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Abstract

The failures of material performance in industry are due to structural, corrosion and wear dilapidation in service. This study
attempts to develop AA6061 with rice husk ash and clay hybrid to address this phenomenon for application in cooling tower
fan blade. This study also targets at developing sustainable and long-lasting hybrid of aluminium biodegradable composites
through metallurgical stir casting techniques. Corrosion properties were examined using Potentiostat Galvanostat (PGStat
101) with Nova software acquisition while pin-on-disc wear machine was used to analyse the wear propagation of the com-
posites. The microstructure, chemical composition and quantification were examined with SEM/EDS. It was established that
the reinforcement improved corrosion susceptibility of the composites in 0.75 M H,SO, solution. The coefficient of friction
and the wear resistance of the hybrid composites were better than the as-received sample. Furthermore, AA6061/8% rice
husk ash +clay at 75 um possesses rod-like pattern and unique structure grain crystal.

Keywords Aluminium alloy - Particulate - Mechanical properties - Rice husk ash - Clay - Stir casting

1 Introduction

The development of biodegradable agro-waste reinforc-
ing materials on aluminium based alloys in comparison
with ceramic materials is of high demand in the industry
[1, 2]. Studies have shown that metal matrix composites
(MMCs) materials are in urgent demand world-wide due
to their light weight, super functionality and corrosion sus-
ceptibility in service [3]. The need to produce inexpensive
materials, especially MMCs with improved characteristics,
has been in the mind of numerous scientists [4, 5]. Alu-
minium hybrid reinforcement technology proffers solution
to the vigorous quest for services especially in aerospace
and automobile. Hybrid aluminium alloy is the mixture of
two or more materials with disparities in composition and
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showing properties characteristically different from other
separate materials of the same alloy [6]. Challenges aris-
ing from corrosion threats cause malfunctioning of plants,
wastage of materials, inefficiency in operation and exorbitant
repairs. This also threatens safety and prevents advancement
in technology innovations [7]. Corrosion complications in
the manufacturing industry occur at the entire phases from
interior to the surface equipment leading to persistent plant
shut down which causes huge financial losses to the industry.
The anticipated form of corrosion depends on many factors
including the corrosivity of the neighbouring environment
[8]. Corrosion effects can be ameliorated through identifi-
cation and comprehension of corrosion devices by the use
of corrosion-resistant materials and system protection. The
impact of corrosion disasters on the effective operation and
material maintenance would reduce if adequate observation
and regulation of the environments and human capabilities
support proficient designs [9]. The need to create economi-
cally attractive composite has brought about several inven-
tion in manufacturing procedures to be utilized in the indus-
try. Among the numerous additives used such as SiC, Al,O;
and so on, rice husk ash (RHA) and clay are the cheapest
reinforcing agents obtainable in large number as agro- and
industrial waste by-product. In the present study, effort is
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made to utilize RHA and clay as reinforcement in MMCs
to improve the corrosion and wear behaviour of the mate-
rial. [10] used Kankara mud (alumino-silicate) to strengthen
Al-Si alloy. The author affirmed that inclusion of alumino-
silicate in the alloy causes increment in hardness values;
however, it decreases the impact energy and porosity. Rein-
forcing aluminium with 20% wt. alumina—silicate resulted
to increase in compressive strength. Macro-structural studies
showed a good homogenous dispersal of alumino-silicate
particles. However, there are bit macro-separations of par-
ticulates in some areas due to secondary grains. [2] investi-
gated the mechanical properties of AA356.2 alloy reinforced
with rice husk ash particles. It was found that the produc-
tion and analysis of AA356.2 alloy/rice husk ash composites
show more desired microstructure and mechanical charac-
teristics than unreinforced aluminium alloy. The result of
the analysis show that inclusion of rice husk ash particulate
in aluminium matrix leads to the manufacturing of cheaper
aluminium composites with enhanced hardness and strength
which can be applied in automobile industry. [11] carried
out reinforcement of aluminium alloy using kaolinite and
carbon to produce hybrid metal matrix composites. It was
noted that properties of chilled MMCs are superior to unre-
inforced matrix alloy. Increasing the kaolinite (Al,SiOs)
content increased the strength, hardness and wear resistance
of the developed composites. According to [12], “The fail-
ure of one blade also damage other blades, drive shaft and
other components and hence causes huge financial impact as
well as fan availability”. The result of the experiments shows
that fan blade failure was due to excessive deflection caused
by crack initiation at its root. The hitting of other deflected
blade with other fan components such as drive shaft and
failure of any one blade becomes primary reason of failure
of other fan components. The analysis of failed blade by
visual inspection and finite element analysis shown that the
blade is failing repeatedly at mainly two points: one at its
shank/neck portion and second near 1/3 of the blade length
from its tip side [13].

