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Abstract 

Enhancing the mechanical performance of Al–Cu alloys through cost-effective alloying particle strategies remains a 

significant challenge in materials engineering. This study investigates the influence of Cr₂O₃ particle additions on the properties 

and microstructure of Al-4%Cu alloys by varying the Cr₂O₃ content from 0.75 to 2.25 wt% in 0.25 wt% intervals, representing 

a compositional approach not previously reported. Mechanical properties were evaluated using tensile, hardness, and impact 

tests, while microstructural evolution was examined using optical microscopy and scanning electron microscopy. The results 

were compared between Cr₂O₃-free alloys and Cr₂O₃-reinforced alloys. The findings reveal that the addition of Cr₂O₃ particles 

promotes significant grain refinement, contributing to notable improvements in the alloy’s mechanical performance. The tensile 

properties (ultimate tensile strength, yield strength, and ductility) of the Al-4%Cu alloy increased markedly with increasing 

Cr₂O₃ content, showing improvements of 53.03%, 42.14%, and 38% within the 1.50–2.25 wt% range compared to the 

unreinforced alloy. However, hardness and impact energy decreased with increasing Cr₂O₃ content, with optimum values 

observed at 0.75 wt%. This work establishes a systematic and economically viable route for enhancing the mechanical 

properties of Al–Cu alloys through composition-optimized Cr₂O₃ particle additions, offering new insights into the design and 

development of high-performance lightweight materials. 

© 2026 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 
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1. Introduction 

Aluminium and its alloys exhibit a unique combination 

of mechanical, thermal, and electrical properties, making 

them essential in various engineering applications. These 

materials are characterized by a high strength-to-weight 

ratio, excellent elasticity, superior malleability, and ease of 

machinability. Additionally, they offer outstanding 

corrosion resistance and exceptional thermal and electrical 

conductivity. A key advantage of aluminium alloys is their 

ability to undergo multiple recycling cycles without 

degradation in their inherent metallurgical properties, 

reinforcing their significance as sustainable engineering 

materials [1–3]. These advantages establish aluminium 

alloys as advanced structural materials, particularly for 

next-generation applications in the transportation and 

aerospace sectors [4]. Płonka et al. [1] emphasized the 

importance of evaluating the impact of variations in the 

composition of primary alloying elements when developing 

new aluminium alloys, as these changes significantly affect 

the material's properties and suitability for specific 

application. In recent years, the demand for lightweight, 

high-strength materials has increased significantly, 

particularly in the construction and transportation sectors. 

This trend has driven extensive research into modifying and 

enhancing the properties of aluminium alloys to meet 

evolving engineering demands. The use of lightweight 

materials has emerged as a key research focus in the 21st 

century, emphasizing the growing need to modify and 

enhance the properties of aluminium alloys to meet specific 

application requirements [5,6]. Aluminium alloys, 

particularly the 6xxx and 2xxx series, are widely utilized 

for lightweight structural applications. However, due to the 

stringent performance requirements in the aviation and 

transportation industries, 2xxx series alloys are generally 

preferred for these demanding application [1,7].  
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Aluminium-copper alloys achieve moderate strength 

through the formation of the intermetallic compound 

Al₂Cu(θ), which precipitates as a non-coherent phase 

during slow cooling to ambient temperature [8]. Studies 

have consistently shown that copper addition improves both 

strength and toughness. Its solubility enables effective heat 

treatment, alloying, and the maximization of mechanical 

properties [9,10]. With these advantages, single-phase Al-

Cu alloys face limitations in achieving the optimal balance 

of high strength and ductility required for modern industrial 

applications [9]. Engineering components with diverse 

mechanical and technological properties are continuously 

being developed, with key influencing factors such as 

alloying element and its composition, plastic deformation 

parameters, and heat treatment conditions [9,11–13]. To 

address this, researchers have explored micro-alloying 

techniques to introduce secondary phase precipitates that 

refine the alloy structure and improve its mechanical 

properties.  Adding oxide and carbide particles into 

aluminium alloys has been widely explored to enhance the 

properties. For instance, the addition of Al₂O₃ oxide 

particles has been reported to improve the mechanical 

performance of Al6061 alloys [14]. Likewise, nano-sized 

SiC particles have been utilized to strengthen Al–Cu alloy 

as reported by [15].  CuO additions has been reported to 

significantly enhance the electrical conductivity  and tensile 

properties of aluminium alloy [16].  

Various alloy processing techniques, such as 

thermomechanical processing, annealing, and aging 

treatments have been shown as effective methods for 

enhancing the strength, hardness, and electrical 

conductivity of aluminium based alloys [17]. The 

composition and casting conditions of an alloy significantly 

influence its mechanical properties, as they control the 

development of intermetallic phases [18,19]. Previous 

research has highlighted the benefits of adding single 

alloying elements to aluminium alloys, which in turn leads 

to grain refinement and improved mechanical strength. 

Chen et al. [20] showed La additions to Al-Cu-Mn alloys 

promote a higher density of θ phases and grain refinement, 

enhancing mechanical properties. Additionally, the study 

by Meng and Wang [21] on the effect of vanadium addition 

in Al-Cu-Mn alloys revealed that vanadium promotes the 

precipitation of the θ (Al₂Cu) phase along the grain 

boundaries, facilitating the growth of the θ-phase within the 

α(Al) matrix while simultaneously suppressing the 

formation of the θ(Al₂₀Cu₂Mn₃) phase. Su et al. [12] in their 

study on the influence of Mg on the microstructure and 

mechanical properties of Al-Cu-Mn alloys observed that 

the addition of Mg contributed to significant grain 

refinement. This refinement was attributed to the 

transformation of the primary strengthening phase from the 

θ-(Al₂Cu) phase to the (Al₂CuMg) phase, indicating that 

Mg plays a crucial role in modifying the phase composition 

and enhancing the alloy’s mechanical performance. Płonka 

et al. [1] investigated the influence of copper content on the 

structure and properties of aluminium alloys, modifying the 

copper content to 2.5%, 3.5%, and 4.5%. Their findings 

indicated that the alloys based on the 6xxx series exhibited 

improved properties with copper addition, including a finer 

grain structure. Wang et al. [22] also explored the effects of 

copper content and lanthanum on the properties of 

aluminium-copper alloys, specifically the Al-La alloy. By 

adding 0.5 wt.% of La and varying the copper content, they 

observed that grain refinement occurred up to a certain 

copper concentration.  Zheng et al.[23] carried a study on 

the impact of La on the microstructure and properties of an 

Al-Cu-Si alloy. Their findings showed that La had diverse 

effects on enhancing the strength of the Al alloy. Pinning 

and grain refinement mechanisms contributed to the 

enhanced overall properties [23,24].  Ding et al. [25] 

reported that the addition of Ce element refines the grains 

of Al-Cu-Li alloy. When the Ce content is below 0.1%, the 

ultimate strength of the alloy increases with the rising Ce 

content. Although much has been written about the impact 

of individual single alloying elements such as Mg, Si, Ca, 

La, and Ce on the properties of Al-Cu alloys, there remains 

a notable gap in research regarding the effects of Cr and 

Cr2O3 addition on both the microstructure and mechanical 

performance of these Al-Cu alloys. 

