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Abstract: Friction stir processing (FSP) is a solid-state modification method to process the surface of metals. In this process, due to 
rotation and traverse motions of a non-consumable tool, metal surface microstructure is refined and its mechanical characteristics are 
improved. Different methods have been applied to improving the efficiency of FSP. In this research, a new method entitled friction 
stir vibration processing (FSVP) was presented to enhance the efficiency of FSP. In this method, metal workpiece was vibrated 
normal to processing line during FSP. Microstructure and mechanical properties including hardness, ultimate tensile strength (UTS) 
and elongation of Al5052 alloy specimens processed using FSP and FSVP methods were analyzed and compared. The results showed 
that grain size decreased by about 33% as vibration was applied. It was also observed that ultimate tensile strength as well as 
hardness increased by about 7% as FSVP was applied. This was related to the enhanced straining of metal surface material as 
vibration was applied. The increase in straining results in the increase of dislocation density. It leads to more development of high 
angle grain boundaries due to dynamic recrystallization. The results also showed that UTS and elongation of FSV processed 
specimens increased as vibration frequency increased. 
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1 Introduction 
 

Friction stir processing (FSP) as a method to 
manipulate the surface characteristics of a metal was 
developed based on the concept of friction stir welding 
method [1,2]. In this process, a non-consumable rotating 
tool with pin and shoulder is plunged into a workpiece 
surface and traverses along the process line. Localized 
heating by the friction between the tool and workpiece 
surface softens the material around the pin and moves it 
from the front to the back of the pin which results in 
microstructural changes on surface [3]. 

Many researches were carried out to analyze the 
effect of this process on characteristics of different 
materials as well as to improve it. SUN and APELIAN [4] 
studied the effect of FSP on microstructure and 
mechanical properties of a sand-casted A206 aluminum 
plate. They analyzed the effect of heat treatment on 
processed specimens and found that grain size decreased 
as FSP was applied. Their results also showed that the 
size and aspect ratio of Al2Cu second phase particles 
within as-cast microstructure matrix decreased and they 

were distributed uniformly in aluminum matrix after FSP. 
They found that dynamic recovery and recrystallization 
were the main reasons for grain refinement during FSP. 

LEAL et al [5] investigated the influence of the tool 
geometry and FSP parameters on the microstructure, 
mechanical and electrical properties of the copper alloy 
C12200. The friction stir (FS) of material processed 
using two different tools, namely a scrolled and a conical 
shoulder tool under different tool rotation and traverse 
speeds. They found that tool geometry had strong 
influence on characteristics of the processed material and 
the grain size for the specimen processed using scrolled 
shoulder tool was smaller than that processed using 
conical shoulder. They also observed that the average 
grain size increased exponentially with the increase in 
tool rotation speed. The results also showed that 
electrical conductivity of the processed material was 
lower than that of the unprocessed copper and 
improvement in the electrical conductivity of the 
processed material was possible by increasing the tool 
rotation speed. XUE et al [6] applied friction stir 
processing technique with additional cooling into Cu 
pure plates to decreasing the grain size in the stir zone 
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and to increasing the yield strength. The specimens were 
fixed in water. VENKATESWARLU et al [7] applied 
Taguchi method to studying the effect of FSP process 
variables such as tool tilt angle, rotational and traverse 
speeds on the tensile strength of magnesium alloy 
AZ31B. They found that rotational speed had the major 
influence on the tensile strength. 

HANNARD et al [8] evaluated the effect of FSP 
pass number on microstructure of a 6056 rolled Al alloy. 
They found that the increase of FSP pass number 
reduced the volume fraction of porosities and decreased 
the intermetallic particles size. FSP also distributed the 
particles more homogenously. MISHRA et al [9] found 
the potential of FSP in fabricating surface composites. 
They incorporated SiC particles into surface layer of 
5083 Al alloy by FSP. This method introduced a new 
way to improve the surface characteristics of metals  
such as copper [10], magnesium [11], steel [12] and 
titanium [13]. In the current research, a new method to 
improve the efficiency of FSP is presented. The 
workpiece is vibrated normal to processing line during 
FSP. This new method is entitled friction stir vibration 
processing (FSVP). 
 
