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Abstract 

In recent years, zinc-aluminium (ZA) alloys have found increasing uses in several applications because these alloys 

exhibit a good combination of mechanical, physical and tribological properties along with low cost of fabrication. In 

order to further enhance some of the properties of non-ferrous alloys, many attempts have been made to produce 

MMCs with Al alloys, Mg alloys, Cu alloys and Ti alloys as the matrix materials.  Literature on aluminum alloy 

composites suggests the effective use of graphite as a potent reinforcement. The absence of data on ZA alloys with 

graphite reinforcement was the stimulus for pursuing this systematic work. In this study, the results of the 

experimental investigation with varying graphite reinforcements on the microstructure and wear loss of the popular 

gravity die cast ZA base alloys (viz., ZA8, ZA12 and ZA27) is reported.  

The wear tests were conducted using pin-on-disc apparatus to assess the wear loss at three different loads (20N, 29N 

and 39N) and at constant speed of 200rpm. The results showed that the wear loss decreases with the addition of 

graphite from 2wt.% to 6wt.% in the ZA8, ZA12 and ZA27 base alloys and it increases with increasing loads. The 

studies indicate that the wear loss of ZA8 and ZA12 were higher than that of ZA27 based composites. 

Design of experiments (DOE) denotes the methodology of application of statistical techniques in experimentation. 

This has been attempted in this work, for the first time for the ZA alloy based composites.  Proceeding further, 

multiple regression models have been worked out for the UTS, YS, %E, and BHN. Confirmation test results are in 

good agreement with the values predicted.  

   

Key words: MMC, ZA base alloys, graphite reinforcement, SEM, stir casting, Design of experiments, regression 

models.  

 

1. Introduction: 

Composite materials have attracted tremendous attention in recent years. Out of the three 

major types of composites viz., MMC (Metal matrix composites), CMC (Ceramic matrix 

composites) and PMC (Polymer matrix composites). MMCs are the most popular and widely 

used. Basically, MMCs comprise of a metallic matrix in which particles or whiskers or fibres are 

disbursed uniformly. Such Metal matrix composites exhibit characteristics that are not possible 

to be realized in the   monolithic constituent materials.  The properties that are possible to be 

improved by such combinations are hardness, wear resistance, coefficient of thermal 

expansion, stiffness and damping capacity. The development of metal matrix composites, 

specifically cast metal-matrix particulate composites has been extensively covered in literature. 

It is apparent that India, in particular, should pay special attention to the possible use of MMCs 
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in energy, housing, and transportation sectors, and then on to high priority domains such as 

solar photo-voltaic, semi-conductor and super-conductor industries.   

 

Matrix and the reinforcement are the important constituents of MMCs. The properties of the 

MMCs are controlled to a large extent by the bond between the matrix and the reinforcement. 

In order to realize optimum properties in the MMCs, a judicious combination of the above two 

(with compatibility to each other) is essential. Substantial amount of R&D work has been 

completed on MMCs based on aluminium alloys, magnesium alloys, titanium alloys and copper 

alloys, but only very few on zinc alloys. 

 

Hard ceramic materials such as silicon carbide and boron carbide have been successfully tried as 

reinforcing materials. Graphite particles too seem to offer several advantages in addition to cost 

benefits. Scores of processes are available for fabricating MMCs, but the liquid metal route (Stir 

casting technique) offers unique advantages for processing low melting metals such as zinc and 

its alloys. Therefore, an extensive experimental investigation was taken up to produce and 

characterize zinc-aluminum based MMCs with graphite particles as the reinforcement.  

 

The well-known Japanese scientist Taguchi proposed the simple DOE approach in order to 

drastically lower the number of trials. Taguchi’s concept makes use of Orthogonal Array (OA), 

and this has become extremely popular in many domains of engineering and science   Applying 

this to ZA alloys has not even been thought of in any investigation till now.      Normally, 

experimental investigations involve extensive trials which call for extended durations, extensive 

facilities and substantial cost of materials and man power. All these can be appreciably reduced 

by adopting the design of experiments. Moving further, the findings can lead to the 

development of Regression Models that accurately predict the properties corresponding to any 

combination of the variables.  A successful attempt has been made on the above as reported 

here. 