Grain refinement is a critical process in aluminium alloy 

production, as it significantly impacts the mechanical 

properties and microstructural characteristics of the final 

product. The use of grain refiners to inoculate the molten 

alloy has been identified as an effective technique for 

refining the as-cast microstructure and mitigating the 

occurrence of hot tearing in Al-Cu-Mg alloys. Various 

alloying elements, such as Mg, Si, Ca, La, and Ce, have 

been extensively studied for their grain-refining effects. 

[26,27]. Additionally, chromium (Cr) has been shown to 

influence grain refinement in aluminium alloys by 

modifying the nucleation and growth processes [28,29]. 

The use of Cr₂O₃, in particular, offers advantages due to its 

high thermal stability and ability to act as a nucleating agent 

for grain refinement, as demonstrated in similar alloy 

systems [30]. Chromium oxide (Cr₂O₃) is a refractory 

material known for its complete solubility in aluminium 

oxides, forming (Al₁₋ₓCrₓ)₂O₃ at high temperatures without 

eutectic formation across the composition range [31]. This 

unique solubility enhances its compatibility with 

aluminium alloys, providing excellent corrosion resistance 

and thermal stability.  Furthermore, copper, as an alloying 

element, has been reported to increase the electrochemical 

potential difference between the matrix and precipitates, 

promoting pitting corrosion [51]. The addition of Cr₂O₃ 

could potentially mitigate these adverse effects by 

combining passive film formation, microstructural 

refinement, and electrochemical stabilization, improving 

the overall corrosion resistance of Al-Cu alloys in 

aggressive chloride-rich conditions [49]. According to 

Birks et al. (2006), the (Al,Cr)₂O₃ solid solution exhibits 

superior resistance to high-temperature oxidation and 

sulfidation compared to pure Al₂O₃ [50]. Despite these 

established benefits of (Al,Cr)₂O₃ solid solutions in high-

temperature environments, there is a notable lack of 

systematic research on the direct addition of as-cast Al-

4%Cu alloys with varying concentrations of Cr2O3. 

Specifically, the literature has not yet established how 

incremental additions (0.25 wt% intervals) of this refractory 

oxide influence the competitive growth between α--Al 

matrix and θ-phase (CuAl2) during solidification. 

Moreover, the critical transition point for the changeover of 

Cr2O3 from an ideal grain refiner to an undesirable 

inclusion affecting impact toughness has not yet been 

reported. The current research work fills this research void 

by incorporating a comprehensive linking between Cr2O3 
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content, grain refinement, and associated trade-offs in 

mechanical properties. The chromium has been shown to 

influence nucleation and growth behaviour, but there is a 

lack of systematic understanding of how Cr₂O₃ particles 

interact with the Al–Cu matrix to modify microstructure 

and mechanical performance, especially in Al-4%Cu alloys 

under as-cast conditions. Therefore, the present research 

work will look into the influence of Cr₂O₃ variation on the 

microstructure and mechanical properties of Al-4%Cu 

alloy in the as-cast condition. It tends to identify an 

optimum composition of Cr₂O₃ that would improve the 

performance of the alloy while maintaining its structural 

integrity 

2. Materials and Experimental procedures 

2.1. Materials Process 

The alloy ingots produced in this work were prepared 

using an oil-fired crucible furnace under an N2 atmosphere. 

The presence of an N2 atmosphere is to prevent the alloy 

from oxidising during the melting process [3]. Analytical-

grade aluminium wires, copper wires (98.99% purity), and 

Cr₂O₃ powder (99.99% purity) were used as raw materials 

for the fabrication of Al–4%Cu–xCr₂O₃ alloys. The 

designed compositions of the developed Al–4%Cu–xCr₂O₃ 

alloys are presented in Table 1. Melting was carried out in 

a graphite crucible with a capacity of 10 kg. Aluminium 

with a chemical composition exceeding 90% was first 

charged into the furnace and heated to its melting 

temperature of 660 °C. Subsequently, a weighed copper 

wire, wrapped in aluminium foil and slightly preheated, was 

introduced into the molten aluminium and held for 8 min to 

ensure complete dissolution of copper in the aluminium 

melt. The melt was then stirred at 200 rpm for 6 min to 

promote uniform dispersion and homogeneity. After 

intermittent stirring to further ensure homogeneity, the 

molten metal was cast into a preheated permanent steel 

mould with dimensions of 45 × 55 × 155 mm³ to produce 

the control sample. After complete melting of the 

aluminium and copper wires, Cr₂O₃ of particle size of 45 

µm were added to the molten metal at varying 

concentrations ranging from 0.75 to 2.25 wt%, in intervals 

of 0.25 wt%. This addition range was selected to optimize 

the mechanical properties of the (Al,Cr)₂O₃ solid solution 

and enhance scale adhesion. Following adequate stirring to 

ensure homogenization, the composite melt was poured into 

a preheated steel mould. This procedure was followed as 

described in [22,25,33,34]. Eight samples were produced 

and coded as presented in Table 1. The chemical 

composition of the cast Al-4%Cu alloy without Cr2O3 

powder was determined after casting using a Spark 

Emission Spectrometer (SES) of Model W6, and the result 

is presented in Table 2. 

2.2. Characterization 

The characterization of the cast Al-4%Cu-xCr₂O₃ alloys 

focused on evaluating their microstructure and mechanical 

properties. The structural analysis emphasized the 

dispersion of intermetallic particles within the 

microstructure and the assessment of grain size. 

