of 400 seconds and then
reaching to a steady state regime. The increase in coefficient of friction is due to rough contact
surfaces between the pin sample and the steel disc. The ploughing action of hard primary Si and
intermetallic asperities on soft aluminium alloy surfaces contributes significantly to the higher
friction force and COF during the initial sliding period. Once an ideal contact is reached, the
COF or friction force shows steadt state value [24] .Moreover, it can be seen that the

temperature at the interface changes between 1 and 5 °C.
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Figure 7. Example data acquisition plot at room temperature during dry sliding wear of SF2 alloy at 10N
load, and 1.0 m/s sliding velocity

3. Results and Discussion
3.1. Microstructure

Figure 8(a) shows optical microscopic image of the ACI1 alloy, which consists of long
needle/acicular form of eutectic Si, and coarse blocks with sharp-edged primary Si particles non
uniformly dispersed in the dendrite Al matrix. The AC2 alloy (Figure 8b) consists of primary
coarse Si, a flake/acicular eutectic phase, Cu rich intermetallic in block-like form and a network
of the short strip, and the reticular form of Ni-rich intermetallic phases in the inter-dendrite
regions of the matrix. The primary Si particles having a size of 75+5 pum exist in the form of

block with sharp edges. A similar observation was also reported by Camarillo-Cisneros et al

10
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[25]. The microstructure of Al-15Si (SF1) alloy (Figure 8c) consists of fine, spherical primary Si
and eutectic Si phases evenly distributed throughout the Al matrix. The optical micrograph of the
Al-15Si-4Ni-2Cu (SF2) alloy (Figure 8d) shows the presence of fine, spherical primary Si and
eutectic Si phases and fine Ni-rich and Cu-rich intermetallic particles uniformly dispersed in the
equiaxed Al matrix. Primary Si particles are 25 + 1.7um in size and have an aspect ratio of 1.5 +

0.26 and intermetallic particle sizes are 10 + 1.2 pum with an aspect ratio of 7+1.3.

Figure 8. Optical microstructures of (a) ACI1, (b) AC2, (c) SF1 and (d) SF2 alloys

Figure 9 shows the SEM/EDS microstructures of the ACI1 alloy. It mainly consists of a-Al
dendrites, eutectic and primary phases. The primary Si phase exists in black color in the form of
a coarse block, the eutectic Si phase which is in (dark gray color) a long needle and light gray is

the a dendritic Al- matrix.

The chemical compositions of the phases are presented in Table 3. Figure 10 shows the SEM
micrograph of the AC2 alloy. It consists of a coarse primary Si phase, eutectic Si, Cu- rich and
Ni-rich intermetallic phases and a dendrite structure of Al matrix. From the EDS spectra (Figure
10b), the white phase (Spot 1) is identified as 6-Al>Cu intermetallics presented in the form of
Chinese script, whereas, the dark grey phase is identified as primary Si. Additionally, presence
of Ni (Spot 5) detected as e-A3Ni phase (white phase ) exist in the form of reticular/needle. The

chemical compositions of the phases are shown in Table 4.

11
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Figure 9. SEM/EDS microstructure of ACI alloy

Table 3. EDS chemical composition of the phases in ACI alloy (Figure 9)

Elements (wt.%)
O-K | Mg-K | AI-K | Si-K | Fe-K
EDS Spot-1 0.14 | 0.08 50.37 |49.10 |0.30
EDS Spot-2 0.37 |0.11 13.76 | 85.65 | 0.00

EDS Spot-3 046 |0.13 98.56 [ 037 |0.39

AC1 alloy

= (b)

Figure 10. (a) SEM micrograph and (b) EDS spectra of AC2 alloy

Table 4. Chemical composition of the phases by EDS analysis

Elements (wt.%)
AC2 alloy Al Si Ni Cu
EDS spot | 4535 0.73 1.56 5436
EDS spot 2 1.85 97.54 0.33 0.28
EDS spot 3 44.18 53.42 0.41 1.9
EDS spot 4 97.97 116 0.24 0.63
EDS spot 5 67.43 0.66 2952 2.39

The microstructure of the spray-formed alloys is shown in Figure 11. The microstructure of SF1

(Figurella) consists of primary and eutectic phases in the form of fine and spherical distributed

