Mechanical Characterization of Aluminum 6013-Red Mud
Particulate Composites for Sustainable Structural Applications

Chandrashekara K.N. #*, Sreenivasa K. ?, Krupakara Palur
Venkataswamy Setty ?

S J C Institute of Technology, Chickballapur-562101, Karnataka, India

b Cambridge Institute of Technology North Campus, Devanahalli, Bangalore Rural -562110, India

Editor’s note: Red mud, a by-product of the Bayer process, is an abundant and eco-friendly material
that can serve as a low-cost alternative for enhancing the mechanical and tribological properties of
aluminum alloys. Chandrashekara K.N. et al. reinforced aluminum 6013 with red mud using liquid
melt metallurgy. The results indicated that increasing the content of red mud improved various
mechanical properties, including ultimate tensile strength, compressive strength, elongation, and
hardness of aluminum 6013. These enhancements were attributed to factors such as particle
distribution and grain refinement. The findings underscore the potential of red mud as a sustainable
reinforcement material, promoting environmental sustainability in structural applications.
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Abstract

In this study, the mechanical characteristics of aluminum 6013-red mud particulate composites were fabricated using
the liquid melt metallurgy technique. Test samples were fabricated according to ASTM standards, and their
mechanical properties, including ultimate tensile strength (UTS), compressive strength (CS), percentage elongation,
and Brinell hardness, were systematically evaluated. The results revealed significant improvements in the mechanical
behavior with increasing red mud content. UTS increased from 67.86 MPa for the base alloy to 142.20 MPa at 6 wt.%
reinforcement, while compressive strength improved from 148 MPa to 182.42 MPa. The elongation percentage also
increased from 44% to 72%, indicating enhanced ductility and strain hardening. Hardness values showed a steady
increase from 54.92 BHN to 70.41 BHN with higher reinforcement. The observed enhancements are attributed to the
uniform particle distribution, grain refinement, dislocation strengthening, and thermal mismatch effects between the
matrix and reinforcement. These discoveries validate that red mud-reinforced aluminum 6013 composites are
promising materials for structural applications in automotive, aerospace, and industrial sectors. Furthermore, this
study highlights the sustainable use of red mud waste as an economical reinforcement material, contributing to the
circular economy and environmental sustainability.

Keywords: Aluminum 6013 composites; Red mud particulates; Metal matrix composites; Mechanical properties;
Industrial waste utilization; Sustainability.

offer an exceptional strength-to-weight ratio, stiffness,
and superior wear and corrosion resistance compared to
conventional alloys [1-3]. Alongside mechanical
performance, environmental sustainability and cost-
effectiveness are becoming crucial. This has spurred

1. Introduction

The demand for lightweight, high-performance, and
sustainable materials has accelerated research into

aluminum matrix composites (AMCs). These materials
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residues as reinforcements, promoting a circular
economy while enhancing composite properties. Hybrid
reinforcement strategies, combining natural fibers and
industrial waste, have been shown to significantly
improve tensile strength, hardness, and wear resistance,
making AMCs suitable for automotive, aerospace, and
defense applications [4, 5].

Conventional reinforcements such as SiC, B.«C, and
AlLOs, while effective, are costly, restricting their
industrial adoption [4, 6, 7]. In contrast, red mud, an
abundant industrial by-product of the Bayer process,
offers a low-cost, eco-friendly alternative, improving the
mechanical and tribological performance of aluminum
alloys [5, 8-10]. The mechanical performance of AMCs
critically depends on uniform particle distribution and
strong matrix-reinforcement bonding, which governs
hardness, ductility, and wear resistance [6, 11, 12].
Evidence from studies on Alsost, AAzoi7, and hybrid Alsors
composites  demonstrates  that  well-integrated
reinforcements  significantly = enhance  structural
performance [10, 13, 14].

