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Abstract 

The mechanical and wear behaviour of Zn27Al alloy reinforced with steel 

machining chips (an industrial waste) was investigated. Two step stir casting 

process was used to produce the Zn27Al based composites consisting of 5, 7.5 

and 10 wt.% of the steel machining chips while unreinforced Zn27Al alloy and 

a composition consisting of 5 wt.% alumina were also prepared as control 

samples. Microstrutural analysis; mechanical and wear behaviour were 

assessed for these composites. The results show that the hardness and wear 

resistance of the composites increased with increase in weight percent of the 

steel chips from 5 to 10 wt.%. The UTS, strain to fracture, and the fracture 

toughness were however highest for the 5 wt.% steel chips reinforced 

composite grade; and decreased with increase in the weight percent of the steel 

chips from 5 to 10 wt.%. Generally the Zn27Al alloy based composites 

reinforced with steel machining chips, exhibited superior mechanical and wear 

properties in comparison to the unreinforced Zn27Al alloy and the 5 wt.% 

alumina reinforced Zn27Al alloy composite. 

Keywords 
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Introduction 

 

 Zinc-aluminium alloys designated as ZA alloys are a family of die casting alloys 

which have proved useful for the design of components for a wide range of engineering 

applications [1-2]. These alloys combine a very good strength, hardness properties, excellent 

machinability, good bearing properties and wear resistance often superior to standard bronze 

alloys [3]. ZA alloys are important bearing materials for high-load and low-speed 

applications, possess very good tribo-mechanical properties, have relatively low density, 

excellent castability, and good fluidity [4-5]. They are also processed easily at low cost and 

are environment-friendly [6]. Their notable limitations are low mechanical properties and 

creep resistance at temperatures above 100 oC [7]. These limitations are being addressed by 

reinforcing ZA alloys with refractory compounds such as SiC and alumina to boost its 

mechanical and thermal stability, and also improve creep and wear resistance [8-9]. Some of 

these conventional reinforcements are quite expensive and recently attention has been 

centered on the use of agro and industrial waste by products as low cost substitutes for these 

conventional reinforcements. From literature it is observed that rice husk ash, bamboo leaf 

ash, groundnut shell ash, among others have been explored as agrowaste ashes for 

reinforcements in metal matrix composites (MMCs) [10-12]. Also the use of fly ash and red 

mud are a few among industrial wastes that have been considered for the same purpose [13-

14]. They have all been reported to serve satisfactorily when used in hybrid reinforcement 

formulations with the conventional reinforcements such as SiC and alumina. But are noted to 

exhibit mixed levels of engineering properties (relative to the conventional reinforcing 

materials) when used solely as reinforcements in MMCs [15]. The use of steel machining 

chips as reinforcements in Zn27Al alloy is proposed in this research. Steel machining chips 

has the attraction of reduced processing time compared to agrowastes which require burning 

and conditioning to obtain the ashes. It is also more readily available and easily sourced from 

small scale machine shops to large scale manufacturing enterprises compared to fly ash and 

red mud which are less accessible. Furthermore, steel machining chips are reported to have 

the advantage of ultrafine microstructures which boosts its strength levels 50 – 100% above 

that of the bulk steel material [16]. 

 In this research, the mechanical and wear behaviour of Zn27Al alloy reinforced with 
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steel machining chips is studied. The aim is to assess the viability of utilizing steel machining 

chips to produce low cost - high performance Zn-Al based composites suitable for bearing 

and related engineering applications. Presently, there are sparse literatures which have 

considered the use of steel machining chips as reinforcements in MMCs. 

 
 
  Material and method 
 
  Material 

 Commercial pure Aluminium and Zinc (with chemical compositions presented in 

Table 1 and 2, respectively) were selected for the production of the Zn27Al alloy which 

served as the composite matrix. Steel machining chips having average particle size of 78μm 

derived from the boring operation of mild steel during machining operations were added as 

reinforcement for the Zn27Al based composites to be produced. 

Table 1. Elemental composition of the zinc used for the production of Zn27Al based composite 
Elements Zn Fe Si Pb others
Wt.% 99.96 .02 .006 .004 .01 

 
Table 2. Elemental composition of the aluminium used for the production of Zn27Al based 

composite 
Elements Al Fe Si Mn others
Wt.% 99.92 .003 .033 .021 .023 

  
 100 percent chemically pure alumina (Al2O3) with particle size of 28µm was also used 

for the production of the Zn27Al alloy matrix composites for control experiments. 