12
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uniformly in the matrix. The SEM microstructure of the SF2 alloy as shown in Figure 11(b) and
the EDS spectra taken (Figure 11c¢) at various spots indicated in the Figure7(b). The EDS of the
SF2 alloy clearly shows the Ni rich white phases (Spot 2 and Spot 3). The dark black phase
(Spot 1) mainly consists of primary Si. Additionally, Cu rich phase (Spot 5) presence is also
observed. The primary Si and eutectic phases are in the form of fine and spherical particles. The
Ni rich and Cu rich intermetallic phases appear in the form of a fine worm structure and are
evenly distributed in the equiaxed Al matrix. The chemical composition of the phases presence

in the SF2 alloy is shown in Table 5.

T T T T T T T "
& -] -] 10 [ M

1o ;
Figure 11. SEM micrographs of (a) SF1, (b) SF2 alloys and (c) EDS spectra of SF2 alloy

Table 5. Chemical composition of phases of the SF2 alloy by EDS analysis

Elements (wt.%)

Spot Phase Al Si Ni Cu
EDS spot 1 Si 1.28 98.3 0.18 0.24
EDS spot2 | AlNiisSiCui2(d) 64.13 2.14 24.94 8.79
EDS spot 3 Al3Ni (g) 74.23 1.11 24.83 1.82
EDS spot 4 Eutectic Si 81.41 17.05 0.16 1.38
EDS spot 5 Alos Cu 45 54.23 1.23 0.13 44.41

3.2. Hardness

13
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Figure 12 shows hardness values of the cast and spray-formed alloys. It is observed that the
spray formed alloys have higher hardness values compared to the cast alloys. The AC2 has a
hardness that is almost 12% higher than the AC1 alloy, while the sprayed alloys SF1 and SF2
have hardness values that are almost 36% and 40% higher than the corresponding cast alloys.
The results show that the SF2 alloy has a hardness that is almost 24% higher than the SF1 alloy.
The presence of fine primary Si, eutectic phase and fine hard intermetallic phases (6 and €) in the
equiaxed Al matrix with increased solid solubility in the spray formed alloys is associated with
improvement in hardness. The high hardness of spray formed alloys produced alloys by spray
forming due to the presence of fine primary Si, intermetallic 6, € and eutectic Si phases, possses

a significant obstacle to indentation-induced plastic deformation.

1359 1- ACl alloy T
1204 2-AC2alloy 1
3- SF1 alloy
1054 4-SF2alloy T
1
s ¥
an)
S 75 T
2 1l
5 60 T
5 1
T 45
30+
15
0 T T T T
1 2 3 4
Alloy

Figure 12. Micro hardness of the cast and spray-formed alloys.

3.3. Wear rate

Figure 13 illustrates the wear rate variation of the cast and spray-formed alloys at different
sliding temperatures. It is observed that the wear rate of both the cast and spray-formed alloys
increases linearly with the increasing applied load for different sliding temperatures which vary
from room temperature (RT) to 300°C. The wear rates at RT for the AC1 and AC2 alloys are
higher compared to the SF1 and SF2 for the entire applied load range from 10 to 50 N. The alloy
composition had a significant impact on the wear rate. Compared to AC1, AC2 alloy has a lower
wear rate. However, the SF2 alloy shows the lowest wear rate in the whole applied load range
and sliding temperature between RT and 300°C. It is observed that there is a remarkable

difference in wear rate between AC1 and AC2, especially at higher loads.

14
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Figure 13. Variation of wear rate with load at temperatures of (a) 30°C,(b)100°C, (c) 200°C and (d)
300°C.

The increasing trend of the wear rate with increasing applied load causes an increase in the
sliding contact area and excessive plastic deformation of the asperities, resulting in a greater
degree of wear particle generation and a higher wear rate. The results show that the wear rate of
the SF2 alloy is approximately 61%, 57%, 52%, and 42% lower than that of the SF1 alloy at RT,
100, 200, and 300°C sliding temperatures respectively over the entire applied load range. This
can be attributed to the microstructural modifications in the SF2 alloy. The relatively high
hardness of the SF2 alloy and the resistance provided by the fine and evenly distributed primary
Si, Al,Cu and Al3Ni particles in the Al matrix. The fine, hard particles are less prone to micro
cracks; in other words, the smaller the particles, the less likely they are to rupture. The ability of
the matrix to accommodate the Si and intermetallic particles improves as the service temperature

increases within limits due to the better ductility properties of the matrix.

