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ABSTRACT

The hardness and tribological behaviour of crab shell particles (CSPs) reinforced aluminium 6063 (Al-Mg-Si 
alloy) composites produced by the double stir casting method were investigated. Adding CSPs caused a marked 
improvement in the hardness and fracture toughness of the CSP composites, reflecting enhanced fracture resistance. 
The wear resistance enhancement of 1.56 % was noticed in 20 wt. % CSP composite, and abrasive wear was confirmed 
as the main wear process for the composites. The CSP composites showed a slight reduction in the density; with 
very low porosity indicating satisfactory wettability for the aluminium matrix, thus making the produced composite 
a good candidate material for the area of engineering lightweight applications.
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INTRODUCTION

Researchers are still working on aluminium matrix 
composites (AMCs) due to their success in various 
applications in the engineering field [1, 2], despite the 
extensive literature on the subject. The utility of AMC 
is attributed to the appealing variety of properties of 
composite systems, due to its adaptability to both fiber 
and particulate reinforcements [3, 4]. Arendarchuck et 
al investigated the hardness and wear resistance of NbC-
reinforced A380 aluminium alloys. They concluded that 
the composite was more wear-resistant and hardened, 
especially the samples containing 15 % NbC [5]. The 
wear properties of AA7075 were studied; the alloy 
showed enhancement in wear resistance and they found 
that oxidation, and delamination are the mechanisms in 

all the samples [6]. Silicon carbide and palm kernel shell 
particles were utilized to reinforce 6063 aluminium and 
wear experiments were carried out on the composites. 
They found that the density and percentage porosity 
of the metal matrix composite cast at 2 to 2.4 % was 
within the acceptable range of less than 4 %, and the 
composites’ wear resistance was not enhanced [7]. 
Tribological properties of aluminium hypereutectic 
alloy (A390) reinforced with Ti2AlC was studied, Ti2AlC 
particles improve the wear behaviour of A390 alloy, and 
they opined further that an abrasive wear mechanism 
was observed [8]. 

Al6063-silicon nitride metal matrix composite was 
manufactured according to the process of agitation 
casting in liquid metallurgy technology and wear 
resistance improvement was reported [9]. The high-
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frequency friction rig (HFRR) was used to study Al-
Cu-Cr alloy, and better corrosion and wear resistance 
associated with microstructure improvements were 
reported [10]. The investigation of tribological behaviour 
of Okaba coal ash (OCA) reinforced Al 6063 alloy was 
studied and the authors opined that in comparison to base 
metals, all composite products recorded an increase in 
wear behaviour [11]. 

EXPERIMENTAL

Materials and method
Al-Mg-Si alloy was sourced locally, the alloy 

contains 1.39 wt. % Mg, 3.55 wt. % Si, 1,12 wt. % Ca, 
0.79 wt. % Cl, 0.09 wt. % Cr, 0.09 wt. % V, 0.09 wt. % 
Ti, 0.29 wt. % Zn, 0.34 wt. % Cu,0.33 wt. % Fe, 0.34 
wt. % Mn, 0.19 wt. % Ta and 91.39 wt. % Al. The CS 
particle size used to produce the composites ranges 
from 40 to 60 µm as reported in previous studies [12].  
Fig. 1 shows the flow diagram adopted in the particles 
production. 

Composite development 
All the composite samples were cast via double stir 

sand casting technique [13]. The Al-Mg-Si alloy was 
melted in a gas fired crucible within the temperature of 
750 - 810oC. The melt was stirred for 120 s before casting 
the control at temperature of 750oC. Other samples were 
produced at 5, 10, 15 and 20 weight percentages of 
particles (40 - 60 µm) in Al-Mg-Si alloy matrix and the 
melt were stirred for 600 s at speed of 350 - 450 rpm.