 

  Production of composite 

 Two steps stir casting process was adopted for the production of the composites in 

accordance with Alaneme and Aluko [17]. Charge calculation was used to determine the 

amount of reinforcements (steel machining chips) required preparing 5 wt.%, 7.5 wt.% and 10 

wt.% of the reinforcements in the matrix (Zn27Al).  This is followed by preheating separately 

at a temperature of 250 °C the steel machining chips to improve wettability with the molten 

Zn27Al alloy. Aluminium billets were charged into a gas-fired crucible furnace (fitted with a 

temperature probe), and heated to a temperature of 670 °C until the aluminium melted 

completely. The temperature of the furnace was lowered to 500 °C before zinc was 

introduced. After zinc had melted completely, the melt was cooled in the furnace to a semi 

3 



Mechanical and wear behaviour of steel chips reinforced Zn27Al composites 

Kenneth Kanayo ALANEME, Kayode Oluwaseun ADEOYE, Samuel Ranti OKE 
 

solid state (at a temperature of about 400 °C) and it was stirred at 200 rpm for 5 min to 

achieve homogenization. The preheated steel machining chips were then charged into the melt 

and stirring of the slurry was performed manually for 7-10 minutes. The process progressed 

with the superheating of the composite slurry to a temperature of 530 °C and a second stirring 

performed at a speed of 400 rpm for 10 minutes using a mechanical stirrer. The liquid 

composite was cast in sand molds fitted with metallic chills.  

 

  Density measurements 

 The experimental density of each composition of composite produced was determined 

by dividing the measured weight of a test sample by its measured volume; while the 

theoretical density was evaluated in accordance with the rule of mixture by using the relation: 

  ρZn27Al /Steel Chips = wtf,Zn27Al × ρZn27Al + wtf,Steel chips × ρSteel chips  (1) 

where ρZn27Al/SMC presents density of composite, wtf,Zn27Al and ρZn27Al represents weight 

fraction and density of ZA alloy respectively while wtf,Steel chips and ρSteel chips represents weight 

fraction and density of the steel machining chips respectively. 

 The experimental densities for each composition of the Zn27Al matrix composites 

produced were compared with their respective theoretical densities; and it served as basis for 

evaluation of the percent porosity of the composites using the relation [18]: 

  porosity = 100·(ρT-ρEx)/ρT       (2) 

where porosity is expressed in percents (%), ρT is theoretical density (g/cm3), and ρEX is 

experimental density (g/cm3). 

 

  Hardness test 

 The hardness of the composites produced was determined using a Vickers scale 

Hardness Tester in accordance with the specifications of ASTM E-384 standard [19]. The 

hardness of the composites was measured by applying a direct load of 120 kgf for 10 seconds 

on flat smoothly polished plane parallel specimens of the composites. Multiple hardness tests 

were performed on each sample and the average value was taken from readings within the 

tolerance of ± 2%. 

 

  Tensile testing 

 Tensile tests were performed on the composites produced following standard 
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procedures in accordance with ASTM E8M-15a standard [20]. The samples for the test were 

machined to dimensions of 6mm diameter and 30 mm gauge length. The test was performed 

at room temperature using an Instron universal testing machine which was operated at 10-3 s-1 

strain rate. The tensile properties evaluated from the tensile test are the ultimate tensile 

strength, strain to fracture, and strain energy absorbed (tensile toughness). 

 

  Fracture toughness (KIc) evaluation 

 Circumferentially notched tensile (CNT) specimens and test procedures in accordance 

with Alaneme [21] were used for testing and determination of the fracture toughness of the 

composites produced. The samples for the test were machined to specimen configuration with 

6mm diameter (D), 30 mm gauge length, 4.5 mm notch diameter (d) and notch angle of 60°. 

The CNT testing was performed at room temperature using an Instron universal testing 

machine. The fracture load (Pf) was obtained from the load - extension plots generated from 

the tensile test was used to evaluate the fracture toughness using the relation [22]: 

  
]27.1dD72.1[D

PK 2/3
f

Ic −⋅⋅
=       (3) 

where KIc is fracture toughness (MPa√m), Pf is fracture load (N), D is gauge diameter (mm), 

and d is notch diameter (mm). 

 Plane strain conditions and by extension, the validity of the fracture toughness values 

obtained was determined using the relations in accordance with Nath and Das [23]: 
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where D is the gauge diameter (mm), KIc is fracture toughness (MPam1/2), and σy is yield 

strength (MPa). 

