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Abstract  

Fabrication of metal matrix composites has become an important issue in recent years due to their unique 

properties which make them suitable for a wide variety of applications. In this investigation, graphene 

reinforced aluminum composites have been manufactured by powder metallurgy technique. The investigated 

samples were consolidated by cold compaction at different pressures of 250, 350, and 450 MPa and pressureless 

vacuum sintering at the temperatures of 500, 550, and 600 ˚C. The manufactured samples were examined by 

optical microscope, scanning electron microscope (SEM) and X-ray diffraction to study the effect of graphene 

addition to Al matrix. The results showed that the distribution of the reinforcing particles was uniform due to the 

proper powder mixing conditions used in this study. Increasing the amount of graphene led to higher hardness, 

and consequently improved the compressive strength of Al–graphene composites. A design of experiment 

(DOE) technique using Taguchi method has been applied to optimize the properties of Al-graphene composites. 

Taguchi method involves nine experiments for three processing parameters (graphene percentage, compaction 

pressure and sintering temperature) with three levels. The signal-to-noise (S/N) ratio analysis was employed to 

obtain the optimal process parameter levels and to analyze the effect of these parameters on density, hardness, 

and compressive strength values. 
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INTRODUCTION 

In recent years, graphene has attracted the interest of 

large number of researchers to use it as reinforcement 

for metal matrix composites due to its unique 

properties. Graphene has remarkable mechanical, 

optical, and thermal properties, which make it a good 

reinforcement form any metal matrices like 

aluminum and copper [1-6]. Aluminum is one of the 

most widely used nonferrous metals which have a 

low density, high specific strength, low coefficient of 

thermal expansion, and high corrosion resistance. 

These properties enable applications of Al and its 

alloys in many applications; like the transportation, 

defense, construction, energy distribution and 

consumer goods industries [7-10].Aluminum based 

metal matrix composites (MMCs) can be obtained by 

diffusing reinforcement of particles in Al using solid 

or liquid phase methods [2, 3, 11-14]. Generally, 

powder metallurgy technique is used to prepare 

graphene reinforced aluminum matrix composites [1, 

15]. There are number of attempts to develop 

graphene-metal composites. Both graphene oxide and 

graphenenanoplatelets are considered in some of 

research work. The dispersion of graphene into 

matrix was obtained by chemical mixing, mechanical 

mixing and electrode deposition methods [1-3]. The 

strengthening mechanism of graphene reinforcement 

is the reason of the excellent mechanical and the 

unique structured characteristics of graphene. The 

present work aims at finding out the effect of process 

parameters like graphene percentage wt%, 

compaction pressures and sintering temperatures on 

physical and mechanical properties of graphene 

reinforced aluminum composites using the powder 

metallurgy technique. Optimization of graphene 

reinforced aluminum composites properties through 

design of experiments allows for direction 

improvement of efforts to enhance their 

manufacturability, reliability, quality, and field 

performance. 

 

Experimental Work  

In this investigation, an experimental matrix was 

designed according to Taguchi experimental design 

method to create robust design. At the beginning, the 

suitable orthogonal array L9 (33) containing the 

control parameters and their levels was selected. 

Three parameters with three levels were considered in 

this research. The selected parameters and levels are 

presented in Table 1.  

 

Table 1 Factors and their levels selected for the 

experiments 

Symbol Parameters Levels 

1 2 3 

A Graphene percentage 

(wt%) 

0 0.25 0.5 

B Compaction pressure 

(MPa) 

250 350 450 

C Sintering temperature 

(˚C) 

500 550 600 
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Aluminum powder of 99.99% purity was used as the 

composite matrix and graphene was used as the 

composite reinforcement. The powder metallurgy 

process has been performed to manufacture the 

composite according to conditions determined by 

Taguchi orthogonal array (see Table 2). 

 

Table 2 Experimental conditions according to 

selected orthogonal array 

Exp

. 

No. 