Although aluminum alloys such as Alssi and Alzors
have been widely studied [15, 16], limited work has
focused on Alsois reinforced with red mud particulates.
Alsois offers good strength, corrosion resistance, and
weldability [2, 3], while red mud, a major industrial
waste, enhances mechanical properties through particle
strengthening and grain refinement [8-10]. In this study,
Al6013 was selected because its balanced properties and
heat-treatable nature enable effective tailoring of
mechanical behavior through particulate reinforcement,
while the limited literature on sustainable reinforcements
in Al6013-based composites highlights a clear research
gap. This study aims to fabricate and characterize Aleois-
red mud composites produced by liquid metallurgy,
evaluating the effect of red mud content on tensile,
compressive, and hardness properties. The results are
expected to identify an optimized, lightweight, and eco-
friendly composite suitable for sustainable engineering
applications [7, 9, 12].

To date, no systematic study has investigated the
effects of red mud reinforcement on the mechanical
behavior of Al6013-based composites. Given the

Table 1. Chemical composition of Al 6013 alloy (wt.%)
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promising results achieved in other Al alloys [10, 11, 13,
14], and considering Al6013’s suitability for high-
performance applications [2, 3], this study aims to
explore the mechanical, microstructural, and tribological
characteristics of A16013/red mud composites fabricated
through liquid metallurgy techniques.

2. Experimental
2.1. Materials

The base metal used in this investigation was
Aluminum 6013 alloy, selected for its combination of
good castability, mechanical strength, and tribological
performance [15-17]. This alloy is particularly suitable for
lightweight and durable components in structural and
automotive applications. The detailed chemical
composition is provided in Table 1.

The reinforcing material chosen was red mud, a fine,
industrial by-product from alumina manufacture, with
the size of the particle ranging between 50-80 um [18].
This specimen was extracted from HINDALCO,
Renukoot, India.

2.2. Composite preparation

The composites were fabricated using a liquid
metallurgy route (stir casting), following methods
adapted from Chandrashekara et al. [19, 20]. Stir casting
is a cost-effective and scalable technique for producing
particle-reinforced metal matrix composites. The Al 6013
alloy was melted in a graphite crucible using an electric
resistance furnace at 750 £ 10°C [21]. Red mud particles
were preheated to 300°C to remove moisture, and
hexachloroethane was used for degassing the molten
metal. Red mud was gradually introduced into the melt
under continuous stirring at approximately 500 rpm for
10 minutes to achieve uniform particle distribution. The
molten slurry was poured into preheated metal molds to
produce castings. Three composite variants were
prepared, containing 2, 4, and 6 wt.% red mud. The
homogeneity of reinforcement was confirmed using
scanning electron microscopy (SEM).

Element Al Mg Si Cu

Mn Fe Zn Cr Ti

Wt.% 94.8 0.80 0.60 0.60

0.20 0.50 0.25 0.10 0.10
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2.3. Measurements

After solidification, the composite castings were
machined into standardized test specimens using CNC
lathes. Only defect-free test bars were selected for
mechanical testing. The following ASTM standards were
followed: Tensile testing: ASTM E8/E8M, Compression
testing: ASTM E9, Hardness testing: ASTM E10.

Tensile specimens were prepared with a 20 mm
diameter, 120 mm overall length, 40 mm gauge length,
and 12 mm gauge diameter. Tensile tests were
conducted using an Instron 1175 universal testing
machine at a crosshead speed of 0.5 mm/min, recording
ultimate tensile strength (UTS) and elongation.
Compression specimens were cylindrical (20 mm
diameter, 20 mm height) and tested at 0.2 mm/min.
Brinell hardness was measured using a 5 mm steel ball
under a 500 kgf load for 30 seconds, taking multiple
readings for each sample to obtain reliable averages.