The high wear rate in the AC1 and AC2 alloys could be due to the presence of large irregular
coarse Si particles, hard coarse intermetallic and needle-like eutectic Si with a high aspect ratio,

resulting in high stress concentrations at the particle/matrix interface and an easy pathway for
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crack initiation and propagation [26]. The interaction of these cracks leads to the detachment of
planar wear particles through the delamination wear process. In addition, Si particles with higher
aspect ratios are more prone to fragmentation. Due to the deboning between particle and matrix,
fragmented Si and intermetallic particles can no longer bear the load so; the disc surface and soft
Al matrix come into direct contact. Large stresses are generated in the Al matrix around the
contact surfaces, which promotes the development of subsurface cracks and delamination.
However, the fragmented, hard Si and intermetallic particles can act as the the third body
abrasives and increase the deterioration of the worn surface through an abrasive wear
mechanism, resulting in a higher wear rate. Compared to the cast alloys, spray-formed alloys
show higher wear resistance both at RT and at elevated interface temperatures. The SF2 alloy
exhibits high wear resistance over the full range of applied loads and sliding temperatures. A
higher hardness of the spray formed alloys, caused by precipitation and solid solution hardening
together with a fine morphology of the intermetallic and Si particles, resulted in a mechanically
more stable matrix supporting the formed tribolayer, which increases the wear resistance of the
spray formed alloys. The high content of Si and intermetallic compounds leads to a great
improvement in wear resistance due to its high hardness, which not only resists plastic
deformation and delamination, but also causes oxidative wear, in which an oxide film could

improve wear resistance.

The trend also shows that the rate of wear decreases by increasing the temperature levels
between RT and 200 °C, which is due to the higher interface temperature leading to the extent of
oxidation of the alloys. The thicker glazed oxide layer acts as a wear protection layer, thereby
reducing the wear rate. The increase in temperature at the contacts of the interface asperities due
to the temperature rise and their interactions enhance the rupture and fragmentation of the
mechanically mixed tribolayer. The following were the causes of the higher wear rate with
temperature increases above 300°C (critical temperature): (1) As a result of the higher
temperature, the material became softer, leading to more abrasive wear. (2) The development of
the adhesive bond, the cold welding process at the asperities, and its removal process were all
accelerated with an increase in temperature, leading to higher wear by adhesion. (3). Thermal
stresses caused by the difference in thermal expansion coefficient became noticeably more
intense at higher temperatures, weakening the particle/matrix contact and promoting particle

extraction [27].

The intensity of temperature, velocity and their interactions were reduced by increasing the
applied load. In sliding contact, friction causes the maximum contact stress to be transferred to

the surface. At low loads (i.e 10N-20N) the maximum shear stress is at the subsurface and the
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wear rate is controlled by fracture of the oxide layer, removal of oxide debris particles and there
is no subsurface deformation at low loads. When the load increases (20-30N), the local stresses
generated under the slider are less than the breaking strength of the Si particles. Therefore, the
unbroken Si and the intermetallic particles act as the load bearing elements and scratch the
surface of the counterpart. Consequently, the aluminum matrix is prevented from being directly
involved in wear. However, some particles chipping from the Si and/or other intermetallic
particles will wear away the soft aluminum matrix, resulting in a low wear rate. When the load
is high (30N-40N), Si and intermetallic particles cannot bear the load. As a result, the Al matrix
is directly involved in the wear process due to direct contact with the counter surface. Therefore,
a large amount of stress is generated with the Al matrix adjacent to the contact area. This leads to
the generation of micro cracks and the propagation of the cracks. In addition, the Si and
intermetallic particles break and become wear bodies of the third body, which are responsible for

the initiation of the groove profile on the worn surface.

SF1 and SF2 have much lower wear rates than cast alloys at RT and increased temperature for all
applied loads, which is particularly important to note. The following factors contribute to the low

wear rate of the spray-formed alloys.
(1) High resistance to abrasive wear is offered by the high hardness of spray-formed alloys

(2) The spherical morphology of Si and intermetallic particles caused a reduction in
particle/matrix contact area, which in turn reduced the potential for particle pullout in the spray-

formed alloy.

