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ABSTRACT 
Among various reinforced materials used, fly ash is one of the most inexpensive and low-density reinforcement available in large 
quantities as waste product during combustion of fuel in thermal power plants. Hence, recycled aluminum from used beverage 
cans reinforced by fly ash with different percentage (0, 3, 6 and 9wt%) were prepared by two step stir casting method. The effects 
of such reinforcement on physical, mechanical and machining properties were investigated. Most of mechanical properties were 
significantly enhanced with addition of (6 wt%) fly ash particles to recycled aluminum matrix, Brinell hardness and tensile 
strength were increased by (100%) and (21%) respectively. Taguchi analysis results indicate that spindle speed was the most 
effective factor in machining temperature and flank wear width followed by feed rate, depth of cut and machining time. According 
to Taguchi analysis, the optimum conditions to get a minimum change in contact temperature and minimum flank wear width 
during milling of sample with (6 wt%) fly ash are: spindle speed of 1000 rpm, depth of cut equals 0.25 mm, and feed rate of 5 
mm/min. Multiple regression analysis was applied to develop a mathematical model for prediction of machining properties with 
error percentage within the range of (1.9-4.5) %. The developed predicted models can be used to predict the machining 
temperature  and  flank  wear  width  for  any combination of the machining conditions and the machining time within the range of 

 the experimentation conducted. 
 

KEYWORDS: Recycling, Fly ash, Optimization, End milling, Taguchi method. 
 

INTRODUCTION 

 

Aluminum and its alloys have attracted most attention as base metal in metal matrix composites. Al-based 

composite materials have gained significance in aerospace, automotive and structural applications due to their 

light-weight and good mechanical properties. The recycling of aluminum generally produces significant cost 

savings over the production of new aluminum. Recycled aluminum uses 5% of the energy that would be needed 

to create a comparable amount from raw materials. This means energy savings as well an environmental savings 

due to the reduction in the emission of polluting gasses through aluminum extraction processes [1] , so, using of 

recycled aluminum instead of pure aluminum as matrix is an effective method in reducing the pollution of the 

environment, energy and cost saving especially when it was reinforced by low cost and low weight 

reinforcement materials. Among various reinforced ceramic materials used, fly ash is one of the most 

inexpensive and low density reinforcement available in large quantities as waste product during combustion of 

fuel in thermal power plants [2] . Many papers focusing on Al-base composites had been published. Deepak 

Singla et al. [3]  evaluated the mechanical properties of Al 7075-fly ash composite materials, Yellappa M. et al. 

[4]  studied the fabrication and characterization of aluminum-fly ash composite using stir casting method, 

Pradeep Kumar J et al. [5] studied characterization and production of Al-Cu alloy reinforced with fly ash and 
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SiC, Arun.L.R et al. [6] studied the influence of Al2O3 and fly ash addition on fatigue strength of Al 6061 

matrix composites. Few published attempts studied the use of recycled aluminum instead of non-recycled 

aluminum as a matrix; also, the used fly ash represents a product of coal combustion. So, the aluminum used to 

produce Al-MMC in this study is recycled aluminum from used beverage cans (UBCs), while the reinforcement 

is fly ash as a powder residue generated from fuel oil combustion at Al-Musayab power plant-Babylon/Iraq. In 

addition, there are very little researches investigated the machinability of recycled aluminum-fly ash composite, 

especially, the effect of spindle speed, feed rate, and, depth of cut simultaneously on heat generated during end-

milling processes and flank wear width of the end mill cutter. 

 

2. Experimental Procedure: 

2.1. Tests for Basic Materials: 

- Matrix: 

Aluminum beverage cans recycling were achieved by cutting the cans to small sized pieces, chemical 

cleaning and blocking, then melting in the furnace at (750 °C). Slags were removed and the molten aluminum 

poured out; the process was repeated again for the next batch. The chemical composition of the recycled 

aluminum was achieved on SPECTRO device and the results are shown in Table 1. 