3. Results and discussion
3.1. Microstructural Analysis

SEM analysis was conducted to evaluate the
dispersion of red mud particles within the Al 6013
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matrix and to identify any casting defects. Figures 1a-1d
show micrographs of the unreinforced alloy and
composites containing 2, 4, and 6 wt.% red mud. The
base alloy exhibited a typical dendritic aluminum
structure with intermetallic phases (Figure 1a). In the
composites, red mud particulates were homogenously
dispersed through the matrix (Figures 1b-d), with
minimal agglomeration at lower reinforcement levels.
Slight clustering was noted at 6 wt.% red mud,
consistent with trends reported by Alaneme et al. [22].
No significant porosity or interfacial cracking was
observed, indicating strong matrix-reinforcement
bonding. The uniform particle distribution is attributed
to effective stirring and preheating during fabrication, in
line with previous work on ceramic-reinforced
aluminum composites.

3.2. Tensile Properties

The outcomes of tensile tests are briefed in Table 2 and
illustrated in Figure 2. Six samples were verified per
composite type, and average values are reported. The
ultimate strength (UTS) of the unreinforced Al 6013 alloy
was 67.86 MPa. With the addition of 2 wt.% red mud, the
UTS increased to 123.76 MPa, an 82% improvement.
Further reinforcement with 4 wt.% and 6 wt.% red mud

Figure 1. SEM images of: (a) Al 6013 alloy, and composites reinforced with (b) 2, (c) 4, and (d) 6 wt.% of red mud.
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Figure 2. UTS values against reinforcement.

led to UTS values of 138.10 MPa and 142.20 MPa,
respectively. The improvement in tensile strength is
attributed to the existence of rigid red mud particulates,
which restrict dislocation motion and plastic flow; grain
refinement caused by heterogeneous nucleation at
ceramic interfaces; and enhanced dislocation density
from the thermal mismatch between the aluminum
matrix and ceramic particles [23]. These mechanisms are
consistent with findings by Arzum Isitan et al. [24], who
described analogous behavior for Al 6013 reinforced
with AL:O; nanoparticles. A slight reduction in ductility
was observed with increasing red mud content, which is
a typical behavior in particle-reinforced metal matrix
composites [23].

3.3. Compressive strength

The results of the compressive strength (CS) tests for
Al 6013-red mud composites are shown in Table 3 and
Figure 3. The average values reported were obtained
from six specimens per composition. A noticeable
improvement in CS was observed with increasing red
mud content. The unreinforced Al 6013 alloy exhibited a
CS of 148 MPa. The addition of 2 wt.% red mud raised
this value to 168.1 MPa, while further increments to 4

Table 2. UTS values of matrix and composites

Specimen Average UTS (MPa)
Matrix alloy Aluminum 6013 67.86
Aluminum 6013 + 2% Red mud 123.76
particulates

Aluminum 6013 + 4% Red mud 138.10
particulates

Aluminum 6013 + 6% Red mud 142.20
particulates
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Figure 3. CS values against reinforcement.

wt.% and 6 wt.% resulted in strengths of 178.25 MPa and
182.42 MPa, respectively. This enhancement can be
attributed to the load-bearing capacity provided by the
rigid red mud particulates, which restrict matrix
deformation under compressive loads. Moreover, the
incorporation of these particles helps reduce casting
defects such as microvoids and porosity, promoting a
denser, more compact microstructure. Similar
improvements in compressive strength with ceramic
reinforcements in aluminum alloys have also been
reported by Pruthviraj et al. [25].

3.4. Elongation behavior

The percentage elongation values of the Al6013-red
mud composites are presented in Table 4 and Figure 4.
A progressive increase in elongation was observed with
increasing red mud content, which is unusual for
ceramic particle-reinforced metal matrix composites,
where ductility typically decreases due to particle-
induced stress concentrations and embrittlement [26]. In
this study, the enhanced elongation can be attributed to
the uniform dispersion of fine red mud particulates,
which promotes effective load transfer between the
aluminum matrix and the reinforcement. Additionally,