2 Experimental 
 

Al5052 alloy sheet with thickness of 3 mm was 
studied in this work. Al5052 alloy is an aluminum 
magnesium alloy which is not heat treatable and it can be 
hardened by cold work. The chemical composition of the 
studied material is presented in Table 1. 
 
Table 1 Chemical composition of studied aluminum alloy 

(wt.%) 

Mg Cr Si Cu Mn Zn Fe Other Al 

2.6 0.25 0.2 0.1 0.1 0.1 0.35 0.15 Bal. 

 

Specimens with dimensions of 150 mm × 100 mm 
were prepared from the sheet. To omit the effect of 
rolling process on microstructure, the specimens were 
heated at 400 °C for 2 h and then cooled in water before 
processing and then they were cleaned off oil and grease 
by application of ethanol. 

FSP experiments were carried out by a milling 
machine. Two-pieces tool consisted of a shoulder from 
M2 steel and a pin from carbide tungsten was utilized for 
FSP. The geometry of tool is presented in Fig. 1. 
Shoulder with hardness of HRC 65 had a good durability 
to wear and heat. 

Vibration was applied during FSP by application of 
camshaft. Rotational movement of an AC motor spindle 
was transformed into reciprocating and linear motion of 
a sliding plate through the camshaft. Fixture was 
mounted on the sliding plate and the specimen was fixed 

on fixture. The schematic design of machine used for 
FSVP is presented in Fig. 2. The camshaft was designed 
in a way that the vibration amplitude for sliding plate 
was 0.5 mm. The motor was equipped by a driver to get 
different vibration frequencies. 
 

 

Fig. 1 Schematic design of tool used for FSP and FSVP   

(unit: mm) 

 

 

Fig. 2 Schematic design of machine designed and 

manufactured for FSVP 

 

Different rotational (750, 900 and 1150 r/min) and 
traverse (31.5, 45 and 60 mm/min) speeds were tried to 
fully reveal the effect of vibration on microstructure and 
mechanical properties of friction stir vibration (FSV) 
processed specimens. Vibration frequencies of 20, 35 and 
50 Hz were also employed to find the effect of frequency 
on different characteristics of FSV processed specimens. 
The tilt angle for all processing conditions was 2°. 

FS processed specimens were cross sectioned 
normal to the processing line to analyze the 
microstructure. Metallography was carried out according 
to ASTM-E3-11 [14]. The samples were etched for 10 s 
with an etchant consisting of 4.2 g picric acid, 10 mL 
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acetic acid, 10 mL water and 70 mL ethanol. Grain size 
was determined by application of the linear intercept 
method based on ASTM-E112 [15] standard test. 

Mechanical properties of FS processed specimens 
were assessed using the tensile test. Tensile test 
specimens, according to standard ASTM-E8 [16], normal 
to the processing direction were prepared using electro 
discharge machining (EDM) from the processed 
specimens. For tensile test specimens, the stir zone was 
in the middle of the specimens. Uniaxial tensile tests 
were conducted at cross head speed of 1 mm/min and at 
room temperature [17]. For each condition, three tensile 
test specimens were performed. Tensile tests were carried 
out by application of the Instron 5582 Universal tester 
with a 100 kN load frame. Vickers microhardness test 
according to ASTM-E384 [18] was applied to assessing 
the microhardness. Load was 0.98 N and dwell time  
was 10 s [19]. For each processing condition, five 
measurements were obtained. 
 
3 Results and discussion 
 
3.1 Effect of vibration 

Analyses showed that the best processing conditions 
occurred when rotation speed was 1150 r/min and 
traverse speed was 31.5 mm/min. Voids and porosities 
were detected in cross section of specimens processed 
with other speeds. Macrostructures of some processed 
specimens with the optimum values for processing 
variables are presented in Fig. 3. Figure 3 shows 
defect-free sections. The figure also shows that stir zones 
of FSV processed specimens are larger than those of FS 
processed specimens. This is related to vibrating motion 
of specimen during FSVP which leads to larger 
processing zone. 
 