 
Table 1: Chemical Composition of Recycled Aluminum from Used Beverage Cans 

Si% Fe% Cu% Mn% Mg% Cr% 

0.224 0.503 0.160 0.761 1.230 0.019 

Ni% Zn% Ti% Pb% V% Al% 

0.004 0.067 0.022 0.009 0.011 Bal. 

 

- Reinforcement: 

The chemical composition of the fly ash used in this study is demonstrated in Table 2. Particle size analysis 

of fly ash was carried out using laser particle size analyzer, the average particle size of fly ash was (3.702) µm 

according to the report shown in Fig. 1. 

 

 
Fig. 1: Particle size analysis report of fly ash 

 
Table 2: Chemical Composition of Fly Ash 

Component wt% Component wt% Component wt% 

Na2O 0.057 CuO 0.00825 Ga 0.00123 

MgO 0.11 ZnO 0.01542 Mo 0.0091 

Al2O3 0.31 As2O3 0.00058 Na 0.42 

SiO2 0.15 Rb2O 0.00023 Mg 0.066 

P2O5 0.0303 SrO 0.00967 Al 0.016 

SO3 12.54 SnO2 0.00066 K 0.1484 

K2O 0.1864 BaO 0.00447 Ni 0.7651 

CaO 0.932 WO3 0.0037 V 3.001 

TiO2 0.2165 PbO 0.00452 Fe 10.04 

V2O5 5.416 CoO 0.0056 Ca 0.6511 

Cr2O3 0.073 NiO 1.002 Zn 0.01181 

MnO 0.0756 Si 0.0071 W 0.003 

Fe2O3 14.63 S 4.947 C 44.13 

 

2.2. Preparation of Al-Fly ash composites: 

Four samples coded in Table 3 were prepared by two-step stir casting method. The weighted fly ash 

particles were divided to groups, covered with aluminum foil and preheated to (3000C) for 2 hours in dry oven. 

Recycled aluminum pieces were charged in to graphite crucible, and the furnace temperature was raised up to 

liquidus temperature (7500C). Slags were removed using alumina spoon, and further the melt temperature was 
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dropped to just below the liquidus temperature (6200C) to attain the semi-solid state. The magnesium ribbon 

were rolled and covered by aluminum foil, and then immersed inside the melt. The molten aluminum slurry was 

stirred with four-blade mild steel stirrer with a speed of (870 rpm) for (10 min) and the preheated, covered, fly 

ash particles were slowly added to the molten metal. The stirring process was going under a shield of argon gas. 

The temperature during stirring was observed, using thermocouple type-K, to be (610-620)0C. Then, the 

temperature was raised above the liquidus temperature (7500C) again. The molten composite was poured in 

preheated steel mold. For comparison, Al-Mg was casted in the same procedure without adding fly ash. All 

prepared samples were put in an electrical furnace at (3000C) for (3 hours) and cooled inside the furnace to 

remove all thermal stresses. Then, the composite samples are ready to prepare for mechanical and machining 

tests. 

 
Table 3: Samples Prepared in the Present Study 

Sample Code Recycled Al wt% Magnesium (wt%) Fly Ash (wt%) 

S0 98 2 0 

S1 95 2 3 

S2 92 2 6 

S3 89 2 9 

 

2.3. Mechanical & Physical Tests: 

2.3.1. Optical Microscope Analysis: 

Specimen with (20mm) in diameter was cut from each sample. These specimens were flattened using SiC 

grinding papers, polished using diamond paste and etched by Keller solution. An optical microscope with 

suitable magnification was used to capture the microstructure of each samples. 

 

2.3.2. Brinell Hardness Test: 

A specific specimens size were cut and subjected to appropriate grinding and polishing operation. The test 

was carried out on a Brinell hardness testing device with a ball indenter diameter of (5mm) and load of 

(31.25Kg) for (10 second). The hardness was recorded as an average of three hardness measurements. 