Graphenepercenta

ge 

(wt. %) 

Compactio

n pressure 

(MPa) 

Sinterin

g temp. 

(oC) 

L1 0.00 250 500 

L2 0.00 350 550 

L3 0.00 450 600 

L4 0.25 250 550 

L5 0.25 350 600 

L6 0.25 450 500 

L7 0.5 250 600 

L8 0.5 350 500 

L9 0.5 450 550 

 

The elemental powders were ball milled for 6 hours 

for homogenization and particle size reduction to 

improve sintering behavior. Ball milling process was 

performed by means of homemade roll ball mill using 

hard steels balls of 6 mm diameter in a container 

made from H13-hardened tool steel with balls to 

powder mass ratio of 3:1 and milling speed of 80 rpm 

under argon as inert gas to prevent contamination of 

powders. Following the milling process, the mixtures 

were then pressed at room temperature under the 

compaction pressures of 250, 350, and 450 MPa in a 

rectangular cross-section tool steel die.The green 

compacts were then sintered at the temperatures of 

500 oC, 550 oC, and 600 oCin a vacuum furnace for 3 

hours using the heating rate of 5 oC/min. Extensive 

metallographic investigations were conducted to 

evaluate the microstructure of the fabricated samples 

using scanning electron microscopy (model JEOL-

JSN-5410). The phase identifications and the 

chemical compositions testing of the investigated 

samples were performed using XRD (model X, Pert 

PRO analytical with Cu kα radiation, λ = 0.15406). 

The density measurements of the investigated 

specimens were done by Archimedes rule. The 

hardness values of the investigated composites were 

measured as the average of five readings along the 

cross-section surface of the specimens using Vickers 

hardness test (model Indentec 5030 SKG) at a load of 

3 Kg for 10 seconds. The compressive strength of the 

specimens was measured by using cylindrical 

samples. The specimen area was 52 mm2 and the 

strain rate was 5 mm/min. The maximum 

compression load for each specimen was recorded, 

and the compressive strength was determined. 

 

RESULTS AND DISCUSSION  

Microstructure and Phase Analysis 

Fig. 1 shows the optical microscope images of the 

nine sintered samples of Al-graphene composites. 

The light grey areas in these microscopic images 

represent Al, while the black particles are the 

graphene oxide particles. It was found that, the 

porosity distribution was uniform for most samples 

but there was some porosity at Al grain boundaries as 

shown in sample L8. Moreover, in sample L7,there 

were many porosity agglomerations, as these two 

samples, along with L9 contain the highest graphene 

content of 0.5 wt.%. In general, the microstructure of 

the composite specimens shows fine grains, while the 

microstructure of specimens containing higher 

grapheneratios shows much finer grains. It can also 

be seen that some coarse grains are distributed in 

samples L1, L2 and L3 where the graphene content is 

0%. Increasing the percentage of graphene to 0.25% 

gradually resulted in the decrease of the amount of 

those coarse grains until their disappearance at 0.5% 

graphene. Figure 2 shows the SEM micrographs of 

the polished samples of the Al-graphene composites. 

The microstructures indicate formation of Al grains 

surrounded by porosity agglomerations. Porosity 

agglomeration can be seen to improve while the 

graphene content increased from 0 to 0.5 wt.%. Also 

X-ray diffraction analysis (XRD) was carried out to 

confirm the phase structures observed by the SEM 

analysis and to determine the phase composition. 

Figures 4 (a, and b) show the XRD investigations of 

the two composition of samples L3 and L9 

respectively. The XRD peaks revealed the presence 

of peaks which belong to Al2O3 and the other peaks 

which correspond to graphene along with aluminum 

matrix. 
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Fig. 1 Optical microstructures of Al-graphene composites. 