 

Table 1. Chemical Compositions of the designed alloy (wt. %) 

before casting 

Alloy designation Elemental composition (wt. %) 

Cr2O3 Cu Al 

A0 0 4.0 Bal 

A1 0.75 4.0 Bal 

A2 1.0 4.0 Bal 

A3 1.25 4.0 Bal 

A4 1.5 4.0 Bal 

A5 1.75 4.0 Bal 

A6 2.0 4.0 Bal 

A7 2.25 4.0 Bal 

 

Table 2. Chemical Compositions of the produced Al-4%Cu alloy 

(wt.%) 

Mg Fe Ti Si Mn C B N Cu Al 

0.12 0.16 0.06 0.04 0.01 0.03 0.01 0.21 4.09 Bal 

For the microstructural analysis, an optical metallurgical 

microscope (OM-L2003A) and a scanning electron 

microscope (PHENON-ProX) were utilized. Prior to this 

process, the samples were cut to a mounting size and cold 

mounted in a thermosetting material. The mounted samples 

were initially ground with different grit sizes of SiC paper 

(600, 800, 1200, 1600, 2000 μm), polished automatically 

using aluminium oxide powder to achieve a mirror-like 

surface, followed by etching. The etching process, which 

exposes the polished surface for microstructural 

examination, was performed in aqueous hydrochloric acid 

for 25 seconds, then rinsed in water and dried with a 

METASER specimen dryer. The optical micrographs were 

produce at magnification x400. The three-dimensional view 

(3D) of the obtained microstructure of the cast alloys, as 

well as the average grain size and distribution, were 

determined using the linear intercept method with Image J 

software. Image J is an analytical software that provides 

quantitative information on various parameters of the 

microstructure, such as phase fraction percentage, particle 

size, shape parameter index, etc [35]. The procedures for 

determining these parameters on the microstructure of the 

cast Al-4% Cu-xCr2O3 alloys are as described in Ref. 

[36,37] 

The mechanical properties evaluated in this study 

include ultimate tensile strength, yield strength, ductility 

(percentage elongation), hardness, and impact resistance. 

Tensile tests were performed on specimens machined to the 

specified dimensions illustrated in Fig. 1, utilizing an 

Instron universal testing machine (Model 3369) under 

ambient conditions. The tensile specimens followed the 

ASTM B557M standard and were machined with 

dimensions of 100 mm sample length, 65 mm gauge length, 

8 mm gauge diameter, and 10 mm grip diameter, while 

maintaining a strain rate of 10⁻³ s⁻¹ throughout the testing. 

Hardness measurements were conducted using a TESTOR 

HT 1 Otto Wolpert-Werke Rockwell hardness testing 

apparatus. The hardness evaluation involved a 15 kgf 

indentation force and a 100 kgf load for scratch testing over 

a 30-second duration. Measurements were taken at three 

distinct locations on each specimen to mitigate the 
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influence of alloy segregation, with the mean values 

recorded. A standard conversion chart was used to convert 

the measured Rockwell hardness values into Brinell 

hardness values. A Charpy impact machine (Model MT-

004) was used to measure energy absorption capability. V-

notched samples, as shown in Fig. 2, were machined to a 

standard size of 55 mm in length and 10 mm × 10 mm cross-

section according to the ASTM E23-18 standard to 

determine the impact strength of the cast alloys. A deep 

notch with a radius of 0.25 mm at an angle of 45° was 

obtained on a standard size of 55 mm in length and 10 mm 

x 10 mm in diameter sample to determine the impact 

strength of the developed alloys. An average of at least three 

specimen results was taken for all the mechanical properties 

results. 

3. Results and Discussions 

3.1. Optical microscopy and grain analysis  

The morphological characteristics such as grain size and 

shape, as well as the size of the constituent phase, were 

evaluated using optical microscopy. The distinctive optical 

microstructure of a cast Al-4%Cu alloys with different 

contents of Cr2O3 are shown in Fig 3. The microstructures 

of the alloy are different as the content of Cr2O3 increases. 

Fig. 3a illustrates the microstructure of the Al-4%Cu alloy, 

which serves as the base alloy for this study. The 

microstructure shows relatively coarse grains and non-

uniform distribution of Cu-rich intermetallic. This indicates 

limited grain refinement and weaker particle pinning, which 

typically results in lower strength and hardness [38]. The 

microstructural evolution of the Al-4%Cu alloy with the 

incorporation of Cr₂O₃ is depicted in Figs. 3(b-h). A 

noticeable grain refinement effect was observed, as the 

coarse grains present in the base alloy (Al-4%Cu) 

progressively diminish with increasing Cr₂O₃ content, 

indicating its role in grain modification and structural 

homogenization. This suggests that Cr₂O₃ particles function 

as potent grain refiners in aluminium alloys, contributing to 

improved microstructural integrity and mechanical 

performance [28,38]. Cr2O3 addition overpass the formation 

of α +CuAl2 that usually formed in the matrix of Al-Cu 

alloy.Cr₂O₃ particles act as effective nucleation sites during 

solidification, restricting grain growth.   With different 

Cr2O3 contents added to the base alloy, the grain sizes 

decreased and the grain boundary became clear and 

uniform. The grain refinement effect on the microstructure 

becomes more evident as the Cr₂O₃ particle content 

increases. Specifically, as the Cr₂O₃ concentration rises 

from 1.75 wt% to 2.25 wt% (Figs. 3f-h), a noticeable 

reduction in grain size is observed, accompanied by a more 

refined microstructure and the formation of thicker grain 

boundaries, indicating enhanced structural integrity. 

 

Figure 1. Tensile test Specimen 

 
Figure.2 Impact strength test specimen 

The size statistics of the secondary dendrite arm spacing 

(SDAS) and the average grain size of the alloy were 

analysed, and the results are summarized in Table 3. When 

Al-4%Cu is alloyed with Cr2O3, a significant change in 

grain size is observed. When different content of Cr2O3 

were added from 0 to 2.25 wt%, the corresponding SDAS 

of Al-4%-xCr2O3 alloys values are 26.34±0.43 μm, 

16.42±1.11 μm, 13.25±1.73 μm, 17.03±1. 39 μm, 14.17 ± 

1.48μm 15.18±2.02 μm, 14.24± 1.23 μm, and 12.82±0.47 

μm, respectively. The SDAS of the base alloy is relatively 

large, measuring 26.34±0.43 μm. Comparing with the base 

alloy, it could be observed that the addition of Cr2O3 results 

in a decrease in the SDAS of the alloy. The SDAS of the α-

Al decreases by 37.66%, 49.69%, 35.35%, 42.37%, 

45.94%, and 51.33%, respectively, with the addition of 

Cr2O3 from 0.75 wt% to 2.25 wt%.  

