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Abstract 

 The aim of this experiment was to improve the mechanical properties of SSM 356 aluminum alloys by friction 
stir processing, a solid-state technique for microstructural modification using the heat from a friction and stirring. 
The parameters of friction stir processing for SSM 356 aluminum alloys were studied at three different travelling 
speeds: 80, 120 and 160 mm/min under three different rotation speeds 1320, 1480 and 1750 rpm. The hardness and 
tensile strength properties were increased by friction stir processing. The hardness of friction stir processing was 
64.55 HV which was higher than the base metal (40.58 HV). The tensile strengths of friction stir processing were 
increased about 11.8% compared to the base metal. The optimal processing parameter was rotation speed at 1750 
rpm with the travelling speed at 160 mm/min. Consequently, the application of the friction stir processing is a very 
effective method for the mechanical improvement of semi-solid metal aluminum alloys. 
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1. Introduction 
 Friction stir processing (FSP) was developed based on the principles of friction stir welding (FSW) which was 
developed and patented by TWI Ltd, Cambridge, UK in 1991. FSP is a solid-state welding, microstructural 
modification technique using a frictional heat and stirring action, has recently attracted attention for making 
aluminum alloys with an excellent specific strength, and its studies have been actively performed [1-9]. Friction stir 
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processing is a special technique to improve the microstructure in the solid state by using the heat from friction for 
the aluminum-casting alloy, which has a higher specification [10-13]. The mechanical properties of friction stir 
processing are improved due to the grain refinement of the microstructure [14-18]. The Semi-Solid Metal (SSM) is 
the one of potential technology for die casting, but there is not much developed in the past decade. In recent years, 
SSM has become popular for various applications, and semi-solid casting technology, which was applied in local 
industry, is Gas Induced Semi-Solid (GISS). The GISS process uses argon or nitrogen gas flowing through porous 
graphite [19]. The SSM 356 aluminium alloy is one type of SSM. The SSM 356 aluminium alloy is an aluminium 
alloy processed by a hardening precipitation process, containing magnesium and silicon as major alloy additions. 
Magnesium and silicon forms Mg2Si which in turn forms a simple eutectic system with aluminium. However, 
aluminum casting is limited by mechanism such as hardness, tensile, elongation and fatigueness, which cause from 
porosity. Friction stir processing is effective for improving the mechanical properties and microstructure of 
aluminum alloy castings. For this research, we use the technique to improve the mechanical properties and the 
microstructure of a friction stir process of aluminum alloy castings, investigate the variable in the stirring which 
affects the structure of the microstructure and mechanical properties of the area to stir zone, and improve the 
processes used to improve the mechanical properties as well as terms of research and to extend the results to the 
industry. 
 
2. Experimental procedures 
 Material used in the experiment is a semi-solid aluminum casting SSM 356, cut into bite size 70×140×4 mm. 
The chemical compositions are listed in Table 1. A non-consumable tool made from JIS-SKH 57 was used as the 
tool material, which was used to fabricate the joints. The cylindrical pin used as the stirring tool is shown in Fig. 1. 
The tool has a shoulder dia., pin dia. and pin length of 20 mm, 5 mm and 3.2 mm, respectively. In this study, tool 
parameters were fixed at 4.5 kN with downward tool plunge force and 3o tool tilt angle. The parameters of friction 
stir processing, for SSM 356 aluminum alloys under casting temperature at 620°C and argon gas flowing through 
porous graphite for 5 second by the time at quenching, were studied at three different travel speeds: 80, 120 and 160 
mm/min, and different rotation speeds: 1320, 1480 and 1750 rpm. Mild steel was used for the backing plate. FSP 
was continuously performed 3 times by moving in 8 mm increments toward the advancing side. 

 
  Table 1. Chemical compositions (% weight) of the base materials. 

 

Materials Si Fe Cu Mn Mg Zn Ti Cr Ni Al 

SSM 356 7.74 0.57 0.05 0.06 0.32 0.01 0.05 0.02 0.01 Bal. 
 

 
 

Fig. 1. Illustration of the tool used in the present study 
 

 After the friction stir processing, the specimen is cut perpendicularly to the vertical stirring shown in Fig. 2. 
These sections were polished and etched using Keller’s reagent: 190 ml H2O, 5 ml HNO3, 3 ml HCl, and 2 ml HF. 
The boundary stirring was checked by an optical microscopy (OM, Olympus: BH2-UMA). The shape and size of a 
grain boundary stirring were examined by the vicker’s microhardness tester (Highwood, model: HWDM-3) type A 
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at a load of 50 gf on the diamond indenter for 10 seconds. The sub-size tensile test specimens with gage length 25 
mm, width 6 mm, total length 100 mm and fillet radius of 6 mm were machined and tested according to American 
Society for Testing and Materials (ASTM E8M-04) standard on an initial strain rate of 1.67×10-2 mm/s at room 
temperature. The tensile properties of the joint were evaluated using three tensile specimens in each condition 
prepared from the same joint. 
 

