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Abstract: Due to its numerous uses in the industries of aerospace, defense, automotive, and 
marine, among others, metal matrix composites (MMCs) are currently receiving a lot of attention in 
the world of materials., the present work focuses on characteristics of erosive behaviour of Al-Red 
mud (Rm) reinforced composites developed by stir casting and the effect of  red mud in the 
aluminum metal matrix composites in composition of 2% wt., 4% wt., 6% wt., 8% wt. which is 
subjected to various tests to study their wear properties in comparison to base alloy. Experiments are 
conducted under laboratory conditions to assess the air jet erosion characteristics of the red mud 
reinforced aluminum composites according to ASTM G76 standard. Finally, the surface of the worn-
out sample is studied under the Scanning Electron Microscope, to get an idea about the effect of red 
mud reinforcement on erosion behaviour of the composite. The collected data was analyzed and 
visualized in Minitab V19 software. To find SN plots, Taguchi analysis was performed on the 
collected data. ANOVA and regression analysis were both used to determine the associations 
between the many parameters that were chosen. Form the overall analysis Al- composites consist 
8% of RMp shows the optimum erosion at SOD of 30mm at 15 and 90 degree of impact angle for 
3mins of time.  

 
Keywords: Al-8011 alloy; Red mud; Taguchi; ANOVA; Air jet erosion   

 

1.  Introduction  
The ability of civilization to generate and manufacture 

materials to suit the requirements of its people has been 
inextricably tied to its advancement. Materials' 
characteristics are determined by both their structure and 
content. Metals are the most reactive of the three materials, 
meaning they react quickly with other substances. 
Ceramics are the least reactive, meaning they react slowly 
with other substances. Polymers are the most stable of the 
three materials, meaning they resist breaking down or 
reacting with other substances. When it comes to getting 
the correct balance of toughness, strength, stiffness, and 
density, traditional materials are constrained 1-5, 27-31). 
Composites are the most promising materials of interest 
for overcoming these drawbacks and meeting the demands 
of modern technology. When compared to non-abrasive 
alloys, The characteristics of MMCs, such as their high 
specific strength, specific modulus, damping capacity, and 
excellent wear resistance, are greatly increased. 
Composites with low densities and low costs are 
becoming more popular. The periodic table contains 118 
elements, of which 95 are metals. Due to the absence of 

widely accepted definitions for the categories involved, 
the boundaries between metals, nonmetals, and metalloids 
vary slightly, making the number imprecise. Ceramics are 
inorganic non-metallic materials made up of metallic and 
non-metallic components held together by ions and 
covalent bonds 6-9). Ceramics are made from a variety of 
materials, but all major engineering ceramics are 
crystalline. This is because crystalline materials have a 
very regular structure that makes them strong and durable. 
Because there are no conducted electrons in ceramics, 
they are good electrical and thermal insulators. It also has 
high melting temperature and chemical stability in various 
unfavorable situations due to its strong connection 
strength 10). The plastic flow of metal is mainly caused by 
slides. This is because metals have no directionality of 
metal bonds, so the alternation moves with relatively low 
stress and, all atoms involved have a uniformly distributed 
negative charge on the bonding surface. The metal 
bonding process does not involve positively or negatively 
charged ions. Ceramics, on the other hand, form ionic or 
covalent connections that prevent dislocations and the 
slide from moving 11-15). The difficulty of slip or alternate 
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motion is one of the causes for ceramics hardness and 
brittleness. Despite the fact that ceramics are inherently 
robust, in practice they do not fully exert their strength, as 
they cannot slip or bend into plastic to counteract even the 
smallest imperfections 16). Until reaching the force of 
nature, they have prematurely brittle divisions. Since the 
bonds between atoms in covalently bonded ceramics are 
concrete and direct, electron charge exchange between 
atomic pairs is required. When sufficient stress is applied 
to the covalent decision, the separation of the electron pair 
bond causes a brittle fracture, eliminating the need for 
subsequent reformation 17-19). Metal matrix composites 
(MMCs) and light metal matrix composites (LMCs) are 
used interchangeably by several researchers. Light metal 
matrix composites have made significant progress in 
recent decades, allowing them to be integrated into the 
most important applications. Depending on the 
application, the features of MMC can be combined into 
custom-made materials, bringing up a world of 
possibilities for modern materials science and 
development 20-26).  