Fig 4 shows the grain size distribution of the alloy with 

and without Cr₂O₃ particles. Image processing was 

performed using ImageJ software, and the average grain 

size was measured. The optical microscopy (OM) images 

were utilized to estimate the average grain size of Cr₂O₃-

reinforced particles. The histogram demonstrates that the 

size distribution follows a Gaussian fit based on a log-

normal function, with the standard deviation values 

presented in Table 2 corresponding to the best fit for the 

experimental data. As depicted in Fig 4, the grain size 

distribution aligns well with the Gaussian fit, represented 

by the solid line, confirming the accuracy of the statistical 

analysis [39,40]. From this distribution gauge fit, it can be 

observed that the grain data is primarily composed of 

smaller values, except for the base alloy fit, where the 

higher grain data is identified (Fig. 4a). The fraction of the 

average grain size of the Al-4%Cu alloy with 0 wt%, 0.75 

wt%, 1.0 wt%, 1.25 wt%, 1.5 wt%, 1.75 wt%, 2.0 wt%, and 

2.2 wt5% Cr2O3 content  were  presented in Table 3. It 

could be observed that there is a significant change in the 

grain size of the Al-4%Cu alloy by alloying with Cr2O3. 

The average grain size gradually decreases with increasing 

Cr2O3 content, highlighting Cr2O3's ability to impede grain 

boundary migration and inhibiting grain growth [28,36,38]. 

The fraction of the Al-4%Cu alloy is higher than the alloys 

with Cr2O3 contents. The addition of Cr2O3 particles 

reduces the grain size of the alloy. However, when the 

Cr2O3 contents increases from 0.75 to 2.25 wt%, no 

significant changes in grain size are observed. The 

variations in grain sizes within the alloys could be attributed 

to the fact that the particles are composed of several 

crystallites, leading to these changes [41]. According to 

related literatures [28,38], the appropriate addition of 

chromium in aluminium alloys promotes recrystallization, 

whereas an excessive amount of chromium retards the 

recrystallization process. This could as a result, explain the 

variations seen in the grain size data.
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Figure 3. Optical micrographs of as-cast Al-4%Cu alloy with different Cr2O3   contents at x400 (a) 0, (b) 0.75, (c) 1.0, (d) 1.25 (e) 1.5 (f) 1.75 

(g) 2.0 (h) 2.25  wt% 
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Figure 4. Grain size distribution of Al-4% Cu-xCr2O3 alloy from optical images (a) 0, (b) 0.75 (c) 1.0 (d) 1.25 (e) 1.5 (f) 1.75 (g) 2.0 (h) 2.25 

wt% 
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Fig. 5 presents the optical image misorientation map of 

the alloy which was carried out using imageJ software. As 

shown in Fig 5a, the orientation map of the base alloy 

reveals large, coarse, elongated grains. The mapping 

indicates small lamellar spacing, suggesting limited 

recrystallization during the alloying process. The grain 

refinement resulting from the addition of Cr₂O₃ is 

attributed to the function of intermetallic compounds, 

which facilitate grain recrystallization during alloy 

processing. Image analysis based on optical micrographs 

proves suitable for obtaining accurate grain size 

distribution information [25,38,41]. The Al-4%Cu-xCr2O3 

alloys display a greater presence of recrystallized 

structures compared to the base alloy. The misorientation 

maps in Figs. 5(b-h) reveal the evolution of various 

elongated microstructural grains, suggesting Cr2O3 

addition alters the phase composition of the alloy based on 

its varying content. Also, the structural parameter 

alteration in the alloy which include grain size, grain 

diameter, grain twin, and grain misorientation was as a 

result of the particle addition. The statistical analysis of 

recrystallized grains from image misorientation mapping 

is shown in Fig. 6. The chart indicates that the mean grain 

diameter gradually decreases with the addition of Cr2O3 

from 0.75 to 1.5 wt%, but minimal changes are observed 

from 1.75 to 2.25 wt%, as the mean grain diameter 

increases slightly from 216.69 μm to 226.06 μm. The 

variations in the mean grain diameter could be due to the 

appropriate amount of Cr2O3 induces recrystallization, 

whereas excessive Cr2O3 may cause changes during 

recrystallization process [38]. 

 

Table 3. Results of optical image grain analysis of the Al-4%-xCr2O3 alloys 

Cr2O3 contents (wt.%) Count 

 Average particle 

Size After 

Thresholding (μm) 

Std. Dev (μm) Total Area (μm) %Area 
SDAS Size 

Distribution (μm) 

0 149 35.09 ±5.93 1047.37 47.34 26.34 ± 0.43 

0.75 105 28.89 ±5.49 675.440 27.74 16.42 ± 1.11 

1.0 154 31.29 ± 7.48 499.79 20.008 13.25 ± 1.73 

1.25 100 27.86 ±5.78 1702.89 48.63 17.03 ± 1. 39 

1.5 115 26.96 ±5.4 782.230 42.41 14.17 ± 1.48 

1.75 120 27.61 ±5.40 782.230 42.42 15.18 ± 2.02 

2.0 134 27. 91 ±7.78 728.58 45.34 14.24 ±1.23 

2.25 151 29.02 ±6.11 2191.32 37.66 12.82 ± 0.47 
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Figure 5. Optical image misorientation mapof Al-4% Cu-xCr2O3 alloy from optical images (a) 0, (b) 0.75, (c) 1.0 (d) 1.25 (e) 1.5 (f) 1.75 (g) 
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Figure 6. Mean grain diameter of Al-4%Cu-xCr2O3 alloys 

3.2. SEM microstructural analysis 

The SEM, combined with EDS, was used to analyse the 

formation of intermetallic particles dispersed throughout the 

microstructure. SEM analysis further provided detailed 

insights into the dispersion characteristics of Cr₂O₃ particles 

within the Al-Cu alloy matrix. Figs 7a and 8a illustrate the 

SEM micrograph of the Al-4%Cu alloy and the 

corresponding EDS spectrum, respectively. The micrograph 

reveals that the Al2Cu intermetallic are coarsely distributed 

throughout the structures. The microstructure of the base 

alloy primarily consists of α-Al phase regions, representing 

aluminium-rich areas interspersed with distinct micro-

constituents within the interdendritic regions. The 

morphology includes α-Al grains and elongated θ-Al₂Cu 

boundaries, appearing as a dark grey phase with fine, white 

dotted boundaries, formed via solid-state dissolution of Cu 

within the Al-matrix. Fig 8a reveals elements like Mg, C, Ti, 

Fe, and Si in the EDS spectrum, likely formed through the 

process conditions that produced Al-4%Cu alloy [12] 

The presence of finely dispersed particles in the 

intergranular regions of Al-4%-xCr2O3 alloys were 

revealed in Figs 7b-h reveal. The SEM-EDS microstructures 

of the Al-4%Cu alloy with varying Cr₂O₃ contents are 

shown in Figs 7(b-h) and 8(b-h), respectively. These 

microstructures revealed a gradual disappearance of the 

elongated grain boundaries when concentration of Cr₂O₃ 

increases from 0.75 to 2.25 wt%., indicating  coarse primary 

Al₂Cu particles. The addition of Cr2O₃ refines the coarse 

primary Al₂Cu particles in the base alloy's (Al-4%Cu) 

microstructure, and these notable effects have improved an 

alloy's mechanical properties under strain [42]. With the 

addition of Cr₂O₃, fine precipitates of the secondary θ-

(Al₂Cu) phase and the β-phase (AlCr)₂O are formed. 

