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Abstract: In this research, the friction stir process by adding Al2O3 and graphene nanoparticles at two different distances 
have been investigated. Nanoparticles are inserted in cavities with a diameter of 2 mm and a depth of 3 mm. 
Nanoparticles of Al2O3, graphene, and equal compositions of Al2O3 and graphene, each with two cavity spacings of 8 and 
10 mm, have been performed in six different groups of friction stir process. From each group, Six Charpy specimens 
were separated. Charpy impact test was performed on six samples, three of which were heat-treated after the friction stir 
process. Charpy impact test has shown that the specimens have higher fracture energy after heat treatment. Also, in all 
cases, the fracture energy at the distance between the two cavities are10 mm more than the distance of 8 mm, this is since 
nanoparticles do not accumulate at a more distance. Also, to observe the resulting microstructures using optical 
microscopy and scanning electron microscopy on the friction welding process and the fracture surface of Charpy impact 
specimens were performed. The results show that the nanoparticles are accumulated in some samples and well dispersed 
in the materials in others. 
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1 INTRODUCTION 

The quality and mechanical properties of welds depend 

greatly on the presence of weld defects such as cavities, 

cracks, pores and components during traditional 

welding. Friction stir welding (FSW), invented in the 

1990’s by the Welding Institute (UK), is a solid-state 

welding process [1]. 

This welding method is used for welding materials with 

less weldability or almost welding by fusion and also 

for welding dissimilar alloys. Unlike traditional joint 

welding, in FSW, the bonding process takes place 

below the solid temperature, which causes less 

distortion, residual stress and various defects in the 

final products. FSW has other advantages such as 

simple sample preparation, precise external control and 

high connection speed, less energy consumption and 

less pollution reduction [2]. Given these advantages, 

FSW has received widespread attention as a process of 

joining similar and different alloys [3-6] for use in 

various industries, such as shipbuilding, vehicle 

construction, railways, aerospace and marine 

construction [7-9]. 

Recently, FSP has been widely used to fabricate Al-

matrix surface nanocomposites with various nanoscale 

enhancers (including SiC [10-12], Al2O3 [13-15], B4C 

[16-17], TiC [18], fullerene [19], SiO2 [20-21], TiO2 

[22-24], TiB2 [25], intermetallic [26]) or nanotubes 

(including single carbon nanotubes [27] and multi-wall 

carbon nanotube (CNT) [28-29]). 

Nandipati et al. [30] investigated friction stir welded 

AA6061 metal matrix nanocomposites (MMNC) 

reinforced with SiC nanoparticles. Butola et al. [31] 

studied the measurement of residual stress on H13 tool 

steel during machining for fabrication of FSW/FSP tool 

pins. Zhang et al. [32] investigated microstructure, 

mechanical properties and fatigue crack growth 

behavior of friction stir welded joint of 6061-T6 

aluminum alloy. Duan et al. [33] investigated 

microstructure, crystallography, and toughness in the 

nugget zone of friction stir welded high-strength 

pipeline steel. Shaikh et al. [34] used FSW for joining 

of high-densitypolyethylene (HDPE) composites that 

were formed through the additions of SiC, SiO2, nano-

alumina, and graphite powders during welding at the 

rotational speed of 1800 rpm, traveling speed of 16 

mm/min and the other selected welding parameters. 

Khan et al. [35] investigated the effect of inter-cavity 

spacing in friction stir processed Al 5083 composites 

containing carbon nanotubes and boron carbide 

particles. 

2 MATERIALS AND EXPERIMENTAL 

PROCEDURES 

2.1. Nanoparticles 

In this research, graphene and Al2O3 nanomaterials 

have been used. Graphene nanoplates with a purity of 

99.9%, thickness of 2-4 μm, diameter less than 2 nm, 

specific surface area of 700 m2/g, black color and true 

density of 1.9-2.2 g/cm3 have been used. Aluminum 

oxide nanopowders (Al2O3, Gamma) with 99.9% 

purity, average particle size of 20-30 nm, specific 

surface area of 130-220 m2/g, white color, true density 

of 3.5-3.9 g/cm3, and crystal form nearly spherical 

(Gamma) have been used. 