Aluminum matrix composites (AMCs) are materials 
made by combining aluminum with reinforcement 
materials such as ceramic particles, metal particles, or 
carbon fibers. These composites have a number of 
advantageous properties, including improved wear 
resistance. The wear resistance of AMCs is enhanced by 
the hard and abrasive reinforcement particles, which 
prevent the aluminum matrix from being worn away as 
easily. Additionally, the reinforcement particles can also 
improve the toughness and strength of the composite. The 
wear properties of AMCs can be further optimized by 
controlling the size and distribution of the reinforcement 
particles, as well as the bonding between the 
reinforcement and the aluminum matrix. Due to these 
properties, AMCs are finding increasing use in a variety 
of applications, including aerospace, automotive, and 
military industries. 

In the light of the above, the present work focuses on 
characteristics of erosive behaviour of Al-RM reinforced 
composites developed by stir casting and the effect of 
addition of red mud in the aluminium metal matrix 
composites in composition of 2%Wt, 4%Wt, 6%Wt, 
8%Wt which is subjected to various test parameters to 
study their wear properties in comparison to base alloy of 
Al-8011. 
 
2.  Materials & Fabrication  
2.1 Aluminium-8011 alloy.  

The matrix phase of the aluminum alloy is the subject 
of the majority of MMC research. It is encouraging to see 
the combination of ductility, lightness, corrosion 
resistance, environmental strength, and useful mechanical 
properties. The melting temperature is both high and low 
enough to accommodate a wide range of applications and 
processing techniques. Due of aluminum's ability to 
accommodate different reinforcements including particles, 

fibers, and whiskers. Because of their accessibility, 
affordable cost of manufacture, and comparatively 
isotropic features, the researcher has focused on AMCs. 4). 
The aluminum alloys LM-25, 1100, 2024, 3014, 6061, 
6063, 7072, 7075, and 8011 are the most often utilized 
ones in the manufacture of MMCs 1,2,3,6). With the 
previously mentioned benefits, other qualities like being 
suitable for storing food and beverages, having high 
reflectivity, having good thermal and electrical 
conductivity, and being simple to recycle become very 
important. Al-8011 is an unclassified type of aluminum 
alloy. Compared to other Al-alloys, it possesses a high 
degree of ductility. Fe and Si are the primary alloying 
elements in Al-8011, which also contains significant 
amounts of tin and lithium 4). Increasing density and the 
modulus of elastic aluminum alloys, the use of lithium-
alloys as the primary structural material used in air-to-air 
heat exchangers 14), in the carry-over locks and connecting 
rods on diesel motor 14) is a good candidate for replacing 
the existing alloys in aerospace and defense applications 
4) as well as the Al 8011 alloy. The aluminum 8011 series 
was selected as a matrix alloy. Heat treatability, high 
conductivity, strength, hardness, and typically good 
tensile strength are the main properties of the 8xxx series. 

 

 
Fig.1: SEM image of Al-8011 alloy 

 
Fe, Ni, and Li are among the frequently used alloying 

elements. The Al-8011 alloy is purchased from the Plas-
met-chem. Corporation, Bangalore in the form of ingots. 
The SEM image of Al-8011 is shown in figure 1. 
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2.2 Red Mud.  

 
Fig. 2: SEM micrographs of red mud powder 

 
From the late 19th century to date, aluminum refineries 

constantly produced the bauxite residue (Red Mud). It is 
one of the largest industrial by-products with a global 
level estimated at 25-40 billion tonnes at the end of 2017 
5). 