According to Ramalingam et al [43] chromium (Cr) 

significantly influences the solidification process by 

initiating complex heat transfer interactions in both the 

liquid and solid phases. Chromium accumulation at the 

liquid-solid interface plays a critical role in refining the 

dendritic structure of the alloy by promoting constitutional 

supercooling. This process also enhances undercooling, 

which, in turn, encourages nucleation and leads to a finer 

microstructure. As a result, the addition of Cr₂O₃ effectively 

contributes to the refinement of the dendritic structure in Al-
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4%Cu alloys. This is consistent with findings that chromium 

refines the grain structure in other alloy systems [29,44]. 

The SEM microstructures show noticeable variations with 

increasing Cr₂O₃ content, and these morphological 

differences are corroborated by EDS analysis, which reveals 

variable elemental intensities in the alloys, confirming the 

presence of intermetallic compounds. 

The EDS analysis (Fig. 8b-h) confirms that the chemical 

reactions between Cr₂O₃ and the base alloy have been 

completed, as evidenced by the observed elemental 

intensities. These intensities indicate the formation of Al₂Cu 

and (AlCr)₂O, with other elements present in alignment with 

the data shown in Table 2. SEM images of the Al-4%Cu 

alloy with Cr₂O₃ content ranging from 0.75 to 1.5 wt% 

reveal a microstructure featuring uniformly distributed dark 

grey particles. As the Cr₂O₃ content increases from 1.75 to 

2.25 wt.%, the dark phase transitions to a light grey phase, 

suggesting a denser and more non-porous structure [12,22]. 

The EDS results further confirm chemical composition of 

the alloys, confirming the presence of aluminium (Al), 

copper (Cu), and chromium oxide (Cr₂O₃) as primary 

constituents. Additionally, minor concentrations of carbon 

(C), silicon (Si), iron (Fe), and magnesium (Mg) were 

detected as impurities or residual elements. 

 

 
Figure 7.  SEM images of Al-4%Cu-xCr2O3 alloys at (a) 0%, (b) 0.75%, (c) 1.0%, (d) 1.25% (e) 1.5% (f) 1.75% (g) 2.0% (h) 2.25% 
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Figure 8. The corresponding EDS of Al-4%Cu-xCr2O3 alloys at (a) 0%, (b) 0.75%, (c) 1.0%, (d) 1.25% (e) 1.5% (f) 1.75% (g) 2.0% (h) 

2.25% 

3.3. Mechanical properties 

3.3.1. Tensile characteristics 

Figs. 9 and 12 present the mechanical properties of the 

base Al-4%Cu alloy and the Al-4%Cu alloy with different 

Cr₂O₃ concentrations. Research indicates that variations in 

the mechanical properties of aluminium and its alloys are 

predominantly influenced by phase transformations and 

microstructural evolution, which play a crucial role in 

determining the material's overall performance [45,46]. The 

formation of intermediate phases resulting from the addition 

of alloying elements is a well-established mechanism for 

enhancing the strength of alloys, as these phases contribute 

to grain refinement, precipitation strengthening, and overall 

microstructural stability [29,42,45,46]. 
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The tensile properties, including ultimate tensile 

strength, yield strength, and ductility, of Al-4%Cu alloy 

modified with varying Cr₂O₃ contents in the as-cast 

condition are shown in Figs. 9(b–c). The corresponding 

engineering stress-strain curve, which provides insights into 

the material’s deformation behaviour, is presented in Fig. 

9(a). The stress-strain curves for Al-4%Cu-xCr₂O₃ alloys 

exhibit a continuous trend, with stress increasing as strain 

increases. Notably, Cr₂O₃-doped Al-4%Cu alloys show a 

significant 67% improvement in tensile properties compared 

to the base alloy. This enhancement is attributed to Cr₂O₃’s 

effectiveness in refining the coarse dendritic structure of the 

base alloy. As shown in Figs. 9(a–c), the tensile strength 

parameters of the developed alloys improve with increasing 

Cr₂O₃ content. The strength and ductility values increase 

progressively with the amount of alloying element added, 

reaching maximum values at 2.25 wt% Cr₂O₃: ultimate 

tensile strength (UTS) of 362 MPa, yield strength of 199 

MPa, and ductility of 13.5%.  The refinement of Al grains, 

as observed in Figure 3, was facilitated by adding of Cr₂O₃ 

particles into the Al-4%Cu alloy. Material strengthening in 

metals can take place through three mechanisms: grain 

refinement, dislocation strengthening, and the Orowan 

mechanism [38,47]. The mechanism of grain refinement 

strengthening involves grain boundaries acting as obstacles 

to dislocation movement. The addition of Cr₂O₃ particles to 

aluminium alloys promotes this effect by controlling grain 

size and, consequently, increasing the grain boundary area. 

This increased grain boundary area then restricts dislocation 

propagation, resulting in higher strength [28]. In 

comparison, the Al-4%Cu alloy without Cr₂O₃ exhibits 

tensile properties of 170 MPa for ultimate tensile strength 

(UTS), 140 MPa for yield strength, and 10% ductility. 

However, the incorporation of Cr₂O₃ particles results in a 

significant enhancement in these properties. The Cr₂O₃-

doped Al-4%Cu alloy demonstrates improved strength and 

ductility, highlighting the beneficial effect of Cr₂O₃ 

addition. No significant casting defects such as porosity, 

shrinkage cavities, or inclusions were observed in the 

machined samples used for mechanical properties test. The 

consistency observed in the mechanical properties results 

can be attributed to the vigorous stirring of Cr₂O₃ particles 

in the molten metal, which ensured a homogeneous 

dispersion within the aluminium matrix. Furthermore, the 

use of a steel mould contributed to minimizing casting 

defects, thereby enhancing the overall quality of the cast 

samples. 

From the observed results, the improvement in tensile 

strength can be correlated with microstructural refinement, 

specifically the reduction in Secondary Dendrite Arm 

Spacing (SDAS), using the Hall–Petch equation. The Hall–

Petch equation (Eq. 1) describes the relationship between 

the strength of the developed alloy and its microstructural 

features, particularly the grain size [52]: 

𝜎𝑦 =  𝜎0 + 𝑘𝑑−
1

2                                           (1) 

Where 𝜎𝑦 is the strength, 𝜎0 is the lattice friction stress, 

k is the hall patch slope which is constant.  