Table 3. UTS values of matrix and composites

Specimen Average CS (MPa)
Matrix alloy Aluminum 6013 148
Aluminum 6013 + 2% Red mud 168.1
particulates
Aluminum 6013 + 4% Red mud 178.25
particulates
Aluminum 6013 + 6% Red mud 182.42
particulates
260102 (4 of 7)
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Figure 4. Elongation values against reinforcement.

the red mud particles act as sites for heterogeneous
nucleation during solidification, leading to grain
refinement and a more uniform microstructure. This
refined microstructure facilitates uniform plastic
deformation, delays localized necking, and suppresses
premature crack initiation, collectively improving
ductility. Moreover, the fine particle size and optimized
content of red mud minimize stress concentrations and
reduce the likelihood of particle clustering, which often
causes embrittlement in conventional composites.
Similar trends have been reported in aluminum-based
composites where controlled reinforcement and proper
processing resulted in simultaneous enhancement of
ductility, strength, and hardness [27]. These results
indicate that red mud can serve as an effective and
sustainable reinforcement for Al6013  without
compromising its ductility.

3.5. Hardness

Table 5 and Figure 5 display the variation in Brinell
hardness (HB) with increasing red mud content in Al
6013 composites. The values represent the average of six
measurements for each composition. A progressive
enhancement in hardness was witnessed with the

Table 4. Elongation values of matrix and composites

Specimen Elongation (%)
Matrix alloy Aluminum 6013 44
Aluminum 6013 + 2% Red mud 58
particulates

Aluminum 6013 + 4% Red mud 65
particulates

Aluminum 6013 + 6% Red mud 72
particulates
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Figure 5. Hardness values against reinforcement.

addition of red mud particulates. The unreinforced alloy
exhibited a baseline hardness of ~75 HB, which steadily
increased with 2, 4, and 6 wt.% red mud content. This
improvement is primarily recognized due to the
existence of hard ceramic phases like Fe:O;, TiO,, and
SiO: within red mud, which act as effective barriers to
dislocation motion and enhance resistance to localized
plastic deformation. Furthermore, the rigid particulates
contribute to load sharing during indentation, thereby
increasing the material's ability to withstand static loads,
abrasion, and surface wear. Similar trends were reported
in TiOs-reinforced aluminum alloys and by Zhang et al.
for various ceramic-reinforced MMCs. The outcomes
endorse that red mud serves as a cost-effective
reinforcement for improving the surface hardness of Al
6013 alloys [28].

4. Conclusions

Aluminum 6013-red mud metal matrix composites
were fabricated via the liquid metallurgy method with
varying red mud contents, such as 2, 4, and 6 wt.%. The
accumulation of red mud particles led to significant
improvements in tensile strength (~82% increase in UTS)

Table 5. Hardness values of matrix and composites

Specimen Hardness
Matrix alloy Aluminum 6013 54.92

Aluminum 6013 + 2% Red mud 63.45

particulates

Aluminum 6013 + 4% Red mud 66.78

particulates

Aluminum 6013 + 6% Red mud 70.41

particulates

260102 (5 of 7)
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and compressive strength (~23% enhancement)
compared to the unreinforced alloy, primarily due to
dispersion strengthening, grain refinement, and
increased dislocation density arising from the thermal
mismatch between the matrix and the ceramic-rich
reinforcement. The Brinell hardness also increased
progressively with reinforcement, as the hard phases in
red mud acted as effective barriers to dislocation motion.
Although a marginal reduction in ductility and
durability was perceived with increasing red mud
content typical for ceramic particle-reinforced
composites, these values persisted within tolerable
ranges for many structural applications. SEM analysis
confirmed a uniform particle distribution with good
interfacial bonding, contributing to the observed
mechanical enhancements. This study establishes that
red mud, a low-cost industrial waste, can be effectively
valorized as a sustainable reinforcement for aluminum
6013 alloys, with an optimal balance of mechanical
properties achieved at 4 wt.% addition, offering
promising applications in automotive, aerospace, and
structural components.
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