 
 

Fig. 2. Schematic diagram illustrating FS processing 
 
3. Results and discussion 

3.1 surface of friction stir processing  
 Fig. 3. illustrates the surface of the stirring SSM 356 aluminum alloy at the rotation speed at 1750 rpm, and 
travel speeds at 80, 120 and 160 mm/min. It showed that the surface of the skin is smooth and uniform mixing. The 
analyses of the stirred surface, after using friction stir processing, showed that the stirred surface area achieve great 
synchronized pattern in stirred zone at all condition of rotation speed and travelling speed. The bottom of it stirred a 
penetration well, no cracks in stirring zone. However, the end of the stirring has a hole due to the profile of the pin. 
Stirred roughness boundaries surface as a result of heat generated during stirring caused by rotation speed and travel 
speed. In the reduction of travelling speed from 160 to 80 mm/min, heat generated during the stirred increased the 
plasticity to material in a high state. The less internal resistance of material can be observed because the weakening 
areas of material was stirred resulting in less surface roughness on the stirred area [20] which corresponds to with 
rotation speed. By increasing the rotation speed from 1320 up to 1750 rpm, the heat generated during the stirred will 
increased deformations, which also turn material to plastic deformation, less internal resistance of material, and less 
surface roughness on stirred area. However, heat generated from the friction stir processing is caused by both the 
rotation speed and travel speed. In the condition of rotation speed at 1750 rpm and travel speed 80 mm/min, the 
minimum roughness was about 8.85 μm, and found the flake of the retreating side due to heat accumulation in the 
boundaries stirred which is large enough to cause material in a state of plastic that the motion of the material easy to 
overflow out of the shoulder of the stirred as a the flake on the retreating side. This causes by the direction of the 
rotation speed opposite to the direction of the travelling speed [21]. 
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Travel speed Surface of friction stir processing 

80 mm/min. 

 

120 mm/min. 

 

160 mm/min. 

 
 

Fig. 3. Surface of rotation speed at 1,750 rpm 
 

3.2 Macrostructure 
The analysis of macrostructure of the speed of Fig. 4. showed three levels, three different travel speeds: 80, 120 

and 160 mm/min without any defects. Heat will accumulate in the stir zone in a state of the plastic flow around the 
tool that occurs due to heat, pressure, rotation speed, and travelling speed. This causes the flow of material is 
resolution than the base metal and the direction of flow in the certain of around tool. Furthermore, if the material is 
not heated enough, it will cause the void [22]. Moreover, the same depth of the stir zone can be seen in all the 
conditions because the same pressure was applied. The width of the area will get wider which has been stirred up as 
the heat of stirring.  
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Travel 
speed Macrostructure of friction stir processing 

80 
mm/min 

 

120 
mm/min 

 

160 
mm/min 

 
 

Fig. 4. Macrostructure of rotation speed at 1750 rpm 
 
3.3 Microstructure 

The base metal is globular grains that have equal average size.  Stir zone (SZ) area is  occurred friction stir 
processing to fine grain structure more than base metal.  The heat generated from stirred to silicon into the mixture in 
aluminum-metric  (α) with eutectic (Mg2Si), homogenized and refine grain, and found that grain size decreases when 
the travel speed increase [20, 23]  due to the high travel speed will be the distribution of silicon particles constantly 
more than low travel speed.  The rotation speed is too high to result in grain larger [24] because increased rotation 
speed was stirred to the high temperature. As a result, grains is larger which cause the reduction of mechanical 
properties of the materials. So, the rotation speed threshold is appropriate, because it will produce enough heat and 
not too much plastic deformation which result in reduction of porosity and fine grain size in the stir zone [23, 25] .
However, if specimen gets too little hot, it will appeared that void [22]. Boundary have been influenced by thermal 
on the advancing side resulting from the friction in the pull from rotation of tool, which is the same direction as the 
movement of the workpiece. Structural characteristics of grain is similar to pulled. The shape of grain was distorted 
in the direction of the tool movement.  And found that, the high rotation speed has longer grain size than the grain 
size from low rotation speed because increased rotation speed to higher temperatures will result in more heat.  At the 
retreating side, this results from the friction in the compression from rotation of the tool, which is in the opposite 
direction to the movement of the workpiece. Structural characteristics of grain are similar to compressed.  The shape 
of grain was fine and narrow more than the advancing side [26]. Found that, the high rotation speed has smaller 
grain size than the low rotation speed because increased rotation speed to higher temperatures will result in more 
heat, shown in Fig. 5. 
 