The composite nomenclature is as follows:
Control sample contains 100 wt. % Al-Mg-Si alloy
5 wt. % sample contains 5 wt. % CSPs and 95 wt. % 

Al-Mg-Si alloy
10 wt. % sample contains 10 wt. % CSPs and 90 

wt. % Al-Mg-Si alloy
15 wt. % sample contains 15 wt. % CSPs and 85 

wt. % Al-Mg-Si alloy
20 wt. % sample contains 20 wt. % CSPs and 80 

wt. % Al-Mg-Si alloy

Determination of percentage porosity and density
The weight (measured with a digital weighing 

balance) was used to divide the volume for samples’ 
density determination. Eq. (1) was adopted in determining 
the CSP composite theoretical density [14].

ρcom = wtAl6063 × ρAl6063 + wtCSPs × ρCSNPs 		  (1)

where ρcom is the composite density, wtAl6063 is Al 6063 
weight fraction, ρAl6063 is Al 6063 density, wtCSPs is CSPs 
weight fraction, ρCSNPs is CSPs density.

The composite porosity percentage was calculated 
by adopting Eq. (2), as determined by Alaneme and 
Aluko [14].

 				    (2)

where; ρT is Theoretical Density, ρEX is Experimental 
Density.

CSP composite hardness measurement
ASTM E-92 standard was followed in the preparation 

and testing of the hardness samples [15]. The specimens 
were polished and underwent 5 indentations for 15 s each 
with a load of 10 N until a permanent indentation was 
achieved. Indentation average reading was recorded.

CSP composite fracture toughness (Kic)
The CSP composite fracture toughness was 

determined by adopting the Circumferential Notch 

Fig. 1. Particle production route.
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Tensile (CNT) testing technique, the specimen 
dimensions are as stated: Diameter (D) is 6 mm, 4.5 mm 
is the notch diameter (d), 30 mm is the gauge length, 
and 60o is the notch angle [14, 16]. 

The tensile loading to fracture of the samples was 
performed on an Instron universal testing machine, 
operated at 10-3 s-1 strain rate, and the specimens used for 
the fracture toughness determination are shown in Fig. 2. 

Eq. (3) was adopted to calculate the composite 
fracture toughness (Kic) [17].

 
						      (3)

where Fracture load is Pf, Sample diameter is D and 
Notch diameter is d.

Eq. (4) was used to evaluate plane strain conditions 
to validate the results of the composite fracture 
toughness.

						      (4)

Also, during the production of the CNT test 
specimen, the condition that at least 4D must be equal to 
the length of the specimen was taken into consideration. 

CSP composite wear behaviour
The wear behaviour of the samples of dimensions 

(200 mm diameter and 6 mm thickness), was done using 
the Taber abrasion wear index measurement at a speed 
of 500 rpm and the worn abrasion test samples surfaces 
were examined with SEM machine. Eq. (5) was used 
to evaluate the wear index of the samples, as stated by 
Dieter [18]: 

Wear Index (W.I) =

= 

where the weights are in grams, and the time in minutes. 
The morphology of the worn surfaces’ samples was 

examined following standard protocol [13]. 

RESULTS AND DISCUSSION

The representative morphology showing the EDX 
spectra of the composites is shown in Fig. 3. It is evident 
that the particle displays an irregular shape. As noted in 

the EDX, the high concentration of Oxygen (60.91 wt 
Conc) and Calcium (30.62 wt Conc) is an indication 
that calcium carbonate (CaCO3) is dominant phase in 
crab shell particles. Also noted is the concentration of 
Fe (5.45 wt Conc) introduced by the attrition effect of 
the milling balls. 

CSP composite percentage porosity and density
Table 1 presents the density and percentage porosity 

of the CSP composites produced. It was observed that the 
density of the composites varies inversely proportional 
to the wt. % of CSP content. This is anticipated because 
2.7 g cm-3 aluminium density is higher than 1.3 g cm-3 
CSP density. All the composites have a percentage of 
porosity below 2.4 %, a value which is well below 
the permissible 4 % for matrix composite, and this 
strongly indicates that the double-stir casting method is 
effective [19]. The results also suggest that CSPs have 
a satisfactory wettability for aluminium, and otherwise, 
the porosity percentage would have been higher. 