By substituting the 51% reduction in SDAS into the 

Hall–Petch equation, a predicted strength increase of 

approximately 43% is obtained due to grain refinement. The 

experimentally observed 53% increase in tensile strength 

slightly exceeds this prediction, which can be attributed to 

additional strengthening mechanisms, such as the formation 

of Cr₂O₃-induced secondary phase particles and improved 

load transfer. The discrepancy is also influenced by factors 

like microstructural homogeneity and dislocation-particle 

interactions. Therefore, the Hall–Petch relationship strongly 

supports the microstructural origin of the strength gains 

observed. 

 
Figure 9. The tensile properties of the developed alloys (a) Tensile stress-strain curve (b) ultimate tensile strength (c) yield strength (d) 

percentage elongation (ductility) 
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3.3.2. Fractography 

The fracture surface behaviour of the alloys under tensile 

load was analysed using a scanning electron microscope 

(SEM). Figs 10 and 11 show the SEM images and three-

dimensional (3D) views generated by ImageJ software, 

illustrating the tensile fracture surfaces of Al-4%Cu-xCr₂O₃ 

alloys. The SEM images reveal distinct equiaxed pits, 

indicating localized deformation within the alloy and 

confirming a mixed brittle-ductile fracture mode. The brittle 

fracture, ductile fracture and its combination (brittle-ductile 

fractures), demonstrate the alloy’s response to tensile stress. 

Fig 10a displays the fracture surface of the base alloy, which 

reveals a coarse quasi-cleavage plane randomly dispersed 

across the fracture cross-section, with a few torn ridges that 

suggest is a brittle fracture mode. According to literature 

findings [42], the coarse structure of the α-Al dendrites 

cannot strongly impede crack propagation. The torn ridges 

in Fig 10a are not obvious, and the presence of porosity and 

cracks given by the cleavage facets indicates poor plasticity 

in the alloy [22].  In Figs 10b-d, representing the Al-4%Cu 

alloy with 0.75-1.25 wt% Cr₂O₃, the fracture surface shows 

primary dimples along with cracks and cleavage facets. The 

presence of these dimples, is an indication that a ductile 

fracture mode occurs with alloys, suggesting that alloying 

with 0.75-1.25 wt% Cr₂O₃ enables the alloy to undergo 

significant plastic deformation prior to fracture. Dimples are 

characteristics of plastic deformation as posited by Vignesh 

et al. [48]. The coarse quasi-cleavage plane in these alloys 

are reduced, while the tearing ridges increase in size, further 

emphasizing a mixed-mode fracture but with a predominant 

ductile behaviour. Figs. 10e-h, where the Al-4%Cu alloy 

contains higher Cr₂O₃ particle concentrations (1.5-2.25 

wt.%), the fracture surfaces revealed are characterized by 

larger cracks and distinct plastic deformation zones. These 

plastic deformation zones indicates that the alloys 

underwent significant stretching and deformation before 

failure take place. This behaviour reflects an enhanced 

toughness and ductility recorded within Cr₂O₃ concentration 

range. The fracture characteristics demonstrated mixed 

ductile and brittle fracture modes, which is similar to those 

seen in Figs 10b-d, however, in Fig 10e-h, the regions of 

tearing ridges, cracks, and cleavage planes are more 

prominent and widely distributed across the fracture surface. 

The evolution of fracture behaviour in these alloys can be 

attributed to Cr₂O₃ addition, which promotes new phase 

formation and reinforces the interaction between grains and 

grain boundaries (as shown in Figure 3). This transformation 

process facilitates tearing during the tensile process [22].  

Kamali et al. [3] observed that coarse θ-phases along grain 

boundaries in an alloy's as-cast microstructure can increase 

susceptibility to cracking under lower stresses and strains, 

leading to premature failure, in contrast to finer, metastable 

phases that improve fracture resistance. This aligns with the 

findings here, where Cr₂O₃ addition effectively prevents 

early-stage cracking and enhances tensile properties. 

 



 © 2026 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 20, Number 3  (ISSN 1995-6665) 397 

 

Figure 10. SEM morphologies of the fractured surface of (a) 0 (b) 0.75, (c) 1.0 (d) 1.25 (e) 1.5 (f) 1.75 (g) 2.0% (h) 2.25 wt% of Al-4%Cu-

xCr2O3 alloys after tensile test 

Table 4. Quantitative fracture dimple data. 

Sample Count Total 

 Area 

Average  

Size(µm) 

% 

Area 

Circularity Feret 

(µm) 

MinFeret Fracture  

Behaviour 

Al-4Cu 191 5560 29.11 3.72 0.777 7.949 3.901 Predominantly brittle 

Al-4Cu + 0.75wt%Cr₂O₃ 225 7687 34.164 5.232 0.768 8.737 4.274 Mixed-mode, semi-brittle 

Al-4Cu + 1wt%Cr₂O₃ 219 4187 19.119 2.892 0.803 6.479 3.247 Mixed-mode, semi-brittle 

Al-4Cu + 1.25wt%Cr₂O₃ 357 7472 20.93 5.098 0.818 6.812 3.541 Mixed-mode, semi-brittle 

Al-4Cu + 1.5wt%Cr₂O₃ 439 16739 38.13 10.828 0.77 8.642 4.334 Transitional ductile behaviour 

Al-4Cu + 1.75wt%Cr₂O₃ 243 7705 31.708 4.824 0.776 8.176 3.855 Abrupt drop in plasticity 

Al-4Cu + 2wt%Cr₂O₃ 241 62360 258.755 44.993 0.85 7.846 4.054 Most ductile response 

Al-4Cu + 2.25wt%Cr₂O₃ 271 57904 213.668 40.365 0.829 7.849 3.869 Slight reduction in toughness 

Dimples observed on fracture surfaces offer valuable 

insights into fracture mechanisms and material ductility. 

