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Abstract: This study was designed to explore the effects of varying amounts of Nickel (Ni) and Chromium 
(Cr) on the mechanical, microstructural, corrosion, and machining properties of Al5Si3Cu alloy. Samples 
were prepared using a sand-casting method with Ni-Cr additions ranging from 2g to 10g, and analysed 
using spectroscopy, mechanical testing (hardness, tensile, impact, and compression), machinability evalua-
tion, and wear testing via pin-on-disc. The evolved microstructure was observed using X-ray Diffraction 
(XRD) and Scanning Electron Microscope (SEM), while corrosion resistance was investigated using poten-
tiodynamic polarisation. The results revealed that Ni-Cr additions led to a complex balance of effects. While 
corrosion resistance improved at 8g Ni-Cr, mechanical strength and machinability declined due to the for-
mation of brittle intermetallic compounds. Wear resistance was highest at 2g Ni-Cr but deteriorated with 
higher additions. At 10g Ni-Cr, corrosion resistance and overall performance declined due to oversaturation 
and microstructural defects. It was concluded that varying percentage of Ni-Cr has different effect on these 
properties of the ternary alloy. However, excessive alloying resulted in embrittlement and reduced perfor-
mance. The findings emphasise the importance of precisely controlling Ni-Cr content in aluminium alloys 
to achieve a desirable balance of properties. Future research should focus on composition optimisation and 
understanding intermetallic behaviour. 

Keywords: Aluminium alloy, Alloying elements, Potentiodynamic polarisation, Microstructure, Intermetal-
lic compounds. 
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1. Introduction 
Steel is being replaced by aluminium alloys in appli-

cations that require lower weight and less maintenance. In 
addition to having a high strength-to-weight ratio and be-
ing reasonably priced, structural materials also need to be 
considered. Aluminium alloys possess desirable proper-
ties like good workability, ductility, thermal conductivity, 
corrosion resistance, and thermal conductivity [1]-[3]. Be-
cause of its good formability and workability, it can be eas-
ily hammered, forged and drawn to any shape and size. 
Unlike other metallic alloys, aluminium and its alloys re-
act with atmospheric oxygen when exposed to air to form 
a protective oxide coat to prevent further oxidation of the 
metal alloy. The protective coating produced by this alloy 

serves as a corrosion shield, thereby making it highly cor-
rosion-resistant [3]. Aluminium alloys, particularly those 
in the 4xxx series, are commonly utilised in structural and 
transportation applications due to their excellent balance 
of strength, corrosion behaviour, weldability, machinabil-
ity, and formability [4]-[6]. These age-hardenable alloys 
primarily derive their strength from the precipitation of 
metastable β″ (Mg₅Si₆) phases during artificial ageing [5]. 
Aluminium-based alloys, particularly Al-Si-Cu systems, 
have gained considerable attention in engineering appli-
cations due to their balanced combination of light weight, 
castability, and mechanical strength. The incorporation of 
selected alloying elements such as nickel (Ni), chromium 
(Cr), magnesium (Mg), and others can significantly influ-
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ence the microstructural evolution and performance char-
acteristics of these alloys. In the specific case of Al5Si3Cu 
alloy, such elemental additions are critical in refining the 
grain structure, enhancing mechanical properties like ten-
sile strength and hardness, improving corrosion re-
sistance, and modifying machinability [6]. These effects 
are largely attributed to the formation of secondary 
phases, intermetallic compounds, and the control of solid-
ification pathways. Understanding how each element in-
teracts within the alloy matrix is essential for optimising 
its performance for automotive, aerospace, and structural 
applications, where component reliability and processing 
efficiency are key considerations. However, their perfor-
mance in real-world applications depends heavily on the 
intentional addition of alloying elements, which play a 
crucial role in tailoring their corrosion behaviour, machin-
ability, mechanical performance, and microstructural evo-
lution [6]. The performance of these alloys is significantly 
influenced by the addition of specific alloying elements, 
which modulate their corrosion behaviour, machinability, 
mechanical properties, and microstructural evolution. 

The impact of alloying elements on Al-Mg-Si alloys is 
complex. Elements such as copper (Cu), manganese (Mn), 
chromium (Cr), iron (Fe), nickel (Ni), and zinc (Zn) can 
modify the precipitation sequence, grain structure, and in-
termetallic phase distribution when added in precise 
amounts [4]-[6]. For instance, adding Cu can significantly 
increase strength by creating additional strengthening 
phases; however, it may also reduce corrosion resistance 
because of galvanic coupling with the matrix. Mn and Cr, 
typically used as grain refiners, help manage recrystallisa-
tion and promote dispersoid formation, which enhances 
toughness and resistance to localised corrosion. Con-
versely, elements like Fe commonly found as an impurity 
create large intermetallic particles that negatively impact 
ductility and corrosion resistance, although they can im-
prove machinability under specific conditions by aiding in 
chip fragmentation5. Machinability, which encompasses 
tool wear, surface finish, and chip formation, is influenced 
by alloy composition and the morphology of intermetallic 
phases. Elements like Fe and Mn form hard particles that 
assist in breaking chips but may accelerate tool wear [7]-
[10]. Lead (Pb) and bismuth (Bi), though less commonly 
used due to environmental concerns, have also been em-
ployed to enhance machinability through the formation of 
low-melting-point phases that lubricate the cutting zone 
[8]. 

Another major property influenced by doping alu-
minium alloy with alloy elements is its chemical reactivity. 
The corrosion behaviour of Al-Mg-Si alloys is particularly 
sensitive to the type and distribution of second-phase par-
ticles and precipitates. Microstructural features such as 
grain boundaries, precipitate-free zones (PFZs), and the 
nature of precipitates (e.g., β″, β′, Q′, and θ′ phases) are 

strongly influenced by alloying content and thermal treat-
ments [9]-[10]. These features dictate susceptibility to in-
tergranular corrosion (IGC), pitting, and exfoliation. Me-
chanical properties such as impact, tensile strength, and 
compressive strength are directly impacted by the precip-
itation hardening response, which is altered by alloying. 
The introduction of Cr, Ni, or Ag can modify the nuclea-
tion and growth kinetics of strengthening precipitates, in-
fluencing the age-hardening potential [11]-[15]. Further-
more, microstructural refinement through grain boundary 
engineering, controlled recrystallisation, and dispersoid 
strengthening significantly boosts mechanical perfor-
mance and reliability [13]. The microstructure of Al-Mg-Si 
alloys evolves during processing and is influenced by the 
alloying elements. The addition of elements like Nickel 
(Ni) and Chromium (Cr) can alter the precipitation se-
quence, leading to the formation of different intermetallic 
phases that impact the mechanical properties [16]-[18]. 
The presence of Mn can promote recrystallisation and 
grain refinement, leading to improved mechanical proper-
ties. Additionally, the cooling rate and heat treatment pro-
cesses significantly affect the distribution and size of pre-
cipitates, thereby influencing the overall microstructure 
and, consequently, the properties of the alloy. 