As the inventory increases year after year, creating and 
implementing efficient storage and disposal programs is 
still crucial. Depending on the type of ore and the results 
of the Bayer process, the residue has different chemical 
and physical characteristics. Refineries face a significant 
problem in locating the best practices around the world to 
store bauxite residue and achieve minimal social and 
environmental impacts both during operation and after 
closure 15). Adopting the best practice involves a number 
of risks and obstacles driven by the community, 
geographic, and climatic elements as well as government 
policies and regulatory frameworks. The best practice 
does not consist of a single answer that includes 
alternatives for disposal, long-term storage, filtration, and 
re-use. The red mud used in the analysis was collected 
from Belagavi, India's HINDALCO Aluminum refinery. 
In order to get the fine type of powder, raw red mud 
granules are ball-milled and sieved to different sizes. For 
the reinforcement, an average size of 90μm was chosen. 
Gravimetric testing confirms the existence of many 
elements, including aluminum, iron, silica, calcium, and 
titanium, as well as a variety of minor ingredients, 
including Cr, Na, Ba, Cu, K, Zn, V, Ni, Mn, Pb, etc. Some 
of the significant elements and their weight percentages 
are listed in Table 1. The density of the red mud is in the 
range of 3.2 g/cm3. Figure 2 demonstrates the SEM 
micrograph of the red mud powder.  

 
Table 1. Chemical composition of red mud  

Element Content (%) 
LOI 8.00 
CaO 1.00 
Na2O 3.42 
TiO2 9.56 
SiO2 7.23 

Fe2O3 45.93 
Al2O3 18.34 
Etc. 6.52 

 
2.3 Casting and Testing. 

Compared to alternative fabrication methods, a 
traditional stir casting procedure is the best method for 
processing AMCs 7–13). In order to remove the trapped 
gases inside the melt, C2Cl6 - solid hexachloroethane was 
added. To make sure the degassing agent was properly 
mixed into the melt, stirring was done for five minutes at 
a speed of 50 rpm. The metal was finally separated from 
the slag. In an electrical resistance furnace, the Al-8011 
alloy was melted at 750 °C. The warmed reinforcement 
particles with a wetting agent Mg 9,26) were injected into 
the vortex at a temperature of 700 0C with varied weight 
percentages. After adding the reinforcement and wetting 
agent to the melt, mechanical stirring at 150 rpm for 10 
minutes was done to make sure there was appropriate 
mixing and uniform dispersion of the particles in the 
matrix alloy. The mixture is then kept in the furnace until 
it reaches the required pouring temperature. To lessen 
ambient contamination, cover flux (NaCl 45% + KCl 45% 
+ NaF 10%) was applied to the molten metal before being 
poured into the mold. 

 

 
(a) 
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(b) 

Fig. 3: (a) Air jet erosion test rig and (b) SEM of Silica 
particles 

 
The casted specimens are then machined accordance 

with ASTM G76 standards. A high precision electronic 
weighing machine of accuracy 0.0001mg was used to 
determine the weight of the composite specimens before 
and after the abrasive test. The impact of the erosion by 
the air jet solid particles on the composite specimens is 
quantified by the weight loss method. The feed rate of 
solid silica particles was controlled by varying the air flow 
rate, and the impinging rate was modified by varying the 
speed of the conveyor system that delivers the solid 
particles to the jet of air. Figure 3 (b) shows the SEM 
micrographs of the silica powder which is used as an 
erodent in air jet erosion testing equipment and shows the 
sharp edges and grainy distribution. It can be said that the 
material which undergoes frequent contact with these 
particles experience high level of damage due to the sharp 
edges. The air jet erosion test rig used in this study is 
shown in the figure 3 (a). 

 
3. Design of Experiments 

It's critical to correctly arrange the experiment so that 
the appropriate data type and sample size are accessible to 
answer the research questions as clearly and efficiently as 
feasible. Design of experiments (DOE) is a strategy for 
determining the relationships between the factors that 
affect a process and its outputs that is structured and 
organized. Conduct and analyse controlled trials to 
determine the factors that influence the value of one or 
more parameters. Compared to many other designs, the 
experimental design using orthogonal matrices is an 
efficient technique.  

 
Table 2: Parameters and levels considered for testing 

Control Factor L-1 L- 2 L- 3 L- 4 L- 5 

Stand of 
Distance (SOD) 
in mm 

10 15 20 25 30 

Angle of 
impingement 
(AOI) in Degree 

15 30 45 60 90 

Time in Minutes 3 6 9 12 15 
Composition of 
RMp in Wt. % 

0 2 4 6 8 

 
Table 3: Physical layout of the experimentation 

Sl. 
No. 