(3) The homogeneous distribution of the intermetallic Si, € and 6 particles increases the

resistance of the spray-produced alloys to adhesive wear.

(4) The matrix surface, on the other hand, is less exposed to the counter disk and thus, has a

lower wear rate.

The fine and hard Si and € intermetallic particles in the spray formed alloys were more difficult
to remove from the surface due to their superior mechanical properties. On the other hand, the
abrasion of the rotating disk was caused by the rubbing action of hard Si and intermetallic
particles. As a result, iron oxide debris was generated and mixed with alloy debris. Fresh oxides
developed on the wear marks, which were subsequently removed by the pin as it wore. As a
result of the continued attrition of this debris, which sintered under the applied force, a
tribolayer, or mechanically mixed layer, developed. According to reports, the presence of such a

layer significantly reduces wear [28]. In addition, the thermal stability of the spray-formed alloys
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was better than that of the cast alloys due to the uniform distribution of the thermally stable Ni-

rich phases and Al,Cu particles.

Specific wear rate is defined as the wear rate per unit applied load. Figure 14 shows the variation
in specific wear rate of the cast and spray-formed alloys as a function of applied load and
temperatures at a sliding speed of 1.0 m/s. In the RT condition (Figure 14a), it is observed that
the specific wear rate gradually decreases for both cast and spray formed alloys at loads between
10 and 20 N. This may be because the alloy is work-hardened during the wear test, which
increases the load-bearing capacity and thereby imparts improved wear resistance. The pattern of
increasing specific wear rate in cast alloys with increasing applied load. However, the specific
wear rate in the spray-formed alloys is the same between 20 and 40N loads and gradually
increases after the 40N load is applied. The specific wear rate of alloys at temperatures of 100 °C
is shown in Figure 14(b). The specific wear rate of the cast alloys has been found to be constant
for the applied loads between 10 and 40 N and gradually increases for the load above 40 N. In
the case of spray-formed alloys, the specific wear rate is constant and gradually increases as the
load increases above 40 N. Figure 14(c) shows the influence of normal loading on the specific
wear rate at an interface sliding temperature of 200°C. It was found that the cast alloys show a
similar trend of constant specific wear rate at applied loads between 10N and 20N, and at high
loads above 20N, the specific wear rate increases significantly. For spray-formed alloys, the
specific wear rate increases steadily with increasing load. At the sliding temperature of 300°C
(Figurel4d), the specific wear rate of both cast and spray formed alloys remains constant
between an applied load of 10 to 40 N and increases rapidly with the increasing applied load. It
is clearly observed that, in the entire applied load range between 10 to 50N and interface
temperature from RT to 300°C, the cast alloys show significantly higher specific wear rate than
that of spray formed alloys respectively and the SF2 alloy depicts less specific wear rate
compared to the SF1 alloy. The values of cast alloys (AC1 and AC2) in the entire applied loads
from 10 to 50 N and temperature between RT and 200°C, are between 1.32 x10* mm?/Nm and
3x10™* mm*/Nm and. However, at 300°C sliding temperature, the values of AC1 and AC2 alloys
show 1x10* at load between 10 to 42 N and beyond which, the values are in the order of 1x107
mm?/Nm. The specific wear rate values of the spray-formed alloys (SF1 and SF2) are in the
order 10 to 10™*. According to [29], the specific wear rate ranges from 107 to 10* mm?*/Nm, in
this case, the state of wear is known as "mild wear" defined by a small wear rate caused by
oxidative wear, and the specific wear rate in the range of 10 mm?/Nm, indicating that the wear
in these alloys is in the severe wear mode and caused either by abrasive and adhesive or
combined abrasive and adhesive modes of wear. When the specific wear rate is less than 107

mm?/Nm, the wear mode termed as "oxidative wear," which is connected to tribo-chemical wear,
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forms metal oxide-based wear particles [30]. The formation of a stable oxide layer between the
mating surface and the pin material, which was stable enough to withstand the load, was
attributed to the low specific wear rate at the low loads. At the higher loads, the temperature
differences between the mating surface and the pin material embrittles part of the oxide film
layer, resulting in an increased specific wear rate. The oxide layer was initially quite thin and
spread out as a thick layer as the sliding distance increased. Due to the work hardening effect, the
oxide layer started cutting the surface of the pin since it was harder than the pin material. As a
result, the worn surface consisted of multiple ridges and elongated grooves extending parallel to

the sliding direction. The abrasion wear mechanism was found to be responsible for this.
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Figure 14. Variation of specific wear rates with load at (a) room temperature (b) 100°C, (c¢) 200°C and