The corrosion behaviour, machinability, mechanical 
properties, and microstructural evolution of Al5Si3Cu al-
loys are significantly influenced by the selection and con-
centration of alloying elements. The corrosion resistance of 
Al5Si3Cu alloys is primarily determined by their micro-
structural characteristics, which are influenced by the 
presence of alloying elements [11]-[15]. For instance, the 
addition of rare earth elements like lanthanum (La) has 
been shown to enhance corrosion resistance by forming a 
La-rich surface shell on Mg₂Si particles, thereby mitigating 
localised corrosion and pitting in chloride environments 
[17]-[20]. Despite the extensive use of Al5Si3Cu alloys, 
there remains a lack of comprehensive studies that system-
atically investigate the combined effects of various alloy-
ing elements on the corrosion behaviour, machinability re-
sponse, mechanical properties, and microstructural evolu-
tion of these alloys. Existing research often focuses on in-
dividual elements or isolated aspects, leading to a frag-
mented understanding. Moreover, the interactions be-
tween different alloying elements and their synergistic or 
antagonistic effects are not well elucidated. This 
knowledge gap hinders the rational design of Al5Si3Cu al-
loys tailored for specific applications. Therefore, there is a 
need to study these four vital properties holistically to bal-
ance the mechanical strength, corrosion resistance, ma-
chinability, and microstructural characteristics.  

This study aims to evaluate the effects of alloying el-
ements, particularly chromium and nickel, on the corro-
sion behaviour, machinability, mechanical properties, and 
microstructural evolution of Al5Si3Cu alloys. It involves 
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the comparative analysis of both pure and Ni-Cr–doped 
Al5Si3Cu alloys. The research is significant for its contri-
bution to sustainable materials engineering, aligning with 
UN Sustainable Development Goals (SDGs 9, 12, and 13) 
by promoting industrial innovation, responsible con-
sumption, and climate action. Through improving mate-
rial efficiency and durability while reducing environmen-
tal impact, this study supports the development of more 
resource-efficient and low-carbon manufacturing systems, 
ultimately fostering innovation and sustainability in engi-
neering and infrastructure. 

This paper is structured in four different sections: the 
introduction section that provides a broad understanding 
of the general study and the aim of the study; the materials 
and methodology sections which provide the detailed ex-
perimentation and the analysis techniques; the results and 
discussion section which provides detailed scientific ex-
planation of results with discussion; and the conclusion 
section with inferences and recommendations. 
 
2. Materials and Methods 
2.1. Aluminium, Nickel and Chromium composition  

Aluminium metal was prepared for analysis using 
the Spectro analysis method. The aluminium alloy scraps 
used were collected from automotive scraps. This decision 
was made to demonstrate that aluminium waste (espe-
cially in the automobile industry) in the environment can 
be valorised into an applicable material for use in engi-
neering industries. 
 
2.2. Alloy Preparation 

High-purity aluminium Al5Si3Cu was sourced from 
scrap in an automobile workshop in Ibadan, southwestern 
Nigeria. Pure analytical grades of Nickel powder and 
chromium metal, as shown in Figure 1 and 2, were from a 
chemical company. A sand-casting method was used to 
prepare each sample of pure aluminium metal and alu-
minium alloys. Clay sand moulds were prepared with the 
different patterns for the tensile strength, impact, scanning 
electron microscope (SEM), and other tests that were car-
ried out on the samples. The sand mould cavities represent 
the shape of each sample to be used. Before melting, the 
pure aluminium samples were properly cleaned with ace-
tone to remove any form of grease, oil, oxides or any other 
contaminants. The aluminium metal was then placed into 
the crucible, which was later placed inside the furnace to 
be heated to its melting point of about 660 °C. The crucible 
containing the melted aluminium was brought out from 
the furnace and poured immediately into the already pre-
pared sand-cast cavity mould to form the shape of the 
mould cavity, as shown in Figure 3. The poured alumin-
ium melt was left to solidify, and the sand-cast mould was 
destroyed to get the pure aluminium sample. The dimen-
sions of the obtained samples are shown in Figure 4. 

The same process was employed in the doping of the 
Al5Si3Cu with Nickel and Chromium. An amount of alu-
minium was weighed, added to the crucible and placed 
inside the furnace to be melted to its melting point. Also, 
the weighed Nickel and Chromium were placed in an-
other furnace to be pre-heated to about 350 °C due to their 
high temperature. The pre-heated 2g of Nickel and Chro-
mium were then transferred into the red molten liquid al-
uminium with proper stirring to achieve homogeneity, 
and were allowed to stay in the furnace for another 20-30 
minutes before being taken out to be poured into the al-
ready prepared sand-cast mould cavity and left to solidify. 
After the alloy had solidified, the sand-cast mould was de-
stroyed to be able to access the formed sample. The process 
was repeated for 4g, 6g, 8g and 10g of Nickel and 4g, 6g, 
8g and 10g of Chromium, which were added to 92g, 88g, 
84g and 80g of aluminium alloy, respectively. The samples 
were further machined to remove some unwanted mate-
rial and also shaped to the required dimensions for easy 
analysis. Figure 5 shows a sample of the specimen after be-
ing properly shaped (machined). 
 