Sample  SOD AOI Time 

1 Base alloy 10 15 3 
2 Al-2%RMp 10 30 6 
3 Al-4%RMp 10 45 9 
4 Al-6%RMp 10 60 12 
5 Al-8%RMp 10 90 15 
6 Al-4%RMp 15 15 6 

7 Al-6%RMp 15 30 9 
8 Al-8%RMp 15 45 12 
9 Base alloy 15 60 15 

10 Al-2%RMp 15 90 3 
11 Al-8%RMp 20 15 9 
12 Base alloy 20 30 12 

13 Al-2%RMp 20 45 15 
14 Al-4%RMp 20 60 3 
15 Al-6%RMp 20 90 6 
16 Al-2%RMp 25 15 12 
17 Al-4%RMp 25 30 15 
18 Al-6%RMp 25 45 3 

19 Al-8%RMp 25 60 6 
20 Base alloy 25 90 9 
21 Al-6%RMp 30 15 15 
22 Al-8%RMp 30 30 3 
23 Base alloy 30 45 6 
24 Al-2%RMp 30 60 9 

25 Al-4%RMp 30 90 12 
 
The minimum number of necessary experiments is 

determined by the Taguchi method, Table 2 identifies and 
lists the parameters that affect the mechanical properties 
and wear behaviour of composite materials. Given that 
there are 4 main factors and 5 levels in the current study, 
the total DOF is equal to (No of levels - 1) x No of Main 
factors (5 - 1) x 4= 16 without accounting for the 
interactions between the components. A minimum number 
of experiments is therefore equal to Total DOF + 1. 
Therefore, an appropriate OA is one that has an equivalent 
or higher number of experiments than DOF overall. 
Consequently, L25 OA was chosen, and Table 3 provides 
the physical setup of the experiment. 
 
4. Results and Discussion 

Figure 4 shows the EDX of Al-8011-4%RM. It can be 
seen that the presence of different elements like iron, silica, 
aluminum, and chromium as well as an array of other 
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atoms of Zn, Cu, C, Mn etc, thus EDX analysis confirms 
the presence of red mud particles in the composites 
prepared.  Figure 5 shows the worn surfaces of the Al- 
RMp composites. As many researches states that the 
addition of reinforcement in the ductile materials leads to 
brittle transition the same trend was observed in the tested 
composites. The ductile deformed spikes were observed 
in the figure 5 (a), as it contains only 2% of RMp the 
ductility in the matrix alloys remains. From the figure 5 
(b), (c) and (d) it’s clear that the ductility is compromised 
with the addition of RMp in a higher percentage, thus lead 

the composite materials harder and wear resistant.  
The purpose of a wear test is to identify the important 

components, their relationships, and their optimum values 
in order to obtain the lowest wear rate possible. In 
compared to the Al- RMp composites the matrix Alloy 
shows more wear, as shown by the numbers in Table 4. 
This could be because red mud particles function as a solid 
hard particle between the composite and the rubbing 
surface. As the amount of red mud goes from 0% to 8%, 
the rate of wear reduces.  

 

 
Fig. 4: EDX analysis of Al-RMp Composite. 

 

   
(a)                                          (b) 

   
(c)                                          (d) 

Fig. 5: SEM micrographs of eroded specimens (a) Al-2%RMp, (b) Al-4%RMp, (c) Al-6%RMp, and (d) Al-8%RMp. 

Ductile 
S ik  

Vacant Pockets 

Brittle Surface 

Ductile 
S ik  

Eroded particles  
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Taguchi's Technique was used to conduct the trials. The 

L25 orthogonal array was used, and 25 tests were carried 
out according to the physical architecture of the 
experimentation shown in Table 3. The wear rate results 
are provided in table 4, which was evaluated using the 
software MINITAB V.19.1. The Signal to Noise Ratio 
(SNR) for weight loss achieved from each trial is shown 
in Table 5. The rank values indicate how much input 
factors influence the response variable. Thus, composition 
had the greatest influence on weight loss, followed by 
Time, SOD, and AOI, which may be due to some 
experimental noise and the complexity of the 
experimental design. The same is reflected in % in the last 
column of table 6 ANOVA findings. The ANOVA table's 
P-value identifies the variables that significantly affect 
weight loss. Because their P-values are less than 0.05, 
SOD, Time, and comp. are significant factors affecting wt. 
Loss, but AOI has no effect on the response parameter wt. 
Loss. 