The research problems formulated are the structural
deformation of plastic fan blade components due to envi-
ronmental assisted failure distorting the grain boundaries.
Secondly, the corrosive environment emanating from the
cooling tower contains ions of sulphide, hydroxide and chlo-
ride leading to pitting which reduce component life span.
The novelty of the research work is to provide alternate solu-
tion to repeated material failure by consistently minimizing
undue cost incurred and life challenges caused by corrosion
dilapidation during application. To improve on the use of

agro-waste aluminium metal matrix alloy for cooling tower
fan blade in textile industries with high durability. The main
reason of using H,SO, as the test solution is because the
chemical for the production of textile consists of H,SO,
which comes in contact with the cooling tower fan blade;
therefore, we simulate the environment.

The aim of the study were as follows: to reinforce
AA6061 with rice husk ash and clay to improve the mechan-
ical properties such as hardness and tensile strength to
address the incessant cases of failure of cooling tower fan
blade in textile industry, and it also targets at developing sus-
tainable and long-lasting hybrid of aluminium biodegradable
composites through metallurgical stir casting techniques;
and, furthermore, to study the corrosion and wear behaviour
of the developed composites.

2 Materials and Methods
2.1 Matrix Material

The starting materials are high grades of AA6061 Al-alloy
due to their structural properties. These materials were
selected because of the inherent properties and high strength
they exhibited. AA6061 consists of magnesium and silicon
as its major alloying element and better mechanical proper-
ties. Other properties include allowing complicated shapes
to be developed with very neat surfaces, heat treatable and
weldable. The chemical composition of matrix is shown in
Table 1.

2.2 Formation of AA6061/RHA + Clay Composite
by Stir Casting Techniques

Figure 1 shows the stir casting set-up for the experiment.
A uniform dispersal of RHA and clay in the AA6061 alu-
minium alloy was performed by dissolving AA6061 ingots
in the furnace and adding the 75 pm and 150 um particulate
in the molten matrix formed by a stirrer, turning at a regular
speed in the crucible. The molten form of AA6061 alloy
with rice husk ash and clay was transported and solidified in
the die cast. The dispersal of the RHA and clay in the melted
AA6061matrix is a function of the position of the mechani-
cal stirrer and temperature [14]. The production of MMCs
used in the present study is performed successfully by
using metallurgical stir casting techniques. The fabrication
of AA6061/RHA + clay composite involves molten matrix,
mixing of the reinforcement and casting of the composite.

Table 1 Chemical composition
of AA6061 (Wt%)

Element Al

Si Fe Cu Zn Mn (0]

Composition 85.0

225 2.13 1.5 0.25 0.12 5.0
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Fig. 1 Stir casting techniques

A 3 kg of AA6061 ingots was poured into the graphite cru-
cible positioned in the stir cast set-up at different percentage
variation of 92% and 98% for additive addition, respectively.
AA6061 matrix alloy was stirred continuously through the
mechanical stirrer at 450 rpm for 10 min, and a vortex was
produced in the crucible position in the furnace. The grain
size of 75 um and 150 pm RHA + clay particulate was added
in the range of 2% and 8% weight percentage to the melted
AAG6061 alloy at the vortex, and melted composite of vary-
ing proportions of AA6061/RHA + clay was prepared. The
molten composite was then transferred to a metallic die
cast of dimension 250 mm X 25 mm size cylindrical hole
instantly at a pouring temperature of 680 °C.