2.3. Mechanical Testing 
2.3.1. Brinell hardness tests 

A provided sample was cut to get its specific length. 
After that, the sample was filed with a hand file to harden 
its surface. This was said to have been done properly, pro-
vided one could see the image of the teeth on the surface 
of the filed sample. It was later ground using a grinding 
machine, in which the surface was ground. After which, 
the sample was fixed into the tensiometer, where it was 
subjected to a compression load of 250 kg for about 15 sec-
onds, after which the indented diameter was measured by 
an eyepiece. A conversion table was used to determine the 
Brinell hardness number of the material. The Brinell hard-
ness (BHN), which is the pressure per unit surface area of 
the indentation in kg per square meter, is calculated as fol-
lows: 
 

𝐵𝐻𝑁 = 		𝑊/(𝜋𝐷/2)(𝐷 −	√(𝐷^2	) − 𝑑^2	) (1) 

Where,  
- W is the load on the indenter, kg 
- D is the diameter of the steel ball, mm 
- d is the average measured diameter of the 

indentation, mm 
 
2.3.2. Izod impact test 

The impact phenomenon is very important in govern-
ing the life of a structure. An arm held at a specific height 
has constant potential energy. The arm struck this sample 
and broke it due to the energy absorbed; its impact 
strength is determined. The Izod impact differs from the 
Charpy impact test in that the sample is  held  in  a  cantile-  
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Figure 1. Pure sample of the Chromium stone. 
 

Figure 2. Pure Sample of Nickel powder. 

 
 

 
 

 

Figure 3. Sand-mould Cavities. Figure 4. Dimensions of Samples. 
 
ver beam configuration instead of the three-point bending 
configuration. This test can also be used to determine the 
notch sensitivity. 
 
2.3.3. Tensile test 

The tensile test is a fundamental mechanical test used 
to determine how materials behave under axial stretching 
loads. It provides key mechanical properties such as ulti-
mate tensile strength (UTS), yield strength, elongation, 
and Young’s modulus, which are critical for assessing a 
material’s structural performance. Tensile strength testing 
of all specimens was conducted as per ASTM 8 standard. 
Three identical test specimens for each section thickness 
per sample were tested at room temperature with a strain/ 
loading rate of 5 mm/min using a computerised Instron 
Testing Machine (model 3369). Load displacement plots 
were obtained on an X–Y recorder, and ultimate tensile 
strength, yield strength and percentage elongation values 
were calculated from these load displacement diagrams.  
 
2.3.4. Compressive strength testing 

Compressive strength testing of all specimens was 
conducted as per the ASTM standard. The accessories for 
the compressive test were fitted with the universal Instron 
machine. They were tested at room temperature with a 
strain/ loading rate of 5 mm/mn using a computerised In-

stron Testing Machine (model 3369). Load displacement 
plots were obtained on an X–Y recorder, and ultimate 
compressive strength, yield strength and percentage elon-
gation values were calculated from these load displace-
ment diagrams. 
 
2.3.5. Wear test 

The wear test was conducted using a pin-on-disc ap-
paratus under dry wear conditions, following a systematic 
procedure. First, the initial weight of the specimen was 
recorded, after which the specimen was securely inserted 
and fixed into the specimen holder. A load was then ap-
plied to the supporting rod to ensure firm contact between 
the stylus pin and the specimen surface. The electric motor 
was switched on to rotate the specimen for 20 cycles, sim-
ulating wear under controlled conditions. Upon comple-
tion, the specimen was reweighed to determine material 
loss, and the sliding distance was measured to evaluate the 
extent of wear. The equation of wear below was used: 
 

𝑉 =	
∆𝑚
𝜌  (1) 

Where, 
V is the wear volume 
∆𝑚 is the change in mass 
𝜌 is the density of the material 
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Figure 5. Samples of doped aluminium. 
 
2.4. Machinability testing 

This study was conducted on turning operations on 
unreinforced and Ni-Cr–reinforced Al5Si3Cu alloys to in-
vestigate Ni-Cr content and spindle speed on machinabil-
ity. The reinforcement was varied by adding 0 g to 10 g of 
Ni-Cr in 2 g increments, and machining was performed at 
three spindle speeds: 400 rpm, 600 rpm, and 800 rpm. With 
standard carbide cutting tools, a conventional lathe ma-
chine was used under dry cutting conditions. Cutting 
force was measured using a dynamometer, while surface 
roughness (Ra) was evaluated using a surface profilometer 
after each pass. The experimental setup aimed to assess 
how Ni-Cr addition and speed variation influence tool-
workpiece interaction, cutting resistance, and surface 
quality of the machined alloys. 
 
2.5. Metallography 

Visual examination suffices for macro-level analysis, 
but micro-examination requires aided techniques. The 
samples were therefore prepared for metallographic anal-
ysis through a three-stage process: grinding, polishing, 
and etching. Grinding involved using silicon carbide pa-
pers of increasing fineness (220 to 600 grit) under running 
water to achieve a flat, smooth surface and prevent over-
heating, with the sample rotated 90° between grit changes. 
Polishing was performed using a universal polishing ma-
chine with selvt-cloth and silicon carbide suspensions of 1 
µm and 0.5 µm to attain a mirror-like finish. Etching, using 
2g NITAL for ferrous and sodium hydroxide for non-fer-
rous materials, revealed the microstructure by selectively 
attacking grain boundaries. Final examination was con-
ducted under an Accuscope metallurgical microscope at 
400x and 800x magnifications. 
 
2.6. X-ray Diffraction (XRD) 

X-ray Diffraction (XRD) analysis was conducted us-
ing the Zeiss SmartEDS, X-ray Diffractometer to evaluate 
the phase composition of the fabricated composites. The 
equipment operated with a copper Kα radiation source at 
a wavelength of 1.5406 Å. The working voltage and cur-

rent were set at 40 kV and 30 mA, respectively. Scanning 
was carried out within a 2θ range of 10° to 90°, using a step 
size of 0.02° and a scan speed of 2° per minute.  
 
2.7. Scanned Electron Microscope (SEM) 

Samples for SEM analysis must be appropriately 
sized and mounted on a specimen stub. Larger SEM mod-
els can accommodate and tilt 6-inch wafers for compre-
hensive examination. To enhance conductivity, samples 
are coated with platinum using sputter coating or evapo-
ration methods. Environmental SEM (ESEM) allows for 
imaging in high-pressure conditions, neutralising surface 
charge and enhancing signal quality. For advanced imag-
ing or X-ray microanalysis, samples may be embedded in 
resin and polished to a mirror finish. 
 
2.8. Potentiodynamic Polarisation (PDP) 

Potentiodynamic Polarisation (PDP) curve was per-
formed in a three-electrode system using computer-con-
trolled potentiostat/galvanostat (Autolab 302N) software. 
Platinum electrode was used as the counter electrode (CE), 
Ag/AgCl in 3M KCl electrolyte as the reference electrode 
(RE) while the sample served as the working electrode 
(WE). The area of the WE exposed to the medium was ap-
proximately 1 cm2 for approximately 30 minutes. The se-
quential techniques were used for the analysis when the 
medium was allowed to attain a stable state at a steady 
open circuit potential without the flow of current. 
 