 

2.3.3. Tensile Test: 

Standard specimens were prepared according to ASTM (B557m-15) [7] . The test was carried out via 

universal testing machine with tensile speed rate (0.1 mm/min) at room temperature. 

 

2.4. Machining Tests: 

End milling operation was used in machining. The machining tests included: recording the temperature 

during end-milling process, determining the end-mill cutter wear in different cutting conditions and different 

machining times. 

The samples were machined according to a program designed via Taguchi method. L16 (44) orthogonal 

array was used in this study to get the optimum machining conditions that gives minimum machining contact 

temperature change, and minimum flank wear width. So, the smaller is the better approach was chosen as shown 

in following equation [8] : 

S/N= -10 log 1/n (∑y2)                                                                                                  (1) 

Where: n is the observation number, and y the observed data of each characteristic. Minitab 14 software 

was used to achieve the analyses of the present work. Table 4 demonstrates the studied parameters with their 

levels for conducting the machining experiments. 

 
Table 4: The studied parameters, their values and their levels. 

Parameter Symbol Unit 
Levels 

1 2 3 4 

Spindle speed S rpm 1000 1250 1600 2000 

Depth of cut d mm 0.25 0.50 0.75 1.00 

Feed rate f mm/min 5 10 15 20 

Machining time t min 1 2 3 4 

 

The machining experiments were carried out under dry conditions by using 4mm-diameter end-mill cutter 

with four flutes as shown in Fig. 2-A. The milling setup is shown in Fig. 2-B. The cutter were tightly fixed on a 

tool holder type (OZ-25 4mm collet) shown in Fig. 2-C. 
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Fig. 2: (A): End mill cutter, (B): Milling set up, (C): Collet 

 

2.4.1. Measurement of the Change in Machining Contact Temperature: 

The effect of fly ash addition and machining conditions (spindle speed, depth of cut, and feed rate) on the 

temperature change during end milling process were investigated. An infrared thermal camera model (T640) 

was used during machining process to measure the temperature in the cutter-workpiece contact area. The setup 

of temperature measurement process during end milling process is shown in Fig. 3. 

 

 
Fig. 3: Temperature measurement by IR-Camera during end milling process 

 

2.4.2. Tool Wear: 

The end mill cutter have been tested under light optical microscope to measure the variation of flank wear 

width with variation of machining condition after every machining minute, until the average flank wear width 

(VB) reaches (0.3 mm) or the maximum flank wear width (VB max) reaches (0.5 mm), whichever occurs first 

according to ISO (8688-2) [9] . The camera that was attached with the microscope saved the images. Then, the 

flank wear width was measured to the captured images by using AutoCAD (version 20.1, 2016). 

 

RESULTS AND DISCUSSION 

 

3.1. Mechanical & physical Tests Results: 

3.1.1. Microstructure Analysis: 

The microstructures of recycled aluminum-fly ash composites are shown in Fig. 4. A uniform distribution 

of fly ash particles can be observed from these micrographs. It was also found that there was good bonding 

between matrix material and fly ash particles; however no gap is observed between the particle and matrix. It is 

clearly shown that the use of stir casting during preparation of these composites induced an acceptable 

distribution of the reinforcing fly ash particles in the matrix with very little segregation. 
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Fig. 4: Optical microscope images of S0, S1, S2 and S3 samples 

 

3.1.2. Mechanical Tests Results: 

The results of Brinell hardness test and tensile test are shown in Fig. 5. It can be concluded that Brinell 

hardness number (BHN) was increased with increasing of fly ash percentage. These increment could be 

attributed to the relatively high hardness of particles itself which acting as barriers to dislocations motion. 