 
Fig. 3 Macrostructures of FS (a, c) and FSV (b, d) processed 

specimens 

 
Microstructures of FS and FSV processed 

specimens as well as base material are observed in   
Fig. 4. It is observed that grains for FSV processed 
specimens are smaller than those for FS processed 
specimens and both are smaller than those for base 
material. Grain sizes measured for different specimens 
using linear intercept method are presented in Table 2. 

 

 

Fig. 4 Microstructures of FS (a), FSV (b) processed specimens 

and base metal (c) (Rotation and traverse speeds for processed 

specimens are 1150 r/min and 31.5 mm/min, respectively; 

Vibration frequency for specimen (b) is 20 Hz) 

 

Table 2 Grain sizes for FS and FSV processed specimens as 

well as base material 

Specimen Grain size/µm 

Base material 63±8 

FSP 41±7 

FSVP 31±4 

 
Researchers [20,21] have found that dynamic 

recovery and recrystallization are the main mechanisms 
for grain refinement during FSP. According to 
KAIBYSHEV et al [22], heat generated during FSP 
brings the possibility for dynamic recovery. Based on 
this theory, dislocations arrange themselves at low angle 
grain boundaries (LABs) during dynamic recovery. As 
processing continues, dynamic recrystallization occurs 
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and misorientation between the boundaries increases and 
correspondingly LABs transform to high angle grain 
boundaries (HABs). In this regard, dynamic recovery and 
recrystallization are the main mechanisms for grain 
refinement [23,24]. 

The authors of this work believe that the presence of 
vibration increases the straining of material during FSVP. 
In fact, during FSVP the softened material around the pin 
is deformed more due to rotational and traverse motions 
of tool as well as the vibration of workpiece. It is    
known that dislocation density increases as strain 
increases [25,26]. More dislocation density in FSV 
processed specimen with regard to FS processed 
specimen leads to enhanced dynamic recovery and 
recrystallization and more refined grains develop. In this 
regard, the smaller grain size for FSV processed 
specimens with regard to FS processed ones is 
reasonable. 

Stress−strain curves of FS and FSV processed 
specimens are presented in Fig. 5. It is observed that 
UTS and ductility values of the FSV processed specimen 
are higher than those of the FS processed specimen. This 
can be related to grain size effect. Grain boundary 
strengthening is numerated as a strengthening 
mechanism [27]. It is known that grain boundaries 
impede the movement of dislocations and increase the 
strength as the volume fraction of grain boundaries levels 
up [27]. The decrease in grain size increases the volume 
fraction of grain boundaries. According to the 
Hall−Petch equation [28], the strength increases as grain 
size decreases. Smaller grain size of FSV processed 
specimen with respect to FS processed specimen is the 
main reason for higher strength of this specimen. 
 

 
Fig. 5 Stress−strain curves of base material as well as FS and 

FSV processed specimens 

 

Figure 5 shows that ductility of base material is 
lower than those of both processed specimens and FSV 
processed specimen has higher ductility with respect to 
FS processed specimen. Higher ductility of FSV 
processed specimen with respect to FS processed 

specimen can also be related to grain size effect. 
Microstructural analyses by TEM [29,30] have shown 
that grain boundaries increase the dislocation density 
through the generation of dislocations called 
geometrically necessity dislocations (GNDs). 
Investigations reveal that GNDs can provide 
displacement compatibility by accommodating each 
strain gradient of crystal and ductility increases as grain 
size decreases [30]. Higher ductility of small grains can 
also be assigned to higher resistance of these grains to 
crack propagation [31]. Small grains have a higher 
resistance to crack propagation due to strain distribution 
between grain boundaries. ESTRIN et al [32] also 
studied the effect of grain size on fracture mechanism of 
AZ31 magnesium alloy and found that ductility is 
enhanced as grain size decreases. They attributed this to 
fracture mechanism shift from intergranular to 
transgranular as grain size decreases. 