3. Results and discussion 
3.1. Elemental Compositions 

The elemental composition results reveal distinct var-
iations among the three samples, Aluminium, Chromium, 
and Nickel, reflecting their unique metallurgical character-
istics and potential influence on alloy performance. Table 
1 shows the summary of the elemental composition of the 
two alloying elements, as well as the pure Al5Si3Cu alloy. 
The aluminium sample contains a high Al content (92.90g), 
with significant Si (12.91g) and moderate Cu (3.62g), sug-
gesting a typical Al5Si3Cu casting alloy suitable for im-
proved fluidity and moderate strength applications. Con-
versely, the nickel sample exhibits a very high Ni content 
(54.2g) with substantial Fe (45.5g) and Mo (0.954g), which 
is typical of nickel-based super alloys designed for high-
temperature strength and oxidation resistance. Trace ele-
ments such as Nb (0.094g) in the Ni sample could enhance 
creep resistance, while minor Ti (0.14g) in the Cr sample 
may aid grain refinement. The low levels of P and S across 
all samples indicate good metallurgical quality, minimis-
ing the risk of embrittlement. 
 
3.2. Mechanical Test 
3.2.1. Brinell hardness tests 

Table 2 and Figure 6 show that the introduction of 
Nickel and Chromium significantly affects the Brinell  
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Table 1. Elemental Compositions. 
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Table 2. Effect of varying Ni-Cr on BHN of Al5Si3Cu. 

 Amount of Alloying Elements Brinell’s Hardness Number (BHN) 

Chromium (g) Nickel (g) Sample 1 Sample 2 Sample 3 Sample average 
1 0 0 93.03 87.67 85.56 88.75 
2 2 2 60.02 82.57 67.50 70.03 
3 4 4 80.90 60.71 72.10 71.24 
4 6 6 74.95 56.71 69.42 67.03 
5 8 8 46.11 56.72 57.47 53.43 
6 10 10 67.50 60.42 67.58 65.17 

 

 
Figure 6.  Brinell hardness values (HB) of Al5Si3Cu aluminium 
alloy reinforced with Ni-Cr (0–10 g). Error bars represent ± one 
standard deviation from triplicate measurements (n = 3). 
 
hardness value (HB). The hardness of the Al5Si3Cu-Ni-Cr 
alloy dropped, with the highest hardness value among the 
Ni-Cr reinforced alloys obtained at 4 g of Ni-Cr. According 
to [21], the phase formation of Al₃Ni and δ-Al₃CuNi in-
creases the coarseness of the Al5Si3Cu-Ni-Cr, which results 
in a drop in the microhardness. The connection between the 
coarse intermetallic particles reduces the hardness by acting 
as a fracture initiation site and hindering the effective load 
sharing across the alloy matrix. In 2024, a report by [22], on 

Al–15Si–4Ni–2Cu alloys shows that while Ni-rich interme-
tallics increase the hardness under quick solidification, 
slower cooling rates increase the coarsening as well as the 
microstructural separation, which undermines hardness 
gains. Moreover, the Al matrix does not support the solubil-
ity of Ni and Cr, and this could affect an important mecha-
nism that supports the increase in hardness through lattice 
distortion. Instead, their tendency to precipitate as discrete 
compounds limits beneficial lattice strain effects. Further-
more, a Similar result was confirmed by [10], [23], that in 
spray-cast Al5Si-Cu-Ni alloys, the hardness peaked at inter-
mediate Ni levels (around 2g) but declined at higher Ni con-
tent due to the excessive presence of brittle ε-Al₃Ni interme-
tallics that offered poor mechanical compatibility and local-
ised strain rigidity. Therefore, while modest Ni-Cr additions 
reinforce high-temperature stability, their excess or im-
proper distribution during casting and ageing can compro-
mise hardness. 
 
3.2.2. Impact Strength 

From the obtained results section, specifically Table 3 
and Figure 7, the addition of nickel (Ni) and chromium (Cr) 
to cast Al-5Si-3Cu alloys caused a precipitation of different 
intermetallic compounds such as Al₃Ni, Al₃CuNi, and 
Cr-rich phases, especially during ageing treatments. The  
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Table 3.  Influence of varying Ni-Cr compositions on the impact strength of Al5Si3Cu. 
 Amount of Alloying elements Impact Value (Joules) 

Chromium (g) Nickel (g) Sample 1 Sample 2 Sample 3 Sample average 
1 0 0 17.52 17.16 17.43 17.37 
2 2 2 13.18 13.20 13.22 13.20 
3 4 4 14.12 14.32 14.26 14.23 
4 6 6 15.52 15.72 15.62 15.62 
5 8 8 14.84 14.68 14.78 14.77 
6 10 10 14.16 14.42 14.32 14.30 

 
Table 4.  Influence of varying Ni-Cr on the tensile strength of Al5Si3Cu. 

 Amount of Alloying Elements Maximum Tensile Stress (MPa) 

Chromium (g) Nickel (g) Sample 1 Sample 2 Sample 3 Sample average 
1 0 0 92.48 82.28 87.38 87.38 
2 2 2 38.59 46.03 42.32 42.31 
3 4 4 69.36 69.32 72.77 72.73 
4 6 6 64.58 44.05 54.30 54.31 
5 8 8 77.00 75.49 76.19 76.24 
6 10 10 42.28 89.39 64.98 57.41 

 
Table 5. Shows the results with varying Ni-Cr additions on the tensile strain values. 

 Amount of Alloying Elements Maximum Tensile Strain × 10-4 (mm/mm) 

Chromium (g) Nickel (g) Sample 1 Sample 2 Sample 3 Sample average 
1 0 0 107 108 109 108 
2 2 2 64 66 65 65 
3 4 4 95 96 94 96 
4 6 6 52 58 54 55 
5 8 8 69 68 70 69 
6 10 10 74 74 70 74 

 

 
 

 
Figure 7.  Impact value of Al5Si3Cu aluminium alloy reinforced with 
Ni-Cr (0–10 g). Error bars represent ± one standard deviation from 
triplicate measurements (n = 3). 