 Three repeat tests were performed for each grade of the Zn27Al based composite 

produced to ensure repeatability and reproducibility of the data generated. 

 

  Wear test 

 The wear test of the composites was performed using a Taber Abrasion wear testing 

machine in accordance with ASTM G195-13a standard [24]. The wear test entailed mounting 

disc shaped prepared samples having 200 mm diameter and 5 mm thick on the turntable 

platform of the wear machine. The samples were gripped at a constant pressure by two 
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abrasive wheels lowered onto the sample surface. The turntable rotates with the samples 

which drive the abrasive wheels in contact with its surface. The rubbing action between the 

sample and the abrasive wheel generates loose composite wear debris as the rotating motion 

continues on the machine. The test was conducted for 15 min; and the sample weights before 

and after the tests recorded. The Taber Wear Index was evaluated using the relation [25]: 

  Wear Index = 1000
cycle test of time

 weight)final - weight initial(
⋅     (5) 

where initial and final weights are in grams, and time of test cycle in minutes. 

 

  Micro-structural examination 

 A Zeiss optical microscope with accessories for image analysis was used for optical 

microscopic investigation of the composites produced. The test specimens were 

metallographically polished and etched with dilute aqua regal solution with composition 

3HCl:1HNO3 before microscopic examination was performed.  

 

 

  Results and Discussion 
 
  Microstructure 

 Representative microstructures of the Zn27Al based composites reinforced with steel 

machining chips are presented in Figure 1 (a and b). 

 
Figure 1a. 
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Figure 1b. 

Figure 1. Representative micrographs of (a) Zn27Al with 5 wt.% Al2O3, and (b) Zn27Al with 
5 wt.% steel chips 

 
 The dendritic solidification pattern and grain morphology can be easily discerned from 

Figure 1a. The phases present are similar to that reported by [26] which consist of α dendrites 

(white phase rich in Al) surrounded by a eutectoid phase consisting of α and η phases (η 

phase is rich in Zn) in interdendritic regions (grey colur). The coring is a common feature in 

Zn-Al alloys but the presence of the reinforcements (in particulates) helps in creating more 

sites for solid crystallization which aids grain refinement [26]. 

 

  Percent porosity 

 The percent porosity influences to a large extent the engineering properties of metal 

matrix composites. Porosity in composites results primarily from air bubbles aspirated into 

the slurry during the stirring period or as air envelopes to the reinforcing particles [17]. It is 

thus necessary that porosity levels be kept to a minimum if the desired high performance in 

service applications would be achieved. The results of the estimated percent porosity of the 

composites are presented in Table 2. It is observed that slight porosities (less than 2 %) exist 

in the produced composites since the experimental densities are lower than the theoretical 

densities. It is however encouraging that the porosities of the composites are below 4% which 

is the maximum permissible level in cast metal matrix composites [18]. 
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Table 2. Composite densities and percentage porosities 
Sample composition Theoretical density (g/cm3) Experimental density (g/cm3) % porosity
Zn27Al - 5 wt % Al2O3 6.14 6.07 1.94 
Zn27Al - unreinforced 5.94 5.83 1.85 
Zn27Al - 5 wt. % steel chips 6.04 5.92 1.99 
Zn27Al - 7.5 wt. % steel chips 6.08 5.97 1.81 
Zn27Al - 10 wt. % steel chips 6.11 6.09 1.96 

 
 The low porosity level is attributed primarily to the two-step stirring process adopted 

for producing the composites. The manual mixing operation performed in the semi-solid state 

helps to break the surface tension between the Zn27Al melt and the particulates. This 

facilitates easier wetting and mixing of the particulates in the melt. The mechanical stirring 

operation (the second stirring, carried out at 750 °C at 400 rpm for 10 minutes) is reported to 

contribute significantly to the reduction of reinforcing particles agglomeration and also 

improves the dispersion of the particulates [17]. 