2.2. Friction Stir Processing/Welding (FSP/FSW) 

In this paper, the alloy used for FSP/FSW is 7075-T651 

aluminum. This alloy has heat treatment ability and the 

characteristic of T6 indicates heat treatment of 

solubilized and artificially aged type and the number 51 

indicates de-stressing by stretching after heat treatment. 

Also, this alloy has excellent mechanical strength and 

is widely used in the aerospace industry. “Table 1” 

shows the chemical composition of this alloy, which 

was determined using chemical analysis with the 

Solaris OES Plus quantimeter manufactured by the 

Italian company GNR. The mechanical properties of 

the alloy are also given in “Table 2”. The six plates 

used have dimensions of 120×120 mm and a thickness 

of 5 mm and the nanoparticles are inserted in cavities 

with a diameter of 2 mm and a depth of 3 mm (Figure 

1). Cavities of diameter 2mm and depth 3mm were 

prepared on an Al7075 plate using a drilling machine. 

Two different spacing between the cavities were 

selected, i.e. 8mm and 10mm. Also a plate without 

inserting nanoparticles, FSP/FSW is performed. 

 
Table 1 Chemical composition of 7075-T651 Aluminum 

Alloy 

% E No. % E No. 

0.097 V 9 0.162 Fe 1 

0.020 Zr 10 1.043 Cu 2 

0.3 Ag 11 0.01 Mn 3 

0.018 Ga 12 1.071 Mg 4 

0.15 Sb 13 0.198 Cr 5 

92.642 Bi 14 4.046 Zn 6 

 Al 15 0.074 Ti 7 

- - - 0.012 Pb 8 

 

Table 2 Mechanical Properties of 7075-T651 Aluminum 

Alloy 

Mechanical Properties Value 

Modulus of elasticity (GPa) 72 

Yield strength (MPa) 529.78 

Ultimate strength (MPa) 593.45 

Poison ratio 0.33 

Micro Hardness (MicroVickers) 39 

Elongation% 13.2 
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Fig. 1 Schematic of FSP. 

 

For plate welding, a threaded pin shoulder was used to 

better dissolve the nanoparticles as shown in “Fig. 2”. 

The shoulder is made of SPK2436 steel alloy with a 

hardness of 50 Rockwell (HCR), the tool shoulder 

diameter is 20, pin diameter is 4 mm and pin height is 4 

mm, and threads with a step of 1 mm are created on it 

while an angle of 2֯ was made from the shoulder to 

pin root to accumulate the possible spreading of 

reinforcement from cavities. 

 

 
Fig. 2 Photographs of FSP/FSW shoulder. 

 

The angle of deviation of the tool from the piece was 

also chosen to be 2 degrees. The proper angle between 

the tool pin and the workpiece as the tool shoulder 

travels through the FSW process allow the tool 

shoulder to cover the softened and moved material. At 

a deflection angle of 2 degrees, the materials that have 

become plastic when the tool penetrates and moves 

under the tool shoulder return to the workpiece with 

great pressure using the forging force behind the tool. 

To perform the process, FP4M manual milling machine 

was used. The FP4M milling machine has the ability to 

withstand the forces during the process and also the 

ability to move automatically in different directions. 

Since the workpiece fixture closes on the table, the 

machine table must be such that it does not vibrate 

during the process. If the machine is vibrating or has 

another defect, it has a great effect on the resulting 

process. Therefore, the obtained results will be with 

high error and unacceptable. The tool is advancing 

manually and slowly until it reaches the ideal linear 

speed. According to the material and thickness of the 

specimens, the rotational speed of 750 rpm, the 

advancing speed of the tool is 16 mm / min and the 

penetration depth of 0.3 mm has been selected, (“Fig. 

3”). 