Figure 8.  Stress-Strain relation of Al5Si3Cu aluminium alloy re-
inforced with Ni-Cr (0–10 g). Error bars represent ± one standard 
deviation from triplicate measurements (n = 3) 

 
coarsening of this alloy during treatment produced intercon-
nected brittle networks. These networks act as a source of 
crack initiation during impact loading. This hinders the al-
loy’s ability to absorb fracture energy, thereby resulting in a 
sharp decline in impact toughness relative to the addition of 
a Ni-Cr-free base alloy. Furthermore, as discussed earlier, Ni 
and Cr exhibit low solubility in the α-Al matrix; for in-
stance, Al-3CuNi formation consumes Cu needed for pre-

cipitation strengthening. A similar report was given by [24] 
in 2018, that higher Ni levels in 354-type alloys precipitate 
more brittle Ni-rich intermetallics, which operate as stress 
concentrators and cause early crack coalescence under im-
pact loading. The changes in microstructural shift of the al-
loy’s fracture behaviour from ductile to semi-brittle signifi-
cantly reduce resilience to impact forces. 
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Table 6. Effect of varying Ni-Cr on Compressive Strength of Al5Si3Cu. 
 Amount of Alloying Elements Maximum Compressive Stress (MPa) 

Chromium (g) Nickel (g) Sample 1 Sample 2 Sample 3 Sample average 
1 0 0 60.04 60.00 60.00 60.02 
2 2 2 45.12 45.13 45.10 45.12 
3 4 4 53.09 51.08 52.07 52.09 
4 6 6 47.06 47.05 47.05 47.07 
5 8 8 28.90 30.00 29.85 29.95 
6 10 10 40.05 39.89 39.80 39.85 

 
Table 7. Effect of varying Ni-Cr on Compressive Strain of Al5Si3Cu. 

 Amount of Alloying Elements Maximum Tensile Strain × 10-4 (mm/mm) 

Chromium (g) Nickel (g) Sample 1 Sample 2 Sample 3 Sample average 
1 0 0 4.82 4.81 4.83 4.82 
2 2 2 3.06 3.09 3.03 3.06 
3 4 4 3.14 3.15 3.16 3.15 
4 6 6 3.16 3.15 3.14 3.15 
5 8 8 4.26 4.28 4.21 4.25 
6 10 10 4.45 4.50 4.50 4.48 

 

 
Figure 9. Effect of varying Ni-Cr on Compressive Strain of 
Al5Si3Cu. 
 
3.2.3. Tensile Strength 

From the results obtained in Tables 4 and 5, the intro-
duction of Ni-Cr in varying weights (grams) decreases the 
tensile stresses and tensile strain of Al5Si3Cu when com-
pared with the pure alloy, as shown in Figure 8. This could 
be due to the interaction between the precipitating Alumin-
ium compounds of Ni and Cr, such as Al9Cr2 and Al3Ni, dur-
ing solidification. These compounds make the resulting al-
loy brittle and hard, thereby increasing wear resistance and 
poor interactions between the α-Al matrix, resulting in early 
cracks under tensile stress. Similar results were obtained in 
a study by [6] in 2023, where Ni-Cr were used to modify Al-
Si-Cu alloys, which showed dependence on cooling rate and 
morphology of the particles. Likewise, a study conducted by 
[25] in 2022 using high-pressure torsion in the development 
of ultrafine grains of Al5Si3Cu alloys showed improved ten-
sile strength and heavy dislocation structures. Furthermore, 
there is a weak cohesion force between grains due to the sep-
aration of chromium atoms during solidification. Therefore, 
under tensile loading, this can result in premature cracks 

(fractures) leading to a reduction in tensile strength and duc-
tility of the alloy materials. The hard, non-deformable metal-
lic compounds in the alloy increase the micro-cracks, and 
this can be seen from the mechanical properties, where 2 – 
10g introduction of Ni-Cr modifies the mechanical proper-
ties of Al5Si3Cu, which results in the overall low tensile 
strength compared to unmodified Al5Si3Cu. 

 
3.2.4. Compressive Strength 

From the results obtained in Tables 6 and 7, the intro-
duction of Ni-Cr in varying percentages has a significant ef-
fect on both the compressive stress and the compressive 
strain of the reinforced Al5Si3Cu compared to the unrein-
forced Al5Si3Cu, as shown in Figure 9. This could be caused 
by the lack of interaction between the formations of insolu-
ble or heterogeneous compounds within the α-Al matrix 
that precipitated with the aluminium compounds of Ni and 
Cr, such as Al9Cr2 and Al3Ni, during solidification. Similar 
results were obtained in a study by [6] in 2023, where Ni–Cr 
were used to modify Al5Si3Cu alloys, which showed de-
pendence on cooling rate and morphology of the particles. 
Likewise, a study conducted by [25] in 2022, using high-
pressure torsion in the development of ultrafine grains of 
Al5Si3Cu alloys, showed improved compressive strength 
and heavy dislocation structures. Furthermore, at 4g of Ni-
Cr, the reinforced Al5Si3Cu demonstrated relatively high 
compressive stress compared to other Al5Si3Cu alloys. This 
could be caused by a reabsorption of Ni-Cr, giving room for 
a proper and seemingly homogeneous compounds for-
mation within the structure; however, at Ni-Cr > 4g, the Al 
matrix has been saturated, and a weak cohesion force starts 
generating between grains due to grains' separation of ex-
cess chromium and Nickel atoms during solidification. 
Therefore, under compressive loading, this can result in 
premature cracks (fractures) leading to a reduction in com- 
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Table 8. Abrasive and wear data of Al5Si3Cu at varying Ni-Cr. 

Samples 
Initial 
Weight 

(g) 

Final 
Weight 

(g) 

Weight 
Loss 
(g) 

Sliding 
Distance 

(mm) 

Volume 
(ml) 

Density 
(g/ml) 

Volume 
Loss 

(mm3) 

Specific 
Wear Rate 
(mm3/nm) 

Wear 
Resistance 
(mm/nm3) 

0g 2.9758 2.9753 0.0005 1.42 1 2.9758 0.1680 0.0118 8.4524 
2g 5.4006 5.4002 0.0004 2.74 2 2.7003 0.1481 0.0054 18.5010 
4g 5.1331 5.1323 0.0008 2.69 2 2.5666 0.3117 0.0116 8.6301 
6g 3.8743 3.8731 0.0012 2.59 1 3.8743 0.3097 0.0120 8.3629 
8g 4.5203 4.5193 0.0010 2.65 1.5 3.0135 0.3318 0.0118 7.9867 
10g 4.0899 4.0884 0.0015 2.83 1 4.0899 0.3668 0.0130 7.7154 

 
pressive strength of the alloy materials. As discussed in the 
tensile stress, the hard, non-deformable metallic compounds 
in the alloy increase the micro-cracks, and this can be seen 
from the mechanical properties, where 2 g to 10 g introduc-
tion of Ni-Cr modifies the mechanical properties of 
Al5Si3Cu, resulting in the overall low compressive strength 
compared to unmodified Al5Si3Cu. 
 