SEM analysis of Al-4Cu alloys with varying Cr₂O₃ 

concentrations reveals how dimple morphology evolves 

with particle reinforcement. Key parameters—dimple 

count, average size, %area, circularity, Feret diameter, and 

MinFeret—were used to assess Cr₂O₃ dispersion efficiency 

and its impact on fracture behaviour, as summarized in 

Table 4. The %area of dimples increases significantly with 

Cr₂O₃ addition, peaking at 44.99% at 2 wt%, indicating 

enhanced ductility through improved energy absorption and 

plastic deformation. The sharp rise from 1.5 wt% to 2 wt% 

suggests a critical threshold where particle distribution 

promotes void coalescence and crack blunting. However, at 

2.25 wt%, a slight decline in %area (40.37%) may indicate 

particle agglomeration or saturation effects. Although the 

highest dimple count (439) occurs at 1.5 wt%, the associated 

low %area (10.83%) suggests clustering and non-uniform 

deformation. Dimple size follows a similar trend, with the 

largest average size (258.76 µm²) observed at 2 wt%, 

reflecting efficient void growth. Lower dimple sizes at 0.75–

1.5 wt% indicate reduced void formation, characteristic of 

semi-brittle or brittle fracture. Larger dimples typically 

correspond to stable void growth, whereas smaller ones 

reflect rapid crack propagation. Circularity values support 

this: 2 wt% (0.85) and 2.25 wt% (0.829) exhibit well-

rounded dimples, indicative of uniform ductile fracture. In 

contrast, lower circularity (e.g., 0.768 at 0.75 wt%) suggests 

elongated or irregular dimples linked to mixed-mode failure 

and stress localization. Feret and MinFeret diameters 

generally correlate with dimple size and distribution. 

Notably, 1.5 wt% and 0.75 wt% Cr₂O₃ display higher Feret 

values (>8.6 µm), likely due to elongated or coalesced 

dimples formed under tensile loading. 

The 3D images of the fractured surfaces (Fig. 11) 

provide valuable insights into the depth and size of the pits 
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formed on the samples. A comparative analysis reveals that 

the base alloy (Fig. 11a) exhibited relatively smaller pits and 

shallower depths, indicating a more uniform and less 

pronounced deformation. In contrast, alloys containing 

Cr₂O₃ particles displayed more prominent pit formations, 

with increasing severity corresponding to higher Cr₂O₃ 

content. Specifically, alloys with Cr₂O₃ content in the range 

of 1.5–2.25 wt% exhibited significantly larger and deeper 

pits compared to those with lower concentrations (0.75–1.25 

wt%). This trend suggests that the incorporation of Cr₂O₃ 

particles plays a crucial role in modifying the fracture 

behavior of the alloy. The observed increase in pit depth and 

size aligns with the improved mechanical properties, such as 

ultimate tensile strength (UTS), yield strength, and 

percentage elongation, as previously presented in Fig. 9. The 

progressive enhancement in mechanical properties implies 

that Cr₂O₃ particles contribute to grain refinement and 

improved load transfer, thereby enhancing the alloy's 

ductility and strength. Furthermore, the increased roughness 

and deformation features observed in the 3D images may 

indicate enhanced energy absorption during fracture, which 

correlates with the improved toughness of the alloy. Overall, 

the 3D analysis reinforces the understanding that Cr₂O₃ 

particle additions influence the fracture mechanisms of Al-

4%Cu alloys, promoting a transition from relatively shallow 

deformation zones in the base alloy to more complex and 

pronounced features in reinforced compositions. This 

underscores the significance of Cr₂O₃ as a reinforcing agent 

in tailoring the mechanical response of aluminum-copper 

alloys. 

 
Figure 11. The corresponding 3D views of fractured surface of (a) 0, (b) 0.75, (c) 1.0%, (d) 1.25  (e) 1.5 (f) 1.75 (g) 2.0 (h) 2.25 wt% of Al-4%Cu-

xCr2O3 alloys 
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3.3.3. Quantitative fractography–mechanical property 

correlation  

The balance between improvement in strength and the 

fracture mechanisms is presented in Table 5. The 

Fractographic Analysis as depicted in Figs 10 and 11 

indicates a gradual improvement with increasing Cr₂O₃ 

content. The SEM fractographs reveal a clear transition in 

fracture mode with increasing Cr₂O₃ addition in the Al–4Cu 

alloy. In the unreinforced alloy (0 wt% Cr₂O₃), the fracture 

surface is characterized mainly by quasi-cleavage/planar 

regions with limited tearing ridges, indicating relatively 

rapid crack propagation along coarse 

dendritic/interdendritic features and reduced plastic energy 

dissipation, which is consistent with the lowest tensile 

strength (UTS = 170 MPa). With Cr₂O₃ additions in the low-

to-intermediate range (0.75–1.50 wt%), the fracture 

mechanism progressively shifts toward microvoid-

controlled failure, evidenced by fine, uniformly distributed 

dimples and tearing ridges, reflecting enhanced resistance to 

crack initiation and propagation; consequently, the tensile 

strength increases up to 275 MPa while elongation remains 

stable (≈ 10.8%). At higher additions (≥1.75 wt% up to 2.25 

wt%), although extensive dimpling remains evident, the 

appearance of more pronounced cleavage facets and 

localized interfacial microcracks suggests an increasing 

mixed-mode contribution associated with particle/matrix 

stress concentration or local clustering effects; nevertheless, 

these conditions correspond to the highest strength levels, 

reaching UTS = 362 MPa, indicating a predominantly 

strength-controlled fracture response at elevated Cr₂O₃ 

content.ImageJ-based dimple metrics (Table 4) correlate 

strongly with the tensile properties (Table 5), confirming 

that Cr₂O₃-induced structural modification enhances both 

strength and deformation capacity. Specifically, UTS shows 

strong positive correlation with dimple-related ductility 

indicators, with Pearson correlation coefficients of r ≈ 0.755 

(UTS vs. total dimple area), r ≈ 0.745 (UTS vs. % dimple 

area), and r ≈ 0.708 (UTS vs. average dimple size). This 

implies that the microstructural refinement and particle 

strengthening introduced by Cr₂O₃ increase resistance to 

crack initiation/propagation, allowing higher stress levels to 

be sustained while promoting distributed microvoid activity 

at fracture. The sharp improvement in ductile features at 

higher Cr₂O₃ levels is particularly evident at 2.0 wt%, where 

the dimple area fraction increases markedly (%Area ≈ 

44.99%) with high circularity (0.85), reflecting more stable 

void growth and enhanced crack blunting.Similarly, 

elongation increases with increasing dimple-dominated 

fracture, demonstrating that ductility is governed not merely 

by void nucleation, but by stable void growth and 

coalescence over a large fracture area. Pearson correlations 

show that elongation relates strongly to total dimple area (r 

≈ 0.810), % dimple area (r ≈ 0.796), and average dimple size 

(r ≈ 0.758), validating that alloys exhibiting extensive, 

rounded dimples undergo greater plastic deformation before 

final separation. In contrast, dimple count alone is not 

predictive of tensile behavior (r ≈ 0.237 with UTS), as seen 

from the 1.50 wt% alloy which exhibits the highest dimple 

count yet lower dimpled surface coverage than the 2.0–2.25 

wt% alloys. Overall, the combined quantitative and 

qualitative evidence confirms that Cr₂O₃ reinforcement 

improves the strength–ductility balance primarily through 

grain refinement and enhanced plastic energy dissipation, 

shifting fracture from cleavage/porosity-assisted cracking 

toward a predominantly microvoid-controlled ductile 

mechanism at optimal compositions. 