 Note: DF stands for Degree of Freedom; Adj SS stands 
for Adjusted Sum of Squares; Adj MS stands for Adjusted 
Mean Squares; and P stands for Percentage Contribution. 
The degree of fit is measured by the R2 value. The fitted 
model fits the actual data better as the R2 value 
approaches unity. It also indicates how much 
uncontrollable factors influence performance qualities. 
The current R2 score can explain 78.25 percent of data 
variability. As a result, it is confirmed that the current 
model adequately explains the link between the input 
variables and the response variable. The relationship 
between two or more input variables and one response 
variable is modelled using linear multiple regression 
analysis. It tries to fit observed data into a linear regression 
equation. The wear loss multiple regression equation is 
given in Eq-1. 
 
Weight loss = 0.6003 - 0.00509 SOD - 0.000136 AOI + 
0.01147 Time - 0.02878 Comp--------------------(1)                                            
 

Table 4: Air jet erosion test results with computed S/N ratio 

SOD AOI Time 

Comp. 

of 

RMp 

Wt. loss 

(gram) 
SNRA1 

10 15 3 0 0.535 5.432924 

10 30 6 2 0.576 4.79155 

10 45 9 4 0.541 5.336055 

10 60 12 6 0.454 6.858883 

10 90 15 8 0.458 6.78269 

15 15 6 4 0.521 5.663246 

15 30 9 6 0.369 8.659473 

15 45 12 8 0.43 7.330631 

15 60 15 0 0.788 2.069476 

15 90 3 2 0.48 6.375175 

20 15 9 8 0.4301 7.328611 

20 30 12 0 0.708 2.999335 

20 45 15 2 0.639 3.889983 

20 60 3 4 0.398 8.002339 

20 90 6 6 0.344 9.268831 

25 15 12 2 0.401 7.937113 

25 30 15 4 0.502 5.985926 

25 45 3 6 0.355 8.995433 

25 60 6 8 0.38 8.404328 

25 90 9 0 0.58 4.73144 

30 15 15 6 0.459 6.763746 

30 30 3 8 0.265 11.53508 

30 45 6 0 0.523 5.629966 

30 60 9 2 0.421 7.514358 

30 90 12 4 0.445 7.0328 

 
Eq-1 can be used to estimate the Al8011-red mud 

composite's wear loss. Eq-1 has a negative coefficient of 
weight percent, indicating that as weight percent increases, 
wear rate decreases. SOD and AOI have a negative effect 
on wear loss because they cause metal to erode. The figure 
6 shows effect of stand of distance on wear rate, which is 
decreasing as the distance of nozzle is increased from test 
sample. The highest wear is noticed when stand of 
distance is at 10 mm and gradually decreases from there 
as we move to 30 mm. This is understandable because the 
erodent particles will lose their kinetic energy as they 
move in air for longer distance and hit the sample 
specimen. In addition to this, the higher standoff distance 
means the erodent particles are more likely to get 
dispersed. As shown in these data, weight loss for the 
matrix material and composites increases with increasing 
angle of impingement up to 45°, then reduces with 
increasing angle of impingement for a specific standoff 
distance and testing period. 

Both the matrix material and the produced composites 
had maximum wear at 45°, and at 15° and 90° impinging 
angle, the wear mass loss is the smallest. The formation of 
abrasion grooves is mostly responsible for material 
removal at lower angles of impingement. This is because 
the impinging silica sand particles are more likely to move 
across the target surface at a lower angle of impingement, 
generating more abrasion grooves and causing less 
material loss due to abrasion groove development, 
resulting in a lower erosive wear rate. At a lower angle of 
impingement, the depression is shallower and longer. The 
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removal of material at 45°, on the other hand, is mostly 
owing to strong indentation, brittle fracture, and increased 
crater development.  