2.3 Characterization of the Composite Samples

The microstructural study of the developed alloy was exam-
ined using SEM/EDS after proper metallographic analysis
with 0.1 M HCI. Potentiodynamic polarization technique
was used to characterize the corrosion behaviour of the sam-
ples. AUTOLAB Potentiostat Galvanostat (PGStat 101) with
Nova software acquisition was utilized to analyse the cor-
rosion characteristics of control sample and that of the rein-
forced material in 0.75 M H,SO, solution. The alloys were
scan with 0.02v and potential difference of — 1.5v to+ 1.5v.
The polarization curves were plotted with the use of the
Autolab data acquisition system and the rate of corrosion
and potential was gotten by extrapolation.

The wear behaviour was performed for starting mate-
rial and the reinforced aluminium alloy using pin-on-disc
method in a dry sliding wear test at room temperature under
varying applied load of 7.5 N and 10 N with a constant
sliding velocity of 0.32 m/s for 15minutes. The cylindrical
pins were machined from the composite material with the
dimensions of 8 mm diameter and 40 mm in length. The
Pin-on-disc wear set-up is shown in Fig. 2. With the test
process, the specimens (ball and sample) moved relative to
one another in a linear back and forth sliding motion. The

Fig.2 Pin-on-disc wear testing machine

upper specimen was motorized by a vertical positioning
system with another position encoder. The pin-on-disc was
performed under 25 °C, relative humidity of about 50%, with
unlubricated ambient atmospheric condition.

3 Results and Discussion

3.1 SEM/EDS Analyses of AA6061/Rice Husk
Ash + Clay Reinforcement

Figure 3 shows the surface morphology and EDS for As-
received aluminium alloy. Figure 4a shows the microstruc-
ture of the produced AA6061/RHA + clay composite pre-
pared by stir casting techniques. It shows accumulation of
distributed grains and dense crystalline structure in compari-
son with as-received sample. The effect of combined partic-
ulate of rice husk and clay kaolinite is presented in Fig. 4b.
It is interesting to see a nodular particle with better refined
crystal due to the enhanced orientation of the additive with
the compositional constituent of all essential aggregates seen
at the EDS. It is worth noting that the variation of quantity
of additives plays a predominant role in the stable modifica-
tion of crystal. This effective compact tri-phase ceramic and
composite formed that is precipitated forming primary g’’-Al
lattices and active metallic grain structural revolution. In this
work, established fact from [15] has situated that potential
ceramic particulates have tendency to cause homogenous
build-up due to the nucleation mechanism thereby form-
ing a robust solid diffusion within aluminium lattice seen
in Fig. 4b. The inclusion of hybrid reinforcement led to the
creation of silica-rich layer at the matrix boundary as dis-
cussed by [16]. Figure 5a shows the SEM/EDS microstruc-
ture of the produced AA6061/2%RHA + Clay composite at
150 um. It shows that the structure consists of distributed
crystallites of various compactible dimensions. Furthermore,
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Fig.3 SEM/EDS spectra for as-
received aluminium alloy

Fig.4 a SEM/EDS of
AA6061/2% RHA + clay

at 75 um. b SEM/EDS of
AA6061/8% clay + RHA at
75 ym

morphological structure is observed to adhere strictly with
aluminium silicate in the matrix. Figure 5b shows the SEM/
EDS microstructure of the produced AA6061/8%RHA + clay
composite at 150 pm. It shows a free porous characteristic
with the EDS revealing the existence of aluminium silicate

@ Springer

distribution within the aluminium matrix boundary. The
EDS analysis was carried out on the hybrid composite to
obtain the compositional constituents of the reinforced
aluminium alloy. The EDS of the starting material reveals
the predominance of aluminium in the alloy and elements
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Fig.5 a SEM/EDS of
AA6061/2% clay + RHA at 150.
b SEM/EDS of AA6061/8%
clay +RHA at 150 pm

magnesium, calcium, iron and silicon in small quantity as
shown in Fig. 3. The EDS profile Fig. 4b shows the peak of
silicon, calcium, iron and magnesium at the interface which
are constituents derived from the particulates used.