 

 
 

Fig. 5: BHN, UTS and E of samples vs fly ash percentage 

 

Ultimate tensile strength (UTS in MPa) and elastic modulus (E in MPa) were also increased with increasing 

fly ash percentage in recycled aluminum base. The improvement in tensile strength and modulus of elasticity are 

belong to the role of fly ash particles which served as obstacles impeded the dislocation motion thereby 

strengthened the matrix. In addition, the presence of magnesium in the aluminum matrix enhanced the 

interfacial bonding between the fly ash particles and the aluminum matrix thereby this strong bonding contribute 

in this improvement. A maximum improvement of (21%) in tensile strength and (15%) in elastic modulus were 

recorded for S2 sample. On the other hand, the agglomeration of reinforcement particles in S3 sample as it was 

clearly shown in optical microscope made a poor wettability between fly ash particles with aluminum matrix, 

thus the bonding energy was weakened, so the tensile strength and elastic modulus was just slightly increased. 
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3.2. Machining Tests Results: 

From the results of mechanical tests, it can be concluded that S2 sample (Al-2%Mg-6%fly ash) has the best 

combination of mechanical and physical properties. So, the machining experiments are conducted for this 

sample only to investigate the optimum machining conditions for minimum flank wear width and for minimum 

change in machining contact temperature. Some examples of wear at the flank face and thermal images captured 

by the infrared camera are shown in Fig. 6. 

 

  

  

Fig. 6: Flank wear and thermal images captured during milling of S2 sample. 

  

A regression model was developed for predicting machining temperature change (∆T) and flank wear width 

(VB) under various machining conditions using Datafit (Version 9.1). A various linear, exponential, power 

function and non-linear quadratic polynomial equations were examined in order to build the model which 

actually expresses on the variation of machining temperature and flank wear width with changing of machining 

conditions based on the value of coefficient of multiple determination (R2). So the regression models for 

machining temperature change and flank wear width are as follows where R2=0.96 and R2=0.97 respectively: 

 

∆T=4.6185*10-2S+8.9925d+0.6548f+2.9111t-4.5932*10-6S2+9.3432d2+3.3110*10-3f2-0.1101t2-1.0780*10-3Sd+ 

5.0771*10-4Sf-3.6460*10-4St+0.5438df+3.5277dt-2.2573*10-2ft-9.0955*10-5Sdft                                    (2) 

VB=0.1402S+59.5286d+5.6212f-5.3762t-1.3297*10-5S2-8.1979d2+6.5199*10-3f2+5.3733t2+1.1257*10-

2Sd+1.0259df-0.1702ft-1.3037*10-4Sdft                     (3) 

 

The predicted values of temperature change and flank wear width calculated by above models are listed in 

Table 5. Fig. (7) shows the matching between the experimental values of ∆T and VB and their predicted values 

using the designed models. 

 
Table 5: Experimental & predicted temperature change during machining and flank wear width under different machining conditions. 

No. S (rpm) d (mm) f (mm/min) t (min) 
∆T (◦C) VB (µm) 

Exp. Pred. Exp. Pred. 

1 1 1 1 1 52.8 53.821 165.119 172.655 

2 1 2 2 2 67.1 69.380 234.568 228.307 

3 1 3 3 3 81.4 87.585 290.175 292.913 

4 1 4 4 4 105.7 107.755 371.943 365.497 

5 2 1 2 3 70.3 75.126 253.616 257.735 

6 2 2 1 4 80.2 78.129 270.249 279.535 

S=1250rpm, d=0.75mm, f=20mm/min 

t=1min 

S=2000rpm, d=0.5mm, f=15mm/min 

t=1min 

S=1000rpm, d=0.25mm, f=5mm/min S=2000rpm, d=0.5mm, f=15mm/min 

t=1min t=1min 
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7 2 3 4 1 95.5 99.650 315.401 329.674 