 

 
Fig. 3 Photograph of the process showing machine, tool 

and plate processed by FSP. 

 

After the FSP/FSW, the specimens are first polished, 

next etched, and next prepared for macrography in the 

mount (“Fig. 4”). The different regions of the 

FSP/FSW are shown in “Fig. 5”. 
 

 
Fig. 4 Specimens in mount for macrography 

 

 
(a) 

 
(b) 
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(c) 

Fig. 5 Different FSP/FSW zones: (a): Base Metal, (b): 

HAZ and, (c): Weld Metal. 

 

Imaging was also performed by scanning electron 

microscopy to observe the nanoparticles. Figure 6 

shows the graphene and Al2O3 nanoparticles. The Al2O3 

nanoparticles shown in “Fig. 6” correspond to a 

specimen with a distance of 8 mm showing that the 

nanoparticles have accumulated in one place due to 

their short distance from each other. 
 

 
(a) 

 
(b) 

 
(c) 

Fig. 6 SEM images of Al7075 reference with: (a): Al2O3 

nanoparticles, (b): Graphene nanoplates, and (c): Al2O3 + 

Graphene. 

2.3. Heat Treatment 

After FSP/FSW process, from each group, three 

specimens were subjected to the T6 heat treatment 

cycle (dissolution at 480 ° C for 120 minutes and 

cooling in water and then precipitation at 120 ° C for 

24 hours). Figure 7 shows a triple group of Charpy 

impact specimens before and after heat treatment. 
 

 
(a) 

 
(b) 

Fig. 7 Charpy specimens: (a): before and, (b): after heat 

treatment. 



85                                  Ali Hossein zadeh et al. 

  

The specimens are categorized according to “Table 3”. 
 

Table 3 Grouping and naming specimens by adding 

nanoparticles 

Description 

Distance 

cavities 

(mm) 

Nanoparticles 

Number 

of 

Group 

- 8 Gr + Al2O3 1 

- 10 Gr + Al2O3 2 

- 8 Al2O3 3 

- 10 Al2O3 4 

- 8 Graphene 5 

- 10 Graphene 6 

Specimen without 

nanoparticle (only 

FSP) 

- - 7 

Specimen without 

nanoparticle and 

FSP 

- - 8 

2.4. Charpy Impact Test 

From 7075 aluminum plate, which made the friction 

stir welding process, as shown in “Fig. 8”, Charpy 

impact specimens are separated according to ASTM 

E23 so that the notch is in the center of the weld. 

Specimen notches can be pressed or machined 

(Chevron V-notch) according to the API 5L3 standard, 

which is created by a wirecut machine. The press notch 

created in the laboratory specimen by pressing the 

chisel is sharp enough and there are no residual stresses 

in the notch tip zone and also the type of notch can 

affect the fracture start energy [36]. 

 

 
(a) 

 
(b) 

Fig. 8 (a): The cavities to be prepared by drilling and 

Al7075 plate after drilling and, (b): after FSP and Schematic 

diagram of the Charpy specimens selector of the plate. 

In this study, notches were created on the specimens 

using a wire-cut machine. Subsize specimens with 

dimensions of 55 × 5 × 10 mm and notch angle of 45 

degrees, notch tip radius of 0.25 mm, and notch depth 

of 2 mm have been made with sufficient precision and 

compliance with standard requirements. The specimens 

are then smoothed and polished by a grinding machine 

to smooth the surface. 

Impact testing was performed using a 25-joules Charpy 

impact machine, C-shaped striker, hammer with an 8 

mm radius at 23 ° C (“Fig. 9”). 
 

 
Fig. 9 Charpy impact machine used experimental test 

 

Charpy impact test was repeated 3 times for each 

specimen and the average fracture energy obtained was 

reported as the final fracture energy. 