2. Experimental details: 

Commercially available pure zinc (99.8 %) and aluminum (99.90 %) were used to produce three 

ZA alloys (ZA8, ZA12 and ZA27) test castings. The exact composition of each alloy is given in 

Table.1. (These are the 3 most popular ZA alloys that have found several end-uses)     

Table 1: ZA base alloys investigated and their chemical composition 

 

Alloy Aluminium, wt. % Copper, wt. % Zinc, wt. % 

ZA8 8.0 1.10 Balance 

ZA12 12.0 1.40 Balance 

ZA27 27.0 2.25 Balance 

 

Graphite particles ranging from 40 to 50µm were added as reinforcement to the above ZA alloy 

to produce composites. The ZA alloys were melted in M/s.Furmaco electric resistance furnace 

shown in Fig. 1.  
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The liquid melt (of the three ZA alloys, each at the corresponding 1500C superheat) was cast in 

preheated mild steel dies and cooled to room temperature.  For dispersing the graphite powder 

into the melt, molten metal was stirred using a custom made in-house stirrer set-up shown in 

Fig. 2. The speed of the stirrer (based on the initial trials) was kept at 600 ±20 rpm. This 

rotational speed resulted in a vortex of adequate depth for absorbing the graphite particles but 

without undue splashing of the liquid metal. 

 

 

 

 

 

 

 

 

 

   Fig 1. Melting using electric-resistance     Fig.2 Custom made in-house stirrer                     

              Furnace      

 After solidification, the castings were sectioned to evaluate the microstructure and wear loss. 

SEM samples of composites were prepared for microstructure analysis are shown in Fig.3. Wear 

test was carried out using Ducom pin-on-disc tribometer. The wear test samples were prepared 

as per ASTM G99 standard of 5 mm diameter and 10 mm length as shown in Fig.4.  

 

 

 

 

 

Fig.3 SEM test samples   

 

Fig.4 Wear test specimen 

3. Results and discussions:  

(a) Microstructure studies. 

The microstructure of ZA alloys mainly consists of aluminium rich α-phase and zinc rich β-phase; 

the rich β-phase is higher than that of the α-phase.  

SEM microstructural images of ZA8 alloy matrix with 2, 4 and 6 wt. % graphite particles are 

shown in Figs.5. The microstructural analysis of the ZA8 alloy based composites were carried out 

using ZEISS computerized scanning High-resolution Electron Microscope FEI-QUANTA 200. 

Scanning electron microscope (SEM) studies were carried out in the as-polished samples using a 

large-area backscattered electron detector to produce an image. Images of SEM microprobe 

analysis are shown in Fig.5. The microstructure of ZA8 alloy exhibited a dendritic structure, 

wherein primary α-dendrites were surrounded by the eutectic (α+) and ɛ-phase respectively. 

The microstructures show reasonably good solid solubility of graphite in either the aluminium or 

the zinc-rich phases.  
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   (a). 2wt.% 

                                                                        (b). 4wt.%   (c). 6wt.% 

Fig. 5. SEM micrograph of ZA8 alloy reinforced with Grp (2/4/6wt.%) 

SEM microstructural images of ZA12 alloy matrix with 2, 4 and 6 wt. % graphite particles are 

shown in Figs.6. The large atomic radii differences between the Al-rich and Zn-rich phases 

allowed the production of medium-resolution images of good contrast in this alloy which clearly 

displayed the large scale features of the structure. The microstructures of the composites reveal 

that both dendritic and eutectic phases are present in the structure. The dendrites are 

composed of aluminium rich phases (ZA-12), surrounded by a eutectic (containing α and η 

phases) of varying amount, It can be seen that the graphite particles of varying sizes ranging 

from 40-50 µm are distributed uniformly throughout. The microstructures show reasonably 

good solid solubility of graphite in either the aluminium or the zinc-rich phases. 