8 2 4 3 2 101.7 103.225 336.068 321.838 

9 3 1 3 4 99.3 96.870 358.788 349.966 

10 3 2 4 3 116.6 109.777 354.827 368.106 

11 3 3 1 2 88.9 90.491 284.394 283.468 

12 3 4 2 1 105 103.254 321.017 323.009 

13 4 1 4 2 117.8 116.705 370.677 368.764 

14 4 2 3 1 109.6 111.762 358.865 355.219 

15 4 3 2 4 117.3 116.681 395.733 398.597 

16 4 4 1 3 111.9 114.401 366.143 360.291 

 

  

 

Fig. 7: Scatter plot of the experimental and predicted values of ∆T & VB for S2 sample 

 

From these results, it can be concluded that flank wear width and machining temperature were affected by 

spindle speed, depth of cut, feed rate and  machining time. The effect of each factor is shown in Fig. 8 (A, B) 

and discussed below: 

 

1. Spindle Speed:  

The increment of spindle speed lead to increase the friction between the tool and the workpiece, so the 

recorded temperature increases with increasing in spindle speed, it can be said that the higher the spindle speed, 

the less time for heat to be dissipated. In addition, an increase in spindle speed increases the frequency of tool 

edge entrance into the workpiece (increasing the number of shocks per minute). The increment of machining 

temperature with spindle speed was decreased the hardness of the tool material, and facilitates the occurrence of 

phenomena like abrasion and diffusion wear. 

 

2. Depth of Cut: 

Increase in depth of cut causes larger amount of workpiece materials to be removed, which increases the 

cutting temperature, where the greater the depth of cut, the smaller the surface area-to-thickness ratio of the 

chip, thus less heat dissipation. So, machining temperature and flank wear width were increased. In addition, 

large amounts of workpiece material adhere on the tool flank at lager depths of cut, this adhesion of workpiece 

material on the tool flank causes an increase in flank wear width. 

 

3. Feed Rate: 

The increment of tool movement speed (i.e. feed rate) significantly increases the temperature at the contact 

zone because of built-up-edge (BUE) formation and the frictional forces, which even exceeds the limit of the 

allowed thermal stability of the cutting material. Consequently, this leads to drastic reduction of the tool life. 

With simultaneously increasing feed rate, and speed of the deformation, the forces, heat generation and 

consequently the temperature at the contact zone are increased. 

Additional model was developed to express the value of flank wear width with the change in machining 

contact temperature (∆T), machining time and machining conditions as shown below: 

 

VB=0.2360∆T+0.1305S+104.1083d+3.8049f-8.0794t-0.1679∆T2-1.6480*10-4S2-272.3699d2-0.5666f2+5.3872t2 

+1.0258*10-2∆T*S+13.1335∆T*d+0.6544∆T*f+0.3536∆T*t-0.4245Sd-2.0330*10-2Sf-6.3572*10-3St-22.8955 

df-17.3725dt-1.1262ft-1.3254*10-6∆T*Sdft                                                                                                        (4) 
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 The model was designed based on regression method, where the coefficient of multiple determination (R2) 

equals 0.94. The predicted VB values by this model are demonstrated in Table 6. 

 

3.3. Optimization of Machining Conditions:   

Taguchi design analyses and its details are shown in Fig. 9, Fig. 10 and Table 7. It is clear that the spindle 

speed is the most significant parameter that control the machining temperature and the flank wear width. Also, it 

can be concluded that milling with spindle speed of (1000 rpm), (0.25 mm) depth of cut and (5 mm/min) feed 

rate gives minimum contact temperature change and minimum flank wear width. 

 

 

 

 

 

 

 
Fig. 8: Effect of machining conditions on: (A): machining temperature change; (B): flank wear width 
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To validate the predictive designed models, experiments with optimum machining conditions were 

conducted to measure the machining temperature and the flank wear width. Predictive value for these two 

parameters were calculated based on the designed models using the optimum conditions. Table 8 shows the 

comparison of the experimental and predicted (∆T and VB). 