(c) 300°C

Rise in sliding temperature from RT to 200°C, the wear rate is not significant with the increasing
load from 10 to S0ON. At low load, in response to the thermo- mechanical loads, oxide typically
forms as thin surface layers with a thickness that ranges from a few to hundreds of nanometers to
prevent direct metal-to-metal contact and reduce friction by limiting any adhesive wear. The two
main types of wear that are known to occur often are abrasion and adhesion, and the severity of
both of these mechanisms is typically exacerbated at high temperatures. Abrasion happens when
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sharp edges on a hard surface and/or hard particles in the contact area are cut into softer
materials. At high temperatures, the thermal softening of the matrix and the presence of hard,
oxidized wear particles encourage abrasion. On the other hand, extreme adhesion, or galling,
forms as a result of the bonding of the materials in contact and the following material transfer
from one surface to another [31]. High sliding temperatures cause the oxide layers to shatter
more easily, expose reactive metallic aluminum alloy, and increase the true contact area, all of
which accelerate the adhesive wear. The softening of the contacting material as a result of high
interface temperatures affects bulk mechanical properties such as yield strength, hardness, and
toughness. This reduces the mechanical support of the surface layers (surface oxides) [32]. As a

result, material plastic deformation and surface layer delamination can occur.
2.4. Coefficient of friction

The ratio of frictional force to applied load between two surfaces is quantified as the coefficient
of friction (COF). It is a measure of the friction behavior of the material. Figure 15 shows the
change in COF as a function of the applied loads and temperatures. It is observed that the COF
showed a decreasing trend with increasing load for both the cast and spray formed alloys. It is
also evident from the results that the average coefficient of friction is lowest for both AC2 and
SF2 at temperatures between RT and 100°C and the higher value of COF was recorded at a
sliding temperature of 200 and 300°C. The results show that the COF of spray-formed alloys are
lower than those of corresponding cast alloys. The average COF of the SF2 alloy is less than the
SF1 alloy. In the cast alloys, the matrix alloy surrounding the coarse primary Si, the hard needle
and acicular form of the Cu and Ni rich intermetallic phases is eroded and essentially all contact

between the primary (Si and intermetallic) particles is lost and the provided mating surface made

of steel.
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Figure 15. Variation of friction coefficients with applied load at different sliding temperatures (a) room
temperature (b) 100°C,(c) 200°C and (d) 300°C.

3.5. Worn surface morphology and wear map

When the particle de-cohesion is very easy, there is direct contact between the matrix and the
steel mating surface, and the dissolved hard particles cause third-party abrasion mechanisms,
resulting in increased surface roughness between contact surfaces and increased friction
coefficient [33]. The wear rate is largely controlled by the rate at which particles delaminate
from the matrix. Similarly, this can be clearly seen at the RT and 200°C test temperatures. The
rate of wear is largely controlled by the rate at which particles detach from the matrix. Similarly,
this can be clearly seen at the test temperatures of RT and 200°C. The coefficients of friction
were low, showing similar values between samples up to a transition temperature of 200°C and
increasing rapidly with increasing temperatures above 200°C, which is a transient wear

phenomenon believed to be mainly due to the transition from mild wear to severe wear.

The morphological features of worn surfaces of both cast and spray formed alloys were studied
at a sliding speed of 1.0 m/s and a load of 50 N at different sliding temperatures to identify wear
mechanisms. The SEM micrographs of the worn surface of the casting and the spray formed
samples sliding at RT are shown in Figure 16. The worn surface of AC1 alloy (Figure 16a) is
characterized by deep and wide grooves running from end to end of the surface. It also consists
of microgrooves, craters and grinding marks. Some large pits are also seen, suggesting that block
type primary Si phases have fractured and broken off during wear. The AC2surface (Figure 16b)
shows long, continuous parallel grooves, large, shallow, compacted oxide patches, discontinuous
abrasive grooves, and surface cavities. Some large dimples can also be seen, which indicates that
block-like primary Si and intermetallic phases are fractured and broken off during wear.
Abrasive wear occurs when hard Si particles are introduced between the two sliding surfaces.