3 RESULTS AND DISCUSSION 

3.1. Hardness 

Six examples of FSP/FSW by Vickers microhardness 

have been investigated. Hardness results are reported in 

“Fig. 10”. Hardness is done in the zones of HAZ, 

TMAZ, SZ, TMAZ, HAZ and is W-shaped. In 

specimens with a distance between two cavities of 10 

mm, the hardness in all three specimens of 

nanoparticles is higher than in specimens with a 

distance of 8 mm. Hardness results and microscopic 

observations show that nanoparticles have accumulated 

at shorter distances and reduced the hardness of the 

specimen. The best hardness results are for Al2O3 

nanoparticles, then the combination of graphene 

nanoplate and Al2O3 nanoparticles. The lowest 

hardness is related to graphene nanoplates, which is 

even less hardness than the specimen without 

nanomaterials. 
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(a) 

 
(b) 

Fig. 10 Microhardness values of FSP/FSW composites: (a): 

8mm spacing and, (b): 10mm spacing specimens. 

 

3.2. Charpy Impact Test 

Seven specimens of friction stir welding were tested by 

a 25-joule Charpy impact machine. The results of the 

Charpy impact test are reported in “Fig. 11”.  

 

 
Fig. 11 Result of Charpy impact test. 

Experimental results show that the fracture energy of 

specimens with nanomaterials at a distance of 10 mm is 

higher. This shows that in specimens with a distance of 

8 mm nanomaterials accumulated and reduced the 

fracture energy. 

In all specimens, after heat treatment, higher fracture 

energy was reported, which indicates that heat 

treatment has caused the nanomaterials to penetrate 

well into the material and become part of the material 

structure. 

The highest fracture energy is related to the specimen 

in which the Al2O3 nanoparticles are set at a distance of 

10 mm. The lowest fracture energy is related to a 

specimen that combines Al2O3 and graphene 

nanomaterials at a distance of 8 mm, which is even 

lower in a specimen where the FSP/FSW is performed 

alone. In all cases, the fracture energy of specimens 

with a distance of 10 mm is higher than that of 

specimens with a distance of 8 mm. This is due to the 

accumulation of nanomaterials at shorter distances, 

which reduces the strength of the material. 

4 CONCLUSIONS 

In the present study, the Effect of inter-cavity spacing 

and heat treatment in friction stir Processing/welding 

(FSP/FSW) Al7075 composites containing Al2O3 and 

Graphene nanomaterials using Charpy impact test was 

investigated. 24 specimens were tested in eight 

specimens series (each specimen 3 times) with standard 

subsize specimens. The specimens were also heat 

treated and Charpy tested again. The Charpy impact 

machine used in this experiment had the capacity of 25 

joules, which is selected according to ASTM E23. 

Also, fractography of the samples was performed by 

optical microscopy and SEM. the results are 

summarized as follows: 

1- The hardness in specimens with a distance of 10 mm 

is higher than the specimens with a distance of 8 mm in 

all three specimens with different nanoparticles. 

2- Hardness results and microscopic observations show 

that nanoparticles have accumulated at shorter 

distances and reduced the hardness of the specimen. 

3- The best hardness results are for alumina 

nanoparticles, then the combination of graphene 

nanoplate and Al2O3 nanoparticles. The lowest 

hardness is related to graphene nanoplates, which is 

even less hardness than the specimen without 

nanomaterials. 

4- In the Charpy test, all specimens reported higher 

fracture energy after heat treatment, indicating that heat 

treatment caused the nanomaterials to penetrate well 

into the material and become part of the material 

structure. 
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5- The highest fracture energy is related to the 

specimen where the Al2O3 nanoparticles are placed at a 

distance of 10 mm. 

6- The lowest fracture energy is related to a specimen 

that combines Al2O3 and graphene nanomaterials at a 

distance of 8 mm, which is even lower in a specimen 

where the FSP/FSW is performed alone. 

7- In all cases, the fracture energy of specimens with a 

distance of 10 mm is higher than that of specimens with 

a distance of 8 mm. This is due to the accumulation of 

nanomaterials at shorter distances, which reduces the 

strength of the material. 
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