Table 5. Summary of Fracture Characteristics as a Function of Cr₂O₃ Content 

Cr₂O₃ content 

(wt%) 

Elongation 

(%) 

UTS 

(MPa) 
Dominant fracture characteristics Fracture–property correlation 

0.00 10.0 170 
Deep, equiaxed dimples; uniform plastic 

deformation 

Ductile fracture with moderate ductility but low 

strength 

0.75 9.4 220 
Fine dimples with reduced depth; good 

matrix continuity 
Strength increase with slight reduction in ductility 

1.00 9.7 241 
Mixed fine dimples and microvoid 

coalescence 

Balanced ductile–mixed fracture; improved load 

transfer 

1.25 10.2 252 Refined dimples; limited particle pull-out Enhanced strength with recovered ductility 

1.50 10.8 275 
Uniform fine dimples; strong particle–

matrix bonding 

Optimal fracture response with high strength and 

good ductility 

1.75 11.12 310 Shallow dimples with initial cleavage facets Transition from ductile to mixed-mode fracture 

2.00 11.4 321 
Increased cleavage facets; localized 

microcracks 

Strength-dominated behaviour with reduced plastic 

deformation 

2.25 12.8 362 
Cleavage facets, particle agglomeration, 

interfacial cracking 

Mixed brittle–ductile fracture; highest strength with 

fracture localization 
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3.3.4. Hardness and ipact strength analysis 

The hardness and impact strength results for the Al-

4%Cu alloy with varying Cr₂O₃ contents are shown in 

Fig 12. Both properties follow a similar trend, with the 

Cr₂O₃-doped alloys demonstrating higher hardness 

and impact strength than the Cr₂O₃-free alloy. The Al-

4%Cu alloy without Cr₂O₃ exhibits lower values, with 

minimum recorded hardness and impact strength of 75 

BHN and 12 J, respectively. The addition of Cr₂O₃ 

particles significantly improves both hardness 

(resistance to indentation) and impact strength (energy 

absorption), with results reflected in higher values 

compared to the base alloy. The observed 

enhancement is attributed to dislocations generated 

during alloy solidification. Studies indicate these 

dislocations arise due to thermal expansion coefficient 

differences between the base metal and in-situ formed 

alloying particles, which contribute to hardening 

effects and improved toughness in the alloy 

structure.This phenomenon might be related to 

particle agglomeration, weakened interfacial bonding, 

or the formation of brittle intermetallic phases [23,32]. 

Both properties decreases with increase in Cr₂O₃ 

content but remain above the base alloy's values. The 

highest values, 98 BHN and 22 J, were recorded at 

0.75 wt% Cr₂O₃, marking an approximate increase of 

30.67% in hardness and 83.33% in impact strength 

compared to the base alloy. This suggests an optimal 

Cr₂O₃ concentration for maximizing these 

properties.The noted decrease in hardness and impact 

strength for higher contents of Cr₂O₃ may be 

explained on the basis of several microstructural 

parameters. For higher levels of alloying particle, the 

particles of Cr₂O₃ are prone to form agglomerations, 

leading to non-uniform distribution of particles, thus 

creating the sites for stress concentration. These sites 

are the prime sites for the generation of cracks even at 

lower impacts, thus causing lower impact strength []. 

Further, the high amount of ceramic particles causes 

weak bonding between the Al-Cu matrix material and 

the ceramic particles, leading to easy debonding at the 

interface due to lower stress values [53, 54]. 
The property trends observed in this study, the 
increase in strength accompanied by a reduction in 
toughness with increasing Cr₂O₃ content are 
consistent with patterns reported for other oxide- and 
ceramic-reinforced Al–Cu composites. Al₂O₃- and 
SiC-reinforced Al alloys have widely demonstrated 
that the incorporation of hard ceramic particles 
enhances hardness and strength through mechanisms 
such as load transfer, Orowan strengthening, and 
dislocation pinning [8, 15]. At the same time, these 
particles frequently serve as crack initiation sites and 
reduce the material’s ability to undergo plastic 
deformation, thereby lowering fracture toughness [14, 
15, 32]. Our results therefore align with these 
established trends, suggesting that the strength–
toughness trade-off is a general feature of particle-
reinforced Al–Cu systems. 
 

 
Figure 12. The curve of (a) hardness and (b) impact strength of Al-4%Cu-xCr2O3 alloys 
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4. Conclusions 

This study systematically investigated the influence of 

Cr₂O₃ addition on the microstructural evolution and 

mechanical properties of Al-4%Cu alloy. The key 

conclusions derived from the findings are as follows: 

1. The addition of Cr₂O₃ particles to Al–4Cu alloy 

significantly enhanced mechanical performance. The 

ultimate tensile strength increased from 170 MPa (0 wt% 

Cr₂O₃) to 362 MPa (2.25 wt% Cr₂O₃), while elongation 

improved from 10.0% to 12.8%, confirming an overall 

improvement in the strength–ductility response. 

2. For maximum tensile performance and best strength–

ductility balance, 2.25 wt% Cr₂O₃ is optimal, whereas 

0.75 wt% Cr₂O₃ is optimal for maximizing hardness (98 

BHN) and impact energy (22 J). 

3. The strengthening improvement is primarily attributed to 

Cr₂O₃-induced grain refinement and microstructural 

modification, which reduces dendritic/interdendritic 

heterogeneity and increases grain boundary barriers to 

dislocation motion, thereby promoting Hall–Petch-type 

strengthening and improved structural integrity. 

4. Fractography confirms a clear transition in fracture 

mechanism from quasi-cleavage/porosity-assisted 

cracking in the base alloy to a predominantly ductile 

microvoid nucleation–growth–coalescence mechanism 

at higher Cr₂O₃ contents (particularly 2.0–2.25 wt%), 

supporting the observed tensile strengthening and 

improved ductility. 

5. The results demonstrate that controlled Cr₂O₃ additions 

provide a practical route for tailoring Al–Cu cast alloys 

toward lightweight structural applications where 

improved tensile strength, deformation capacity, and 

fracture resistance are required, making the developed 

composites promising for industrial engineering 

components. 
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