3.2.5. Wear Test 

From the results in Table 8, the introduction of Ni and 
Cr additions to Al5Si3Cu had a significant impact on wear 
performance and, by implication, on the mechanical integ-
rity of the alloy. The unreinforced sample of Al5Si3Cu 
showed a loss in volume of 0.1680 mm³ and a specific wear 
rate of 0.0118 mm³/Nm, which means the alloy is moderately 
resistant to abrasive forces with a corresponding wear re-
sistance value of 8.4524 mm/mm³. However, with the addi-
tion of 2g Ni-Cr to Al5Si3Cu, there was a noticeable im-
provement, as the volume loss reduced to 0.1481 mm³, and 
the specific wear rate dropped to 0.0054 mm³/Nm, repre-
senting the lowest wear rate across all compositions. This 
was due to negligible compound precipitation and interme-
tallic phases such as Al₃Ni and Cr-rich precipitates, which 
strengthen the matrix and improve hardness. Although the 
incorporation of Ni–Cr reinforcement resulted in a reduction 
in bulk hardness compared with the unreinforced alloy, the 
wear resistance was improved due to the presence of Ni–Cr 
intermetallic phases. Consequently, the 2g Ni-Cr sample 
demonstrated the highest wear resistance (18.5010 mm/ 
mm³), indicating optimum reinforcement at this composi-
tion level as reported by [26], [27]. However, further addi-
tions beyond 2g Ni-Cr led to a gradual decline in wear re-
sistance. The 4g, 6g, 8g, and 10g of Ni-Cr samples displayed 
increasing volume losses and specific wear rates, with the 
10g Ni-Cr sample recording the highest volume loss 
(0.3668 mm³) and the lowest wear resistance 
(7.7154 mm/mm³). As Ni-Cr additions increase beyond the 
optimal range, intermetallic phases grow larger and begin to 
coalesce, leading to a more brittle microstructure. In similar 
NiAl-Cr systems, the interface between the hard intermetal-
lic and softer matrix becomes prone to intergranular crack-
ing and delamination under sliding loads. These microstruc-
tural weaknesses manifest as increased volume loss and spe-
cific wear rate in samples with ≥ 4g Ni–Cr. The 10g Ni-Cr 

variant, showing the highest volume loss and lowest wear 
resistance, illustrates how excessive brittle phases decrease 
fracture toughness and facilitate crack propagation under 
abrasive stress. 
 
3.3. Machining 

Table 9 reveals a clear trend of increasing cutting force 
and surface roughness of the machining of both unrein-
forced and reinforced Al5Si3Cu with Ni-Cr. At 400 rpm, cut-
ting force rose from 140 N to 190 N as Cr increased from 0 g 
to 10 g, while surface roughness (Ra) also increased from 
3.20 µm to 3.85 µm. This result can be attributed to the for-
mation of hard intermetallic compounds or carbides and 
solid solution strengthening caused by Cr, which increases 
the alloy’s resistance to deformation during machining, as 
shown in both Figures 10 and 11. Ni-Cr alloys also exhibit 
rapid work-hardening, making chip removal more difficult 
and increasing tool material interaction, leading to higher 
forces and degraded surface quality as reported by [27]. The 
increase in Ra at lower speeds is linked to the higher likeli-
hood of built-up edge formation and abrasive wear due to 
elevated cutting forces, which damage the tool and degrade 
surface finish. Increasing spindle speed from 400 rpm to 800 
rpm consistently reduced both cutting force and surface 
roughness across all Cr compositions. For example, at 0 g Ni-
Cr, the cutting force dropped from 140 N to 122 N, and Ra 
improved from 3.20 µm to 2.20 µm. This improvement can 
be attributed to the thermal softening at higher speeds of the 
intermetallic compounds rich in Ni-Cr, thereby reducing the 
cutting resistance and built-up edge formation. However, at 
10 g Ni-Cr and 800 rpm, the cutting force remained relatively 
high at 160 N, and surface roughness increased to 3.00 µm, 
showing that more compounds rich in Ni-Cr are formed and 
thereby elevated thermal and mechanical stress conditions. 
The formation of Ni-Cr compounds' strain-hardening re-
sponse remains strong even at higher temperatures, limiting 
the softening benefits typically gained from higher speeds, 
as reported by [27], [28]. 
 
3.4. XRD 

The X-ray Diffraction (XRD) spectra show the precipi-
tations in the alloy, with Figure 12a showing the spectrum 
for the pure Al5Si3Cu alloy. The spectrum showed no pre-
cipitation of any compound. The apparent absence of  
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Table 9. Machining Results for Al5Si3Cu with Varying Ni-Cr Additions at Different Cutting Speeds. 

Ni-Cr 
(g) 

Cutting Force (N) Surface Roughness (Ra, µm) 

400 rpm 600rpm 800 rpm 400 rpm 600rpm 800 rpm 
0 140 130 122 3.20 2.75 2.20 
2 155 145 132 3.30 2.85 2.40 
4 165 152 140 3.45 3.05 2.55 
6 175 162 150 3.65 3.15 2.70 
8 185 174 161 3.75 3.25 2.65 
10 190 175 160 3.85 3.40 3.00 

 

 
Figure 10. Cutting force vs. percentage of Ni-Cr in Al5Si3Cu. 