 
Table 5: Signal to Noise Ratio Response Table 

(Smaller is better) 

Level SOD AOI Time COMP 
1 5.840 6.625 8.068 4.173 
2 6.020 6.794 6.752 6.102 

3 6.298 6.236 6.714 6.404 
4 7.211 6.570 6.432 8.109 
5 7.695 6.838 5.098 8.276 

Delta 1.855 0.602 2.970 4.104 
Rank 3 4 2 1 
 
The weight loss of the samples increases linearly as the 

testing time for a specific impinging angle, standoff 
distance, and testing time for the generated cold cast 
matrix and composites increases. This is because when 
silica sand hard erodent particles collide with the exposed 
target surface of the specimen, the kinetic energy and 
momentum of the impinging hard erodent particles are 
transferred to the exposed surface during the erosion 
phenomenon, resulting in material removal from the 
exposed target surface. The figure 6 also shows that when 
the weight % of reinforcement increases, the wear rate 
lowers gradually until it reaches a certain level. With 
increasing wt. % it drastically drops after that point. 
However, the difference in slopes between the two halves 
of the graph is not significant. With an increase in weight, 
the wear rate falls significantly in the first section and 
slightly in the remaining part over time. As a result, the 
best values for minimum wear rate are 8% of red mud 
weight, 30 mm distance and 15°- or 90°-degree angle. The 
major effects plot for the S/N ratio for wear rate vs. all 
input parameters is shown in figure 7. Because a lower 
minimum wear rate is desirable, the best alternative was 
chosen. The S/N ratio graph shows that with 8% red mud, 
30 mm or distance, 15 degrees of angle of impingement 
and 3 minutes of time, the least wear rate is attained. 
 

Table 6: Analysis of variance 

Source DF Adj SS Adj MS 
F-

Value 
P-

Value 
SOD 1 0.032360 0.032360 9.04 0.007 
AOI 1 0.000307 0.000307 0.09 0.773 
Time 1 0.059168 0.059168 16.54 0.001 

COMP 1 0.165635 0.165635 46.29 0.000 
Error 20 0.071565 0.003578   
Total 24 0.329034    

 

Table 7: Summary of model  

R-sq R-sq(adj) 
78.25% 73.90% 

 

 
Fig. 6: Main Effect Plot for Means 

 

Fig. 7: Main Effect Plot for signal to noise ratio 

 

 

Fig. 8: Four in one regression charts 

 
Most Residuals follow the straight line in the Normal 

Probability Plot, as shown in figure 8 whereas others are 
closer to it. This result demonstrates that the normalcy 
assumption is upheld. The right and left tails are equal in 
this graph. The patterns in the dots in Residual v/s Fitted 
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Value Plot could imply that residuals close together are 
connected and thus not independent. In our case, 
independent residuals are displayed in temporal order but 
do not exhibit any trends or patterns. The spots on the 
residual versus fits plot are dispersed at random. Except 
for one outlier that has dropped below -0.1, none of the 
groups seem to have significantly different variability. 

 
5. Conclusion  

The purpose of the current study is to enhance the 
tribological performance of a composite material 
consisting of Al 8011 and Red mud, which was 
manufactured using conventional stir casting. An erosion 
test was carried out using an air jet erosion tester with L25 
Taguchi array DOE. The findings of the study are 
summarized as follows: 
• Al 8011-Red mud MMC can be satisfactorily 

synthesize using a stir casting process by varying the 
reinforcement percentage. This is because 
micrograph of Graphite with Al 8011 metal matrix 
composite reveals a reasonably consistent 
distribution of reinforcements. 

• As the composition of red mud in wt. percentage is 
increased, the composite has positive effect of weight 
loss. In our experiment minimum weight loss was 
observed at 8% red mud addition. 

• Minitab was used to successfully analyses and 
visualizes the collected data and steps of doing so 
were also documented. 

• The effect of parameters like red mud weight 
percentage, AOI, SOD and time, and their relation in 
weight loss during air jet erosion was established and 
modelled using regression analysis. 

• The Al-8% RMp composite specimen showed the 
least amount of wear when tested for 3 minutes at an 
AOI of 15 and 90 degrees and a normal load of 30 
mm SOD. 
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