           

          

 

 

    

 

 

 

 

(a). 2wt.%   (b). 4wt.%   (c). 6wt.% 

   Fig. 6 SEM micrograph of ZA12 alloy reinforced with Grp (2/4/6wt.%) 

SEM microstructural images of ZA27 alloy matrix with 2, 4 and 6 wt. % graphite particles are 

shown in Figs.7. From a study of the above micrographs, it can be observed that the addition of 

reinforcement (graphite) to the molten ZA-27 alloy results in a mixture of α- η rich phase and 

randomly distributed graphite particles. However, particle segregation occurs during 
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solidification due to their density difference with the melt. Due to the higher aluminium content 

of the base alloy, there is a greater volume fraction of the dendritic material. 

 

 

 

     

    

 

 

 

 

 

 

 

 

 

 

 

(a). 2wt.%    (b). 4wt.%   (c). 6wt.% 

  Fig.7. SEM micrograph of ZA27alloy reinforced with Grp (2/4/6wt.%) 

 

(b) Wear loss of ZA base alloy reinforced with graphite particle: 

Sliding wear tests were carried out under dry (unlubricated) condition using pin-on-disc 

apparatus. It can be observed from the Fig.8. that wear loss is high at 2wt.% graphite compared 

to that of 4wt.% and 6wt.% graphite reinforced ZA8 alloy at a constant speed of 200rpm for 

different applied loads 20N, 29N and 39N respectively. It can be seen that at a constant speed, 

the wear loss increases with varying applied loads and the decreasing trend in wear loss is 

realized as the graphite reinforcement reaches 6 wt.%. Continuous flow of lubricant between 

two sliding surfaces is very important to achieve excellent tribological properties. This can be 

easily maintained only when fluid lubricants are used. In order to insure the continuous flow in 

case of solid lubricant, an excellent innovation is to reinforce graphite as a solid lubricant into 

ZA base alloys. 
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Fig.8: Wear loss vs. ZA8 alloy based composites. 

It can be observed from the Fig.9 that wear loss is high at 2wt.% compared to that of 4wt.% 

graphite and 6wt.% graphite reinforced ZA12 alloy at a constant speed of 200rpm for 

increasing applied loads 20N, 29N and 39N respectively. It can be seen that at a constant 

speed, the wear loss increases with varying applied loads and the decreasing trend in wear loss 

is realized as the graphite reinforcement reaches 6 wt.%.  

 

 

 

 

 

 

         Fig.9: Wear loss vs. ZA12 alloy based composites.     

It can be observed from the Fig.10 that wear loss is high at 2wt.% compared to that of 4wt.% 

and 6wt.% graphite particles reinforced ZA12 alloy at a constant speed of 200rpm for varying 

applied loads 20N, 29N and 39N respectively. It can be seen that at a constant speed, the wear 

loss increases with varying applied loads and the decreasing trend in wear loss is realized as the 

graphite reinforcement reaches 6 wt.%.  

 

 

 

 

 

 

 

       

 

 

 

 

Fig.10: Wear loss vs. ZA27 alloy based composites. 

 

(c) Regression Analysis:   

In this section, corresponding to varying additions of graphite particles, the properties of the 

different ZA alloy based composites are predicted using the Regression models developed. 

These regression models provide a quick and reliable estimation of the properties of the 
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composites corresponding to any selected combination of base alloy/ amount of addition of 

reinforcement. 

When two or more predictor variables are involved in the trials, multi-linear regression models 

are the most suitable. A regression model that involves more than one repressor variable is 

termed as multiple regression model. A multiple linear regression model with two variables can 

be expressed as:  

y = βo + β1x1 + β2x2 + ε  

y represents is the estimated value of the dependent variable, x1 and x2 are predictor variables.  

βo is a constant (called intercept), and β1 & β2 are regression coefficients 

In order to verify the suitability of the model, coefficient of multiple determinations R2 is 

calculated.  Such Regression models were generated for the purpose of accurately predicting 

wear loss of ZA alloys reinforced with graphite particles. 

• Regression model for wear loss of ZA alloys (ZA8, ZA12 and ZA27) with the addition of 2wt. %, 

4wt. % and 6wt. % graphite particles.   

 

The relation between the controllable factors and the wear loss was obtained through OA matrix 

approach. A multiple linear regression model was developed to predict the wear loss.  