CSP composite fracture toughness
Fig. 4 presents the results of the fracture toughness 

of the composites; a marked fracture toughness 
enhancement was observed for all the composites as the 
wt. % CSPs content increased. The highest improvement 
of 47.90 % was observed in 20 % CSP composite fracture 
toughness (1.821 MPa ); while the least of 28.19 % 
fracture toughness (1.578 MPa was observed in 15 % 

Fig. 2. Produced specimen (a), Notched specimen (b), 
and Fractured specimen (c).
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CSP composite compared with the neat (1.231 MPa ).
The improvement may be attributed to the percentage 
porosity of less than 2.4 % of the composites as shown 
in Table 3, due to the double stir casting method’s 
efficiency. The effect of particulate-matrix interfacial 
adhesion on the mechanical behaviour of particulate-
filled composite is markedly reported in the literature 
[20, 21].

CSP composite hardness
Fig. 5 shows the CSP composites hardness results, 

the hardness of the CSP composites increased in a 
non-linear way as the percentage compositions of the 

Fig. 3. SEM image and EDS pattern of CSPs.

SN Sample Designation
Theoretical Density, 

g cm-3

Experimental Density, 
g cm-3

Porosity, 
%

1 Neat 2.70
2 5 % CSPs Composite 2.635 2.5981 1.024
3 10 % CSPs Composite 2.560 2.5275 1.270
4 15 % CSPs Composite 2.475 2.4290 1.859
5 20 % CSPs Composite 2.420 2.3931 1.111

Table 1. Composite percentage porosity and density.

Fig. 4. Fracture toughness of the Neat and CSP- composites. Fig. 5. Hardness of the neat and CSP composites.

CSPs increased. 5 % CSP-composite recorded the highest 
enhancement of about 35.69 % (23.61 BHN), while 10 %
CSP-composites recorded the least enhancement of 
0.92 % (17.56 BHN) compared with the neat (17.40 
BHN). The development is partly attributed to the 
percentage porosity of less than 2.4 % of the composites 
and the homogeneity of the composite constituents 
because of double stir casting technique adopted; which 
improved load transfer and stress distribution within the 
composite.

CSP composite wear behaviour
The wear resistance of the neat and CSP composites 
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(Figs. 6 and 7) shows the representative of the SEM 
images of the worn surfaces of the composites. It 
is observed that only 20 wt. % composite has an 
enhancement of 1.56 % in wear resistance (0.1140 
mm mm-3) compared with the neat (0.1158 mm mm-3). 
The lowed grooves shown in the wear tracks (Fig. 7), are 
revealing of the wear mechanism to be abrasive [22 - 24].

CONCLUSIONS 

Crab shell particles reinforced aluminium 6063 
composites were produced via the double stir casting 
technique, the composite hardness and tribological 

behaviour were investigated. The findings are as stated:
•	 Milling of crab shells for 72 h in ball mills produced 

crab shell particles of sizes 40-50 µm and the 
CSPs main constituents are oxygen and calcium; 
combined in the form of CaCO3.

•	 The addition of CSPs slightly reduced the density, 
while the percentage porosity was lower than the 
permissible value in the composites, indicating good 
wettability for the aluminium matrix, thus making 
the produced composite a good candidate material 
for the area of lightweight applications.

•	 All the CSP composites have an enhancement in 
fracture toughness, indicating fracture resistance 
enhancement.

•	 The hardness of the composites was enhanced 
not linearly, as the CSPs wt. % increases. Only 
20 % CSP composite had 1.56 % wear resistance 
enhancement, and the wear mechanism of the 
composites is abrasive.
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