 

 

  

Fig. 2 Scanning electron microscope micrographs of investigated samples

 

Porosity agglomeration 

L3 (100% Al) L9 (99.5% Al+0.5%graphene) 
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Fig. 3 EDX analysis of (a) L3(100%Al), (b) L9(99.5%Al+0.5%graphene) and (c) 

L9(99.5%Al+0.5%graphene) 
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Fig. 4 XRD analysis of (a) L3(100%Al), and (b) L9(99.5%Al+0.5%graphene) 
 

Densities of Sintered Al-graphene Composites 
The densities of Al-graphene composite were 

reported in this section. High sintered density of the 

final part is vital to maintain better performance of 

powder metallurgy products. Table 3 lists the results 

of relative sintered densities of the studied samples. 

 

 

 

 

 

 

 

Table 3 Experimental data for density 
Exp. 

No. 

 

Sintered 

Density(g/cm3) 

Theoretical 

Density(g/cm3) 

Relative 

Sintered 

Density(%) 

L1 2.40 2.71 88.6 

L2 2.50 2.71 92.3 

L3 2.51 2.71 92.65 

L4 2.45 2.70 90.74 

L5 2.49 2.70 92.22 

L6 2.52 2.70 93.33 

L7 2.36 2.70 87.4 

L8 2.55 2.70 94.4 

L9 2.38 2.70 88.14 
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Taguchi experimental design depend on signal 

(mean) to noise (standard deviation) (S/N) ratio in 

order to maximize the sintered density of investigated 

samples. The main effects plot for S/N ratio is shown 

in Fig.5. The graph is constructed in order to 

understand the effects of parameters and their levels 

on the density. It is obvious that keeping the control 

factor of graphene percentage wt% atlevel1 

(0.25wt%) provided the best response with highest 

relative density. Similarly, the compaction pressure at 

level 2 (350MPa) and the sintering temperature at 

level 1 (500°C) provided the best response. Also, the 

average S/N ratiois calculated for each factor and the 

effect of these factors is then calculated by 

determining the range: Δ = SNmax. – SNmin. The 

response table of the testing process for the three 

selected factors is presented in Table 4. Taguchi 

analysis shows that the most significant factors are 

ordered as follow: (compaction pressure, graphene 

percentage wt%, sintering temperature), respectively. 

 

Fig.5 Mean of S/N ratios for density of samples 

versus levels of input parameters 

 

Table 4 The average S/N response table for sintered 

density at various factor levels 

level A B C 

1 7.852 7.615 7.921 

2 7.912 8.005 7.758 

3 7.707 7.851 7.792 

Delta  0.205 0.389 0.163 

Rank 2 1 3 

After the determination of optimal levels of the 

selected parameters, the last step is to predict and 

verify the improvement of the measured response 

using the optimal levels of the selected parameters. 

For this study A2B2C1 are the optimal levels of the 

processing parameters for gaining the maximum 

density. The condition 0.25wt.%graphene, 350MPa 

compaction pressure, and 500°C sintering 

temperature of the optimal parameter combination 

was treated as verification run. Two specimens were 

prepared under the optimal parameter set up in the 

study. The mean relative sintered density of the 

verified specimens was 92% compared with the 

largest measurement value of 94.4%. This result 

indicates that the selected control factor levels 

produced within the average sintered density. 

 

Hardness of Al-graphene Composites 
Hardness determines the resistance of material to 

permanent indentation and somehow to abrasion and 

wear. It is affected not only by composition but also 

by the level of porosity and densification. Vickers 

hardness test was performed on the investigated 

materials, using load of 3 kg for 10 sec holding time 

and according to selected orthogonal array. The S/N 

ratio (the bigger the better) was calculated in order to 

maximize hardness of Al-graphene composite. 

Experimental measured values for hardness of 

investigated samples are reported in Table 5. The S/N 

response graph for hardness is shown in Figure 6. 