 
Table 6: Predicted flank wear width variation under different machining conditions 

∆T (˚C) S d f t Pred. VB 

52.8 1 1 1 1 174.873 

67.1 1 2 2 2 228.299 

81.4 1 3 3 3 279.918 

105.7 1 4 4 4 369.983 

70.3 2 1 2 3 258.409 

80.2 2 2 1 4 278.141 

95.5 2 3 4 1 321.898 

101.7 2 4 3 2 324.928 

99.3 3 1 3 4 345.869 

116.6 3 2 4 3 367.846 

88.9 3 3 1 2 287.546 

105 3 4 2 1 323.069 

117.8 4 1 4 2 369.925 

109.6 4 2 3 1 357.895 

117.3 4 3 2 4 402.361 

111.9 4 4 1 3 358.355 

 

  
Fig. 9: Main effect plot for means & main effect plot for S/N ratio of (∆T) 

 

  
Fig. 10: Main effect plot for means & main effect plot for S/N ratio of (VB) 

 
Table 7: Response values for signal-to-noise ratio and the response values for means 

Machining Temperature Change (∆T) 

Response Values for Signal to Noise Ratios: Smaller is better Response Values for Means 

Level S d f t Level S d f t 

1 -37.42 -38.19 -38.12 -38.82 1 76.75 85.05 83.45 90.72 

2 -38.69 -39.19 -38.82 -39.27 2 86.92 93.38 89.92 93.88 

3 -40.17 -39.54 -39.77 -39.37 3 102.45 95.78 98.00 95.05 

4 -41.15 -40.51 -40.71 -39.97 4 114.15 106.07 108.90 100.63 

Delta 3.73 2.32 2.59 1.15 Delta 37.40 21.02 25.45 9.90 

Rank 1 3 2 4 Rank 1 3 2 4 

Flank Wear Width (VB) 

Response Values for Signal to Noise Ratios: Smaller is better Response Values for Means 

Level S d f t Level S d f t 
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1 -48.11 -48.73 -48.34 -48.89 1 265.5 287.1 271.5 290.1 

2 -49.31 -49.53 -49.39 -49.60 2 293.8 304.6 301.2 306.4 

3 -50.33 -50.06 -50.49 -49.90 3 329.8 321.4 336.0 316.2 

4 -51.42 -50.84 -50.94 -50.77 4 372.9 348.8 353.2 349.2 

Delta 3.32 2.11 2.61 1.88 Delta 107.4 61.7 81.7 59.1 

Rank 1 3 2 4 Rank 1 3 2 4 

 

Table 8: Confirmation test results for S2 sample 

 Experimental Predicted Error % 

∆T 52.8 0C 53.8 0C 1.9 

VB 165.119 µm 172.655 µm 4.5 

 

The error percentage is within the range of (1.9 to 4.5) %. So the developed predicted models evolved 

through Datafit can be used successfully to predict the machining temperature and flank wear width for any 

combination of the spindle speed, feed rate, axial depth of cut and machining time values within the range of the 

experimentation conducted. 

 

Conclusions: 

1- Fly ash generated from fuel oil combustion can effectively serves as reinforcing material in metal matrix 

composites. 

2- Stir casting is an effective method in preparing of metal matrix composites based on recycled aluminum 

reinforced by  fly ash particles. 

3- Most of mechanical properties were significantly enhanced with addition of (6 wt%) fly ash particles to 

recycled aluminum matrix. Brinell hardness, elastic modulus, and ultimate tensile strength were increased by 

(100%),(15%) and (21%) respectively. 

4- The optimum machining conditions that must be used in milling of S2 sample according to Taguchi 

analysis results are: S= (1000 rpm), d= (0.25 mm), and f= (5 mm/min) to get minimum temperature generated 

during milling and minimum flank wear width. 

5- Multiple regression analysis can be applied to develop a mathematical model for prediction of machining 

properties with error percentage in the range of (1.9-4.5) %. 
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