 

 
Figure 11. Surface Roughness vs. percentage of Ni-Cr in Al5Si3Cu. 

 
secondary Ni–Cr phases in the XRD patterns of the 2 g and 
4 g reinforced composites, as shown in Figure 12, despite 
their observation in SEM micrographs, can be attributed to 
the inherent detection limits of XRD. Phases present in very 
small volume fractions, as finely dispersed precipitates, or as 
localised clusters may not produce diffraction peaks with 
sufficient intensity to be distinguished from the matrix back-
ground. SEM, on the other hand, provides localised micro-
structural information and is capable of detecting such dis-
persed or clustered features. Therefore, the Ni–Cr disper-
soids observed in SEM at lower reinforcement levels are 
likely below the detection threshold of XRD rather than be-
ing absent from the microstructure. This highlights the com-
plementary roles of XRD and SEM in characterising phase 
evolution within the developed composites. This could be 
caused by the absorption of the Ni-Cr elements, leading to a 

supersaturated solid solution, without sufficient driving 
force for intermetallic nucleation. According to the results 
obtained by [29] in 2023, low Ni content (below ~1 g) results 
in minimal Ni-rich precipitates and retains mechanical prop-
erties through solid-solution effects rather than precipitated 
reinforcement. In the XRD results by Cao’s analysis, there is 
a diminishing Ni Al peak with reducing Ni, aligning with 
our findings at 4 g Ni- Cr, where XRD indicates no second-
ary phase formation. However, at 6 g, 8 g, and 10g of Ni-Cr 
in Al5Si3Cu alloys, their low solubility in the α-Al matrix 
enhances the formation of distinct intermetallic precipi-
tates, as confirmed by XRD peaks corresponding to Ni-Al 
and Cr-rich phases as shown in Figure 12d, e and f. Similar 
results were reported by Cao et al. (2023) in the investigation 
of Al-Si-Cu-Mg alloys with varying Ni content; the reports 
show that higher Ni promotes coarse, brittle Ni-rich inter-
metallics that manifest clearly in XRD patterns. Addition-
ally, results obtained by [30] in 2024 demonstrated in Cu-Ni-
Si-Cr systems that Cr suppresses undesirable phase coarsen-
ing but, when combined with high Ni, encourages heteroge-
neous nucleation of Ni₂Cr or NiAl phases, detectable using 
both XRD and TEM. Furthermore, the precipitation thresh-
old lies between 4g and 10g Ni-Cr, below which the alloy 
remains homogeneous and beyond which discrete interme-
tallic phases form, affecting mechanical and thermal behav-
iour. 
 
3.5. SEM 

The SEM image of pure Al5Si3Cu shows a consistent 
microstructure of α-Al matrix with dispersed Al2Cu and Si-
rich phases and an absence of a secondary phase, suggesting 
a high level of homogeneity, as reported by [30], [31]. The 
image shown in Figure 13b contains 2g Ni-Cr with early-
stage grain refinement and growth inhibition due to Ni-Cr. 
Figure 13c and Figure 13e show a more pronounced Ni-Cr 
forming localised clusters, which conform to the findings of 
[32]. In which the introduction of Ni-Cr leads to discontinu-
ous intermetallic networks. Figure 13d shows well-distrib-
uted and uniform Ni-Cr with an intermetallic phase forming 
along the boundary. Finally, Figure 13f shows the 10g Ni-Cr 
with a dense reinforcing network phase, which significantly 
altered the alloy's mechanical behaviour. A report by [33] in 
2023 indicates that Ni-Cr ≥ 10g induces precipitation hard-
ening, but an excessive amount may lead to reduced ductil-
ity due to brittle intermetallic formation. Table 10   
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(d) 

 

 
(e) 

 

 
(f) 
 

Figure 12. (a) Pure Al5Si3Cu (b) reinforced Al5Si3Cu with 2g of Ni-Cr (c) reinforced Al5Si3Cu with 4g of Ni-Cr, (d) reinforced Al5Si3Cu 
with 6g of Ni-Cr (e) reinforced Al5Si3Cu with 8g of Ni-Cr and (f) reinforced Al5Si3Cu with 10g of Ni-Cr. 
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(a) (b) 

 
(c) 

   
(d) (e) (f) 

 

Figure 13. (a) Pure Al5Si3Cu (b) reinforced Al5Si3Cu with 2g of Ni-Cr (c) reinforced Al5Si3Cu with 4g of Ni-Cr, (d) reinforced Al5Si3Cu 
with 6g of Ni-Cr (e) reinforced Al5Si3Cu with 8g of Ni-Cr and (f) reinforced Al5Si3Cu with 10g of Ni-Cr. 

 

   
(a) (b) 

 
(c) 

   
(d) (e) (f) 

 
Figure 14. (a) Pure Al5Si3Cu (b) reinforced Al5Si3Cu with 2g of Ni-Cr (c) reinforced Al5Si3Cu with 4g of Ni-Cr, (d) reinforced Al5Si3Cu 
with 6g of Ni-Cr (e) reinforced Al5Si3Cu with 8g of Ni-Cr and (f) reinforced Al5Si3Cu with 10g of Ni-Cr. 
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Table 10. Summary of the SEM results of Al5Si3Cu-Ni-C. 

Alloy Composition Key Microstructural Features Possible Microstructural Mechanism 

Pure Al5Si3Cu Homogeneous α-Al + Al₂Cu/Si Solid solution strengthening 
2 g Ni-Cr Fine Ni-Cr dispersoids Localized grain boundary pinning (limited effect) 
4 g Ni-Cr Clustered Ni-Cr phases Dislocation interaction with clustered particles 
6 g Ni-Cr Uniform intermetallic network Particle-matrix interaction 
8 g Ni-Cr Uniform intermetallic network Restricted dislocation mobility 
10 g Ni-Cr Dense and clustered Ni-Cr Intermetallic precipitation with agglomeration 

 

 
Figure 15. Corrosion level of reinforced Al5Si3Cu-Ni-Cr. 
 
Table 11. Comparison of corrosion behaviour of reinforced 
Al5Si3Cu with Ni-Cr. 

Amount of Ni-Cr in 
Al5Si3Cu 

Icorr 
(µA) 

Ecorr 
(V) 

Corrosion 
Rate (mpy) 

0g 144.0 -1.100 65.65 
2g 143.0 -1.220 65.28 
4g 122.0 -1.150 55.97 
6g 130.0 -0.923 59.21 
8g 53.10 -0.955 24.24 
10g 135.0 -0.970 61.56 

 
summarises the SEM results. The effect of Ni-Cr addition to 
Al5Si3Cu reduces its mechanical strength. 
 