According to this graph it is obvious that the control 

factor of graphene percentage wt.% at level 3 

(0.5%wt) provided the best response. Similarly, the 

compaction pressure (450MPa) at level 2 and the 

sintering temperature (500°C) at level 1 provided the 

best response. Also Taguchi shows that the most 

significant factors for hardness response as follow 

(Compaction pressure, graphene percentage wt.%, 

Sintering temperature) respectively.After that, the 

optimized factors levels are used to predict the value 

of optimum hardness. Three specimens were 

prepared under the optimal conditions. The value of 

hardness obtained from the verified experiment 

was36.4 HV; this result indicates that the selected 

control factor levels produced the best Hardness 

value. 

 

 

Table 5 Experimental data for Vicker's Hardness of Al-graphene composites 

Exp.No L1 L2 L3 L4 L5 L6 L7 L8 L9 

Vicker's hardness 26.6  30.33 33.03  25.33  32.53 35.76  26.86  33.13  35.5 
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Fig. 6 Mean of S/N ratios for hardness of samples versus levels of input parameters 

 

 

Compressive properties of Al-graphene 

Composites 

The compressive strength was measured on test 

specimens. The investigated cylindrical specimen has 

area of 52 mm2 and the strain rate used was 5 

mm/min. Compression stress–strain curves at room-

temperature are presented in Fig. 7, from which the 

compressive strengths of investigated samples were 

obtained.It is evident that the formability of alloy was 

increased with the increasing of graphene percentage 

wt.%. Most of the samples did not break and they can 

withstand more compression without failure. Fig. 8 

shows the response graph of compressive strength. It 

is obvious that compressive strength of the samples 

has optimal value at 450 MPa compaction pressure, 

600 oC sintering temperature, and 0.5% graphene. 

Taguchi approach shows that the most significant 

factors affecting compressive strength of Al-graphene 

composite as follow; sintering temperature, graphene 

percentage wt.%, and compaction pressure 

respectively. 

Fig. 7 Compression stress–strain curves for 

investigated specimens at room-temperature 

 

 

0.500.250.00

48

47

46

450350250

600550500

48

47

46

Graphene %

M
ea

n 
of

 S
N 

ra
tio

s

Compaction Pressure

Sintering Temperature

Main Effects Plot for SN ratios
Data Means

Signal-to-noise: Larger is better
 

Fig. 8 Mean of S/N ratios for compressive strength of samples versus levels of input parameters 



 

Journal of Emerging Trends in Engineering and Applied Sciences (JETEAS) 13(4):147-154 (ISSN: 2141-7016)  

154 

 

CONCLUSIONS 

In this research there are a number of important 

results which summarized as follows: 

 Relative density increases by increasing 

compaction pressure. L8 sample (0.5 

graphene wt.%, 350 MPa, and 500 °C) 

represents the highest relative density 

with value of 94.4%. 

 Hardness increases with the increase of 

compaction pressure and graphene 

percentage. L6 sample (0.25 graphene 

wt.%, 450 MPa, and 500 °C) represents 

the highest hardness with value of 35.76 

HV. 

 Compressive strength increases by 

increasing the three conditions specially 

compaction pressure and graphene 

percentage respectively. 

 Graphene increases the formability of 

aluminium as predicted totally all 

samples which contains graphene did 

not break and they can still withstand 

more pressure. 

 

REFERENCES 

[1] M. Rashad, F. Pan, A. Tang and M. Asif, “Effect 

of GrapheneNanoplatelets Addition on Mechanical 

Properties of Pure Aluminum Using a Semi-Powder 

Method”, Progress in Natural Science: Materials 

International, Vol. 24, pp. 101–108,(2014).  

[2] P. Kumar, and M. Anthony, “Graphene 

Reinforced Metal Matrix Composite (GRMMC): A 

Review”, Procedia Engineering, Vol. 97, pp. 1033–

1040, (2014).  

[3] P. Garge, P. Gupta, D. Kumar and O. Parkash, 

“Structural and Mechanical Properties of Graphene 

reinforced Aluminum Matrix Composites”, J. Mater. 