Figure 6 shows the SEM after wear for as-received alu-
minium alloy. The worn surfaces are analysed using SEM to
comprehend the wear mechanism that occurred during the
wear process. Figures 7a, b and 8a, b show the SEM after
wear at different percentage composition of RHA +clay at
75 um and 150 um, respectively, at constant sliding velocity
of 0.32 m/s and sliding distance of 40 m. Figure 7b shows
regions of wear flakes where wear debris is significantly fine
and flake size is noticeably smaller due to the lubricating
effect of clay/rice husk ash particles. Furthermore, it can be
concluded that the leading wear mechanism in the reinforced
and unreinforced alloy is obvious which turns to shallow
wear pattern in AA6061/8%RHA + clay composite at 75 pum.
The shallow wear mechanism identified in Fig. 7b shows it
as the best wear performance. The improvements in wear

Fig.6 SEM after wear for as-received aluminium alloy

resistance and the lowest friction coefficient of the hybrid
composites are attributed to the solid lubrication effect

@ Springer
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Fig.7 SEM after wear of:
a AA6061/2% clay + RHA
at 75 um b AA6061/8%
RHA +clay at 75 pm

i
:
P v ¢

b

;A"
ANA Y
| v h Y]

Fig.8 a AA6061/2%
RHA +clay at 150 um b
AA6061/8% clay/RHA at
150 um

provided by rice husk and clay particles. During sliding
wear test, reinforcing particles such as clay and rice husk ash
changed the structure of wear debris and wear mechanism.
Microstructure of the wear debris and flakes also changed in
the similar manner from larger and irregular ones to much
finer and smaller ones in hybrid composite, respectively.

3.2 Open-Circuit Potential (OCP) Measurements

Figure 9 shows the OCP versus time plots for unreinforced
and reinforced AA6061/RHA + clay composite in 0.75 M
H,SO, solution. The near straight or near unity of the lines
indicate that stabilized state or steady-state potential was
achieved [17]. It shows that steady-state potential was
achieved and that the shift of the Eocp of the reinforced alloy
to the more negative sides with respect to the unreinforced
Eocp further confirmed the predominant cathodic protect-
ing nature of the AA6061/RHA + clay composite reinforce-
ments. It is also seen that the potential of the AA6061/8%

@ Springer
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RHA +clay at 75 pm increased towards the more negative
values from the first moment of electrode immersion as a
result of the dissolution of an air oxide film formed on the
electrode before its immersion in the solution.

3.3 Wear Behaviour AA6061/RHA + Clay

Figure 10 shows the wear rate of hybrid composite with
applied load across the reinforced system of AA6061/
RHA +clay at 75 um and 150 pm fabricated composite.
From the results, the pattern of wear rate steadily improved
with increase in applied loads. It is observed that wear rate
of reinforced hybrid composite is lower than the unrein-
forced AA6061 aluminium alloy. The presence of hybrid
reinforcements (rice husk ash and clay) in the Al matrix
limits the plastic deformation at initial loading conditions
at 7.5 N and allows the plastic to deform slightly. The wear
increases for some composites especially unreinforced alloy
because of the absence of additives which improve the wear
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Fig.9 OCP variation with 0 = AAG061+8%RHA + Clay@73 pm
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resistance of the material. The wear rate of the control sam-
ple increases slightly under the wear counter load in the
absence of the particulate. This enhancement in the wear
resistance is attributed to the particulate causing superior
strengthening effect and load-bearing capacity that is capa-
ble of retarding and making resilient deformation under
plastic application.