The grooves and dimples are shallower than in the AC1 alloy. Surface damage is seen in this
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alloy also, but the intensity of the damage is less as compared to that of the AC1 alloy. The worn
surfaces of spray-formed (Figure 16c-d) consist of a smooth wear surface including fewer craters
and smoother tribological oxide layers. The worn surface also exhibits a small number of small
dimples and a very small number of scoring marks extending from one end to the other.
Additionally, the surface reveals the presence of white patches, which at this stage are a sign of
oxide formation. The improved volume fraction, size and shape of Al>Cu and Al3Ni intermetallic
phases and Si particles could reduce stress concentration and improve wear resistance of spray

formed alloys by retarding subsurface crack initiation and propagation.

Figure 16. SEM micrographs of worn surfaces of cast and spray formed alloys sliding at room
temperature and a sliding velocity of 1.0 m/s under a load of 50N: (a) ACI1, (b) AC2, (c¢) SFI and (d) SF2.

Figure 17 shows the SEM images of worn surfaces the AC1 alloy tested at 100°C. (Fig. 17a) It
consists of fine, smooth-edged grooves that are prominent with small indentations on the
surfaces and patches of oxide layers. The worn surface of AC2 is (Figure 17b) characterized by a
relatively smooth surface with fine ridges and plowing marks. In addition, a limited number of
small pits and very few ridges extending from end to end and the presence of white spots
indicating oxidation wear and the formation of continuous wear grooves and some damaged
areas and plowing marks indicate abrasive wear. In comparison to the wear surface of cast

samples, the worn surfaces of spray produced (SF1 and SF2) alloys (figures 17 c-d) alloys
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consist of shallow and smooth and the wear surface morphology has smaller craters and

smoother tribological oxide layers.
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Figure 17. SEM micrographs of worn surfaces of the alloys sliding at 100°C for a fixed sliding velocity of
1.0 m/s under a load of 50N: (a) ACI, (b) AC2, (c) SFI and (d) SF2.

Figure 18 depicts the SEM worn surfaces of the cast and spray-formed alloys at a sliding
temperature of 200°C. The worn surfaces of AC1 and AC2 (Figurel8a-b) alloys are
distinguished by small irregular scars and scratch marks that are parallel to the sliding direction.
It also has fine grooves and plowing marks that indicate abrasive wear. In addition, a series of
scale-like ridges along with delamination scars and the presence of delamination patches on all
worn sample surfaces may indicate the presence of an adhesive wear mechanism. The worn
surface of spray formed alloys is shown in Figure 18(c-d). It is clearly seen that the worn surface
shows a smooth surface of very shallow and narrow microgroove. In addition, limited number of
small dimples and very few scoring marks extending from one end to the other can be seen on
the worn surface. The surface also shows the presence of white patches and spots which are
indicative of oxide formation. Therefore, the wear surface features shown are typical of abrasive
wear, where the asperities of the hard surface dig into the softer material and the material

removal is mainly by plowing, resulting in the formation of grooves on the wear surface.
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Figure 18. SEM micrographs of worn surfaces of the alloys sliding at 200°C for a fixed sliding velocity of
1.0 m/s under a load of 50N: (a) ACI, (b) AC2, (c) SF1 and (d) SF2.

The worn surface of the alloys at the sliding temperature of 300°C is shown in Figure 19. The
worn surfaces of the AC1 and AC2 are characterized by heavier material flow along the sliding
direction at 300°C (Figure 19a-b).Typical microstructural characteristics include oxidation of the
surface layers and severe lath kinking, which signifies substantial plastic shearing, deformation
bands, fragmentation, and particle pullout zones. On the specimen surface, the worn surfaces
show wavy material flow and more severe localized adhesion. The edge cracking and metallic
fracture of ridges were seen on the surface of AC1 and AC2 materials. Since friction between the
two mating surfaces causes adhesive wear, the two surfaces in contact will be more likely to
transfer materials [34]. The worn surface of the sprayed alloys (Figure 19¢-d) shows a smooth
appearance and markings with minor ridges and a few pits. This can be explained by the fact of
oxidation of asperities and delamination on the surface. The formation of oxide is referred to as a
"mechanically mixed layer," which acts as a solid lubricant in reducing the wear rate. Oxidation
wear should be caused by an increase in temperature. At higher temperatures, further oxidation,
densification, and sintering can lead to the development of hard oxide glaze surfaces on these
layers, resulting in lower wear rates. The worn surfaces of the spray-formed alloys also showed
improved wear surface morphology, such as smaller craters and smoother tribological oxide

layers [35-36].