Environ. Sci., Vol. 7, pp. 1461 – 1473, (2016). 

[4] S. Bartolucci, J. Paras, M. Rafiee and S. Lee, 

“Graphene–aluminum nanocomposites”, Materials 

Science and Engineering A, Vol. 528, , pp. 7933–

7937 (2011).  

[5] H. Wang, X. Yuan, G. Zeng and Y. Wu, “Three 

dimensional graphene based materials: Synthesis and 

applications from energy storage and conversion to 

electrochemical sensor and environmental 

remediation”, Advances in Colloid and Interface 

Science, Vol. 221, pp. 41–59 (2015). 

[6] S. J. Niteesh Kumar, R. Keshavamurthy, M. R. 

Haseebuddin and P. G. Koppad, “Mechanical 

Properties of Aluminium-Graphene Composite 

Synthesized by Powder Metallurgy and Hot 

Extrusion”, Trans Indian Inst Met, Vol. 70, pp. 605–

613 (2017).  

[7] V.G. Konakov, I. A. Ovide'ko, N.V. Borisova, 

E.N. Solovyeva and S.N. Golubev, “Synthesis of the 

Precursor for Aluminum-Graphene Composite”,Rev. 

Adv. Mater. Sci. Vol. 39, pp. 41-47 (2014). 

[8] F. Chen, N. Gupta, R. K. Behera and P. K. 

Rohatgi, “Graphene-Reinforced Aluminum Matrix 

Composites: A Review of Synthesis Methods and 

Properties”, JOM, Vol. 70, No. 6, pp. 837-845 

(2018). 

[9] C. Jeon, Y. Jeong, J. Seo, H. N. Tien, S. Hong, Y. 

Yum, S. Hur and K. Lee, “Material Properties of 

Graphene/Aluminum Metal Matrix Composites 

Fabricated by Friction Stir Processing”, International 

Journal Of Precision Engineering And 

Manufacturing, Vol. 15, No. 6, pp. 1235-1239 

(2014). 

[10] Y. Mei, P. Shao, M. Sun, G. Chen, M. Hussain, 

F. Huang, Q. Zhang, X. Gao, Y. Pei, S. Zhong, and 

G. Wu, “Deformation treatment and microstructure of 

graphene-reinforced metal matrix nanocomposites: A 

review of graphene post-dispersion”, International 

Journal of Minerals, Metallurgy and Materials Vol. 

27, No. 7, pp. 888-899, (2020). 

[11] B. SaiJagadish, “Synthesis and characterisation 

of aluminium2024 and graphene metal matrix 

composites by powder metallurgy means”, SSRG 

International Journal of Mechanical Engineering 

(SSRG-IJME), Vol. 2, pp. 14–18, (2015). 

[12] A. Saboori, C. Novara, M. Pavese, C. Badini, F. 

Giorgis, and P. Fino. "An Investigation on the 

Sinterability and the Compaction Behavior of 

Aluminum/Graphene Nanoplatelets (GNPs) Prepared 

by Powder Metallurgy", Rare Metals, Vol. 30, pp. 1-

9, (2017).  

[13] M. Bastwros, G. Yong Kim, C. Zhu, K. Zhang, 

S. Wang, and X. Tang, "Effect of ball milling on 

graphene reinforced Al6061 composite fabricated by 

semi-solid sintering", Composites: Part B, Vol. 60, , 

pp. 111-118 (2014).  

[14] H. Swamy, and L. Manjunatha, "Development 

And Characterization Of Aluminum Graphene Metal 

Matrix Composites Using Powder Metallurgy Route", 

International Journal For Technological Research In 

Engineering, Vol. 3, , pp. 2648 – 2652, (2016). 

[15] M. Khan, M. Amjad, and A. Khan " 

Microstructural evolution, mechanical profile, and 

fracture morphology of aluminum matrix composites 

containing graphene 

nanoplatelets", Journal of Materials Research, , pp. 1-

12, (2017). 