3.4 Hardness 
 Microhardness distribution data on the transverse cross-section of friction stir processing all stirring conditions 
are summarized in Fig. 6. Found in rotation speed at 1320, 1480 and 1750 rpm, travel speed at 120 and 160 mm/min 
were hardness of stir zone more than base metal due to stirred characterizes structure of grain boundary consisting of 
refined small particles of silicon, and distribution is better than the other zone. The particles of silicon which are 
smaller due to fracture of structural silicon and the distribution of good around the stirred results from the stirring 
tool [27-28]. The travelling speed of 80 mm/min, of all rotation speed were hardness is lower than base metal 
because of excessive thermal from stirred, resulting in the hardness of the stir zone lower than the base metal [22]. 
Experiments show that heat generated during stirred depends on the rotation speed and travel speed of the stir tool 
[23]. When travel speed increases, it tends to cause an average increase of hardness. But, if rotation speed increases, 
it tends to cause an average decrease of hardness after stirred; therefore, the hardness has resulted from heat 
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generated while stirred. With the rotation speed and travel speed, it can cause a thermal on the material. 
 

 

Base metal 
 

   

FSP1 

FSP2 

FSP3 

 
Fig. 5. Microstructures of friction stir processing at rotation speed; 1,750 rpm and travel speed; 160 mm/min. 

 
We also found that the rotation speed at 1750 rpm and travel speed at 160 mm/min, the hardness is the best 64.55 
HV. The area has been influenced by thermal for all conditions, which consists of the retreating side and advancing 
side. This area has been affected by the thermal caused the small grain compared to base metal. As a result, the 
hardness of this area is more than base metal, and the hardness of the areas which have been influences from thermal 
all conditions were similar. 
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Fig. 6. Microhardness profiles of specimen in friction stir processing. 
 
3.5 Tensile strength  

Tensile properties of friction stir processing at different conditions are summarized in Table 2. From the 
investigation, tensile strength is increased from rotation speed at 1480 up to 1750 rpm because heat generated during 
stirred was less. Appropriately, the rotation speed at 1750 rpm and travel speed at 160 mm/min provides the optimal 
tensile strength. A maximum average tensile strength value is 188.57 MPa. when putting to specimen by cutting 
transverse to boundaries stirred. The specimen was cut across to boundaries stirred that have tensile strength less 
than a cutting transverse to boundaries stirred because the area has been influenced by thermal and an array of 
specific characteristics of particulate Si (not distributed uniformly). Thus, this causes the tensile strength of a cutting 
across to boundaries stirred is less than a cutting transverse to boundaries stirred [16].  

The rotational speed at 1320 rpm was found that the tensile strength of the travelling speed at 120 mm/min is 
higher compared to travelling speed at 160 mm/min due to heat that have close to the heat property of the 
experimental. Thus, the tensile strength is higher at travelling speed of 160 mm/min. And found that the cause of 
tensile strength is less than base metal when heat generated during stirred is too much [22]. 

 
   Table 2. Mechanical properties at stir zone and base metal. 
 

Material rotation  speed 
(rpm) 

Travel speed 
(mm/min) 

Tensile properties at room temperature 

Tensile strength 
(MPa) 

Elongation  
(%) 

SSM 356 - - 168.68 5.14 

FSP1 1,320 
80 

120 
160 

163.24 
183.25 
174.49 

4.88 
4.84 
4.72 

FSP2 1,480 
80 

120 
160 

157.69 
172.22 
174.62 

4.38 
4.43 
4.42 

FSP3 1,750 
80 

120 
160 

153.99 
171.25 
188.57 

4.78 
4.81 
5.03 
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Conclusions 
 The results of the specimen during casting of the alloy aluminum-silicon, semi-solid, 356 grades used in this 
study can be concluded that: 

 (1) The surface of specimen is improved by the friction stir process. 
 (2) Macrostructure through a friction stir processing showed a homogeneous appearance as well. No defective 

part was found. The surface of stirred is smooth. 
 (3) The microstructure after the friction stir processing at all conditions have a very refined structure, which 

consists of a silicon particles in aluminum alloy matrix uniformly distributed throughout the area to be stirred. 
However, investigation did not find any defects with the stirred.   

 (4) The hardness of the area was influenced by the thermal both retreating and advancing with increased 
hardness for all experimental conditions compared to that of base metal. But for the stir zone, the hardness can be 
either increased or decreased. The condition that increased the hardness is travelling speed at 120 and 160 mm/min 
with any rotation speed. The condition that reduced the hardness is travel speed at 80 mm/min with any rotation 
speed. The highest hardness, obtained at 1750 rpm with travel speed at 160 mm/min, is equal to 64.55 HV, an 
increase of 59.07% compared to the base metal.   

 (5) The average maximum tensile strength after using friction stir processing is equal to 188.57 MPa, an 
increase of 11.8% compared to the base metal. It was found that the conditions providing strength to pull up the 
average is at the speed around the 1750 rpm and at the travel speed at 160 mm/min.   
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