24



o

O 00 N o U

10
11
12

13

Figure 19. SEM micrographs of worn surfaces of the alloys sliding at 300°C for a fixed sliding velocity of
1.0 m/s under a load of 50N: (a) AClalloy, (b) AC2 alloy, (¢) SF1 and (d) SF2.

Wear maps can be used to analyze material wear as a function of sliding speed, load, temperature
and link-related material removal mechanisms. Wear regime maps provide useful information
about changing the wear rates. Figure 20 shows the wear mechanism transition maps displayed
on the load-temperature reference frame at a constant sliding speed of 1.0 m/s. A wear map for
cast and spray-formed alloys was derived from experimental data and microscopic examination
of worn surfaces. Different wear mechanisms, including oxidative, abrasive, adhesive, and
severe plastic deformation, combined with a combination of different wear mechanisms, caused

the alloys to exhibit very mild, mild, and severe wear rates.
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Figure 20. Wear mechanism transition map of the alloys at different sliding temperatures and loads for

(a) ACI, (b) AC2, (c) SF1 and (d) SF2 alloys. SPD: severe plastic deformation

4. Conclusions

The spray-forming method combines low-cost manufacturing with enhanced performance and
characteristics. The ideal spray-formed microstructure often consists of fine, equiaxed or nearly
spherical grains. The spray-formed alloy is ideal for producing with microstructural
homogeneity, low levels of micro segregation and the absence of columnar or dendritic
morphologies. In the present study, the influence of Ni and Cu addition in hypereutectic spray
formed Al-15Si alloy on the tribological properties at elevated temperature was studied. The
wear study was carried out at different loads and different temperatures and at a constant sliding

velocity of 1.0 m/s. The following are the inferences made from the findings:

The microstructure of the spray formed Al-15Si alloy consists of fine, spherical primary Si and
eutectic Si phases evenly distributed throughout the Al matrix. The micrograph of Al-15Si-4Ni-

2Cu shows the presence of fine spherical primary Si and eutectic Si phases and fine Ni-rich and
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Cu-rich intermetallic particles uniformly dispersed in the equiaxed Al matrix. The cast Al-15Si-
4Ni-2Cu alloy consists of primary coarse Si, a flake/acicular eutectic phase, Cu rich intermetallic
in Chinese-script/ block-like form and a network of short strip. It has sharp-edged primary Si

particles non uniformly dispersion in the dendrite Al matrix.

The spray formed Al-15Si-4Ni-2Cu alloy has a hardness that is almost 24% higher than the spray
formed binary alloy. The presence of fine primary Si, the eutectic phase, and hard intermetallic
phases in the equiaxed Al matrix, together with higher solid solubility, has improved the
hardness of the spray-formed Al-15Si-4Ni-2Cu alloy.

The wear rate of both cast and spray-formed alloys increases linearly with the increasing applied

load throughout sliding temperature, which varies from room temperature to 300°C.

The spray-formed alloys show a lower wear rate in the whole applied load range from 10 to SON
and a sliding temperature between RT and 300°C. The wear rate of the spray formed Al-15Si-
4Ni-2Cu alloy is approximately 61%, 57%, 52%, and 42% lower than that of the spray formed
Al-15Si alloy at RT, 100, 200, and 300°C sliding temperatures, respectively, and over the entire
applied load range

Compared to the cast alloys, spray-formed alloys show higher wear resistance both at RT and at
elevated interface temperatures. The Al-15Si-4Ni-2Cu alloy exhibits high wear resistance over

the full range of applied loads and sliding temperatures.

The results show that the coefficient of friction of spray-formed alloys is lower than cast alloys.
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