 

  Mechanical properties 

 The results of the mechanical testing (hardness, ultimate tensile strength, strain to 

fracture, tensile toughness, and fracture toughness) are presented in Figures 2 - 6. 
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Figure 2. Hardness values of the composites produced 
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Figure 3. Ultimate Tensile Strength values of the composites produced 
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Figure 4. Strain to Fracture values of the composites produced 
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Figure 5. Fracture Toughness values of the composites produced 
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Figure 6. Wear Index results of the composites produced 
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 It is observed from Figure 2 that the hardness of the composites increases with 

increase in weight percent of the steel machining chips. It is also noted that the steel chips 

reinforced composites had hardness values greater than that of the unreinforced Zn27Al alloy 

and the 5 wt.% alumina reinforced Zn27Al matrix composites. The increase in hardness with 

increase in the steel machining chips can be attributed to the relatively higher hardness 

possessed by steel in comparison with Zn-Al based alloys [16] 

 The ultimate tensile strength of the 5 wt.% alumina reinforced Zn27Al based 

composite is observed from Figure 3 to be slightly lower compared to that of the 5 wt.% steel 

chips reinforced composite grade. The 5 wt.% steel chips reinforced composite grade is noted 

to have the highest UTS value for all the composites produced. The UTS is also observed to 

decrease with increase in the weight percent of the steel chips from 5 to 9 wt.%. The peak 

UTS observed for the 5 wt.% steel chips reinforced composite grades is likely due to good 

chips/matrix wetting. This translates to strong interface bonding which adds to improved 

strengthening. This claim is supported by the work of Iglesias et al. [16] – where it is reported 

that the interfaces between the steel chips and the Zn-Al based matrix are of high structural 

integrity. The reduction in strength with increase in the weight percent of the steel chips from 

5 to 9 wt.% suggests that less even dispersion of the chips or chip agglomeration are more 

likely to occur if reinforcement composition above 5 wt.% is used. These factors are reported 

to lead to reduced strength in MMCs [17].   The strains to fracture of the composites (Figure 

4) are also observed to be highest for the 5 wt.% steel chips reinforced composite 

composition; and reduce with further increase in the weight percent of the steel chips. This is 

an indication that the 5 wt.% steel chips addition improves the composite capacity to sustain 

more plastic strain before fracture in comparison with the other composite compositions 

produced. The fracture toughness (a measure of the composites resistance to crack 

propagation) is equally observed to be highest for the 5 wt.% steel chips reinforced 

composition (Figure 5). Generally, the steel chips reinforced grades had fracture toughness 

values higher than that of the unreinforced and 5 wt.% alumina reinforced composite. The 

improved fracture toughness can be attributed to the steel chips which are relatively tougher 

than the Zn27Al matrix [22].  Also the interface strength between the steel chips and the Zn-

Al based matrix is another factor. The interface between the steel are reported to be of high 

structural integrity and do not contain chemical reaction products which can degrade the 

properties [16]. Analysis of the mechanical properties show that the 5 wt.% steel chips 
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reinforcement composition yields the best combination of strength, toughness and ductility 

compared to other Zn27Al alloy based composite compositions produced. This is a pointer 

that with the right selection of steel machining chips weight percent, Zn27Al alloy based 

composites with improved mechanical properties can be processed. 

 

   Wear behaviour 

 The result of wear loss of the Zn27Al alloy based composites reinforced with alumina 

and steel machining chips is presented in Figure 6. It is observed that the composite 

composition containing steel machining chips had superior wear resistance in comparison 

with the unreinforced Zn27Al alloy and 5 wt.% alumina reinforced Zn27Al alloy composite 

grade. The alumina reinforced was noticed to exhibit greatest wear susceptibility of all the 

composites. It is also observed that the wear index of composites decreases with the increase 

of the weight percent of steel machining chips. Similar result pattern has been reported by 

Iglesias et al. [16]; they reported that a high integrity interface is formed between the Zn-Al 

based alloy and the steel chips which prevent chip pullout and damage during wear. 

 

 

  Conclusions 

 

 The mechanical and wear behaviour of Zn27Al composites reinforced with steel 

machining chips was investigated. From the results obtained, the following conclusions are 

drawn:  

1. Production of the steel chips reinforced Zn27Al alloy based composites using two step stir 

casting process was reliable judging from the low porosity levels (< 4%) in the 

composites. 

2. The hardness and wear resistance of the composites increased with increase in weight 

percent of the steel chips from 5 to 9 wt.%.  

3. The UTS, strain to fracture, and fracture toughness was highest for the 5 wt.% steel chips 

reinforced composite grade; and decreased with increase in the weight percent of the steel 

chips from 5 to 9 wt.%.  

4. Generally the Zn27Al alloy based composites reinforced with steel machining chips, 

exhibited superior mechanical and wear properties in comparison to the unreinforced 
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Zn27Al alloy and the 5 wt.% alumina reinforced Zn27Al alloy composite grade. 
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