Wear loss obtained for different combinations of base alloys and reinforcements from the 

experimental trials were processed using Minitab 17 software to generate multiple   linear 

regression coefficients. Samples of graphite particle reinforced ZA based composites were 

tested using the pin-on disc apparatus. Tests were carried out to measure wear loss at a 

constant speed of 200rpm and at different applied loads 20N, 29N and 39N respectively. The 

effect of reinforcement content on the wear loss was assessed using the S/N ratio.  As the 

objective of this phase of the investigation was to minimize the wear loss of the composites 

developed, it is appropriate to consider “smaller-the-better” concept for the S/N ratio in order 

to arrive at the  optimum factor level.   

The Equation for calculating the S/N ratio for “smaller-the- better” quality feature is:           S/N 

Ratio =  ( )− 2

10 )/1(log10 iyn  

• Typical regression model: 

The experimental results of wear loss due to dry sliding wear behaviour of graphite particle 

reinforced ZA based composites for factors levels are shown in Table .2. 

 Table 2. Experimental data-Mean wear loss (mg)  

Expt. 

x1: 

ZA base 

alloy 

x2: 

Wt.%Gr. 

y: 

wear loss (mg) 

Load=20N Load=29N Load=39N 

1 8 2 8.2 9.5 12.6 

2 8 4 7.1 8.6 11.2 

3 8 6 5.9 7.4 8.9 

4 12 2 7.3 8.6 10.8 

5 12 4 6.1 7.8 9.8 

6 12 6 5.6 6.9 8.7 

7 27 2 5.85 7.05 8.6 
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8 27 4 4.8 6.1 7.8 

9 27 6 4.02 5.3 6.4 

 

 

Experimental results are computed using Minitab 17 software, and the typically generated 

regression model for wear loss at constant loads are: 

a. Regression Model  (Applied load = 20N): 

Wear Loss (mg)= 9.756 - 0.10953 X( Al content in the ZA base alloy) - 0.4858X( Wt.%Gr). 

R2 = 0.9749 

b. Regression Model  ( Applied load = 29N):  

Wear Loss (mg)=  11.192 - 0.11932X(Al content in the  ZA base alloy) - 0.4625X( Wt.%Gr). 

R2 = 0.9877 

c. Regression Model  ( Applied load = 39N):  

Wear Loss (mg)=  14.684 - 0.1657x(Al content in the  ZA base alloy)  - 0.6667x( Wt.%Gr). 

R2 = 0.9528 

This shows that all the models are in fairly good fit with experimental data. Results of the 

confirmations tests on wear are compared with regression models values, and are show in 

Table.3. 

Table 3: Comparison of typical experimental results of wear loss with regression models 

Load, N 
x1: 

ZA base alloy 

x2: 

Wt.%Gr. 

Mean wear 

loss (mg) 

Regression model 

wear loss 
% Error 

20 27 6 4.02 3.88 3.48 

29 27 6 5.30 5.20 1.97 

39 27 6 6.40 6.21 2.97 

 

In multiple regression analysis, the values of coefficient of multiple determination, R2, values are 

greater than 0.94 in all the models. The experimental results of weight loss compare well with 

the weight loss calculated using the regression model.  

 

4. Conclusions: 

In ZA alloys based graphite composites, as seen in the microstructure the solidification initiates 

at the reinforcing particles and the primary dendrites grow around the particles. From a study of 

the above micrographs, it can be observed that the addition of reinforcement (graphite) to the 

molten ZA alloys results in a mixture of α- η rich phase and randomly distributed graphite 

particles. However, particle segregation occurs during solidification due to their density 

difference with the melt. Due to the higher aluminium content of the base alloy, there is a 

greater volume fraction of the dendritic material. Results show that the wear loss decreases 

with the addition of graphite from 2wt.% to 6wt.% in the ZA8, ZA12 and ZA27 base alloys and 

the wear loss increases with increasing loads. Wear and friction are found to be greatly 

influenced in graphite reinforced ZA base alloys; the solid graphite particle which consists of 

carbon atoms arranged in a layer-like structure, displays a very low coefficient of friction while 

sliding on another clean surface, thus suggesting that it can be used as a solid lubricant. 
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Multiple regression models were worked out for wear loss of all three ZA alloys. The values of 

the coefficient multiple determination R2 are quite high, and in most of the cases it is more than 

0.94, indicating that the fit between the experimental and predicted data is very good.   
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