Figure 11 shows the variation in the coefficient of friction
with 7.5 N and 10 N loads from the AA6061/RHA + clay
alloy series against the as-received sample at 75 um and
150 um grain size fabricated reinforcements. Higher coeffi-
cient of friction was experienced by the as-received samples
as against the developed particulate alloy. From all indica-
tions, it can be seen that AA6061/8% RHA + clay matrix at
load of 7.5 N displayed a lesser friction coefficient against
the starting materials as the load progresses. Although, it
was confirmed that the reduction in the coefficient of fric-
tion is often attributed to the presence of pool of anti-wear

Sample Matrix

particulate participating between the alloy boundary pre-
venting and mostly allowing slight frictional loss during
services [18].

It is evidently that the filler embedded reduces the coef-
ficient of friction characteristics of the aluminium metal
matrix series, thereby providing suitable edged against the
control samples. In all, a decrease in the coefficient of fric-
tion is a sign of an improved nature of the reinforced hybrid
alloy [19].

3.4 Potentiodynamic Polarization Measurements

The corrosion properties of developed AA6061/
RHA + clay composite were investigated in 0.75 M H,SO,
environments using potentiodynamic polarization route.
The tafel extrapolated value revealing corrosion potential
(Ecorr), corrosion current density (jcorr), corrosion rate
(CR) and polarization resistance (RP) is shown in Table 2

@ Springer
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Table 2 Potentiodynamic . 2 : :
< Sample E. . (V) Jeorr (A/cm?) Corrosion rate R, (Q) Particle
polarization results (AA6061/ P corr corr (mm/year) P size
clay + RHA in H,SO, solution) (um)
As-received —-0.72218 1.28x107* 1.4869 249.79 -
AA6061+2% C+RH —0.65118 1.04x 107 1.2199 371.83 75
AA6061+8% C+RH —0.62825 5.17x107° 0.60159 508.07 75
AA6061+2% C+RH —0.70882 7.02x107 0.81673 270.84 150
AA6061+8% C+RH —0.71588 1.22x107* 1.3623 251.27 150
Fig. 12 Potentiodynamic 15 —AABDG1
polarization curves for AA6061/
clay + RHA at H,SO, 1 PABUG LEER
Clay+RH 75um
0.5 AMGDE1+2%
— Clay+RH@ 75um
E’ a AABDE1+8%
2 os Clay+RH@ 150um
S — AABDG1+2%
E -1 Clay+RH@ 150pm
-1.5
-2
25
0.0000001 0.00001 0.001 01

Current density (A/cm?)

and Fig. 12. Table 2 shows that AA6061/8% RHA + clay at
75 pum possesses the most corrosion resistance behaviour
with minimal corrosion rate. Certainly, the corrosion rate
of 0.60159 mm/year was attained compared to 1.4869 mm/
year of the control as-cast aluminium alloy. No doubt, the
developed composite with inter-grain presence possesses
better corrosion propagation in this order AA6061/8%
clay + RHA at 75 um, AA6061 +2% clay + RHA at

@ Springer

75 um, AA6061 +2% C+ RHA at 150 um, AA6061 + 8%
C+RHA at 150 um and as-received alloy. It is clear that
particulate inoculated in the aluminium boundary sig-
nificantly alters the electrochemical responses. More so,
the susceptibility action of the agro-based particulate is
related to formation of adsorptive barrier required for
retarding corrosion initiation. Noticeably, the particulate
adsorption of the Al-interface blocks the active vacancies
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that could promote the rate of corrosion in service as pre-
sumed by [20].

4 Conclusions

The following conclusions were made:

AA6061/rice husk ash + clay composite through stir cast-
ing techniques shows a substantial improvement on the
produced material.

AA6061/rice husk ash +clay at 75 um yielded the optimal
value when compared with the starting materials in all
performance evaluations.

It was obvious that the use of RHA and clay enhances
corrosion resistance of the composites in 0.75 M H,SO,
solution.

Finally, SEM structure shows accumulation of distributed
grains and dense crystalline structure in comparison with
as-received sample.
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