3.6. Optical Microstructure 

The microstructure of the Al5Si3Cu alloy reinforced 
with varying percentages of Ni-Cr, as shown in the image, 
reveals that the alloy elements have a significant impact on 
the alloy. Figure 14b shows the microstructure of 2g Ni-Cr; 
however, there is no visible or noticeable difference when 
compared with the unreinforced Al5Si3Cu. The formation of 
compound Ni-Cr-rich compounds gives way to a relatively 
coarse and heterogeneous structure characterised by den-
dritic α-Al matrix regions and large, irregular intermetallic 
phases dispersed throughout the matrix, as shown in Figure 
14b-f. In Figure 14f, bright white regions are indicative of Ni-
rich and Cr-rich intermetallic compounds, likely consisting 
of Al₃Ni and Cr-based precipitates, which appear clustered 
and relatively large. The dark grey matrix represents the pri-
mary aluminium phase, while the interdendritic regions 
show a mixture of eutectic silicon and fragmented Cu-con-
taining intermetallics. This microstructure suggests exces-

sive intermetallic formation and possible phase segregation 
due to high Ni-Cr content. According to recent findings by 
[21], [31], [33], excessive Ni and Cr additions in aluminium 
alloys lead to the precipitation of large, brittle intermetallic 
particles along dendrite boundaries, which act as crack initi-
ation points under mechanical loading. The observed coars-
ening in the microstructure can be attributed to insufficient 
undercooling and limited nucleation sites during solidifica-
tion, allowing intermetallic compounds to grow unchecked, 
thereby reducing the toughness and ductility of the alloy. 
Furthermore, the high thermal conductivity difference be-
tween Ni, Cr intermetallics, and the Al matrix introduces lo-
calised cooling gradients during solidification. This pro-
motes dendritic segregation and the formation of non-uni-
form microstructures, as supported by recent work in Al-Si-
Cu-Ni alloys showing that excess Ni promotes thermal gra-
dient-induced phase coarsening. Furthermore, the micro-
structural results indicate that Ni-Cr additions promote the 
formation of intermetallic phases within the Al5Si3Cu ma-
trix. The influence of these phases on the overall mechanical 
response is likely related to their distribution, morphology, 
and interaction with the surrounding matrix. This leads to 
mechanical property deterioration, underscoring the need to 
optimise Ni-Cr additions (ideally near 2g - 4g) to achieve a 
fine, uniformly distributed microstructure that balances 
hardness with toughness for enhanced performance in 
wear-critical applications. 
 
3.7. Corrosion Behaviour  

From the results, the unreinforced Al5Si3Cu shows 
high corrosion activity (Icorr = 144 µA, corrosion rate = 65.65 
mpy, Ecorr = –1.100 V), consistent with active dissolution in 
the test environment. The introduction of 2 g and 4g of Ni-
Cr gave improved corrosion characteristics, indicating the 
formation of coating anodic reactions, a result that is similar 
to insufficient film formation to inhibit anodic reactions. 
Similar behaviour has been reported by [10], [34]. At 8g of 
Ni-Cr, the alloy corrosion behaviour became optimal with 
the corrosion level dropping to 24.24 mpy; corrosion current 
density (Icorr) also dropped to 53.10 µA, and corrosion po-
tential (Ecorr) rose to a less negative –0.955 V, indicating re-
duced anodic dissolution and reinforced passivation. That 
is, a complete formation of a protective corrosion film. This 
drastic improvement in the corrosion behaviour at the intro-
duction of 8g Ni-Cr conforms with studies of [35], [36] show-
ing that optimal addition of these alloying elements fosters 
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the formation of a thick, adherent passive corrosion protec-
tive film comprising multiple layers of oxides, greatly en-
hancing corrosion resistance. This phenomenon is also in 
alignment with newly published research on microstruc-
tural refinement and passive-film thickening, increasing 
protection by [37], [38]. However, at a percentage of ≥ 10 g of 
Ni-Cr, the corrosion behaviour declined as seen from Table 
11 and Figure 15. The change in the corrosion behaviour sug-
gests that the alloy has become oversaturated with excess 
additives (Ni-Cr), thereby causing nucleate defects or meta-
stable inclusions in the passive film, causing localised corro-
sion. Such behaviour was reported in a study conducted by 
[39] in 2024, with high additive content enhancing inhomo-
geneous passive film layers. 
 
4. Conclusions 

The comprehensive analysis, encompassing Brinell 
hardness, impact toughness, tensile strength, abrasive wear, 
compressive test, X-ray Diffraction (XRD), Scanning Elec-
tron Microscopy (SEM), microstructural examination, and 
corrosion behaviour, provided insights into how these addi-
tions significantly impacted the material's performance. The 
findings reveal that the mechanical properties were signifi-
cantly impacted by the introduction of Ni-Cr in varying 
amounts, generally leading to a reduction in Brinell hard-
ness, impact toughness, compressive strength, and tensile 
strength when compared to the unalloyed Al5Si3Cu. These 
microstructural changes, observed through SEM and XRD, 
explain the observed deterioration in the material's ability to 

withstand deformation, absorb energy, and resist tensile 
forces. Conversely, the abrasive wear performance exhibited 
a different response to Ni-Cr additions. An optimal concen-
tration of 2 g Ni-Cr significantly improved the alloy's wear 
resistance, achieving the lowest wear rate and highest wear 
resistance among all compositions. 

The machining performance of both unreinforced and 
reinforced Al5Si3Cu with Ni-Cr alloys shows a direct rela-
tionship between increased Ni-Cr content and higher cut-
ting forces and surface roughness, particularly at lower spin-
dle speeds. These findings emphasise the importance of op-
timising both material composition and cutting parameters 
to enhance machinability in Ni-Cr–reinforced aluminium al-
loys. This microstructural evolution directly correlated with 
the observed mechanical behaviour, emphasising that con-
trolling the distribution and size of these intermetallic 
phases is paramount for optimising the alloy's performance. 

In terms of corrosion behaviour, the study revealed a 
significant impact of Ni-Cr additions. While the unrein-
forced Al5Si3Cu exhibited high corrosion activity, an opti-
mal concentration of 8g Ni-Cr drastically improved corro-
sion resistance, leading to a substantial drop in corrosion 
rate and current density. This indicates that there is an opti-
mal range for Ni-Cr additions to achieve enhanced corrosion 
protection without compromising the film's integrity. Fur-
ther study should be carried out with more material, equip-
ment, heat treatment and other forms of processing, such as 
proper stir casting and powder metallurgy (PM). 
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