Fracture surfaces of FS and FSV processed tensile 
test specimens are shown in Fig. 6. Both samples 
fractured from stir zones and according to Fig. 6, both 
show a porous fracture surface which is a characteristic 
of ductile fracture surface of metals. It has been known 
that ductile metals exhibit massive amounts of plastic 
deformation prior to fracture in comparison to brittle 
metals [28]. During loading of ductile metals voids form 
at different sites where these voids grow and coalesce as 
loading continues. This results in a dimpled fracture 
surface [33,34]. Particles and precipitations are primary 
sites for void formation although the voids can be 
generated where special jogs or dislocations locks are 
forced to move. However, the voids form on particles 
and participations are larger than those form on jogs and 
dislocation locks [34,35]. 

The presence of large cavities in Figs. 6(a) and (b) 
indicates the presence of larger inclusions and particles 
in microstructure of FS processed specimen with respect 
to FSV processed specimen (Figs. 6(c) and (d)). It has 
been known that FSP modifies the microstructure of 
parent metal and leads to breakdown of large particles 
and inclusions in microstructure [36]. Less extent of 
large cavities in microstructure of FSV processed 
specimen (Fig. 6(b)) is respected to larger extent of 
straining during FSVP, which results in more breakdown 
of large particles and inclusions. This may increase the 
strength and ductility of FSV processed specimen with 
regard to FS processed one. 

Hardness distribution curves of the studied 
specimens are shown in Fig. 7. Hardness curves relate to 
hardness data measured on a line 1 mm beneath the 
surface on cross section of processed specimens. The 
measured data relate to various zones of processed 
specimens, namely base material, heat affected zone, 
thermo-mechanically affected zone and stir zone. The 
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Fig. 6 Fracture surfaces of FS (a, b) and FSV (c, d) processed specimens for different magnifications 

 

 

Fig. 7 Hardness distribution with respect to distance from stir 

zone center 

 
curves show that hardness values of stir zones are higher 
than those in other zones and hardness values of FSV 
processed specimens are higher than those relating to 
processed specimens without vibration. These can be 
related to grain size effect. It is known that grains in the 
stir zone are excessively fine and they are co-axial due to 
severe plastic deformation which occurs in the stir   
zone [37,38]. The grains in TMAZ deform less than 
grains in stir zone and the grains within the HAZ do not 
deform. However, these both regions experience heat 
during FSP. In this regard, the grains in stir zone are 
smaller than those in other zones and the presence of 
vibration also decreases the size of grains. Impediment to 
dislocations movement increases as grain size decreases 
and correspondingly, hardness increases. 

3.2 Effect of frequency 
Microstructures of processed specimens with 

different vibration frequencies are shown in Fig. 8. 
According to Fig. 8, grain size decreases as frequency is 
enhanced. The more vibration frequency during FSVP 
leads to the more straining of material [39]. Increment of 
straining results in more generation of dislocations, and 
correspondingly, dynamic recovery and recrystallization 
are enhanced and more refined grains are developed. 
Correspondingly, smaller grains are obtained as vibration 
increases. 

Stress−strain curves of FSV processed specimens 
with different vibration frequencies are observed in   
Fig. 9. Based on data in Fig. 9, the UTS and ductility 
increase as vibration frequency increases. It was observed 
in Fig. 8, that grain size decreased as vibration frequency 
increased. Lower grain size of FSV processed specimen 
results in higher volume fraction of grain boundaries and 
according to the Hall−Petch equation [28], more strength 
is obtained. Hardness values of stir zone center for 
specimens FSV processed with different frequencies are 
presented in Fig. 10. It is observed that hardness as well 
as strength increases as vibration frequency is enhanced. 

Formability indexes of FSV processed specimens 
with three vibration frequencies are compared in Fig. 11. 
Formability index which is defined as the ability of 
substance to absorb energy before failure was introduced 
by GHEYSARIAN et al [40] and is denoted by UTS×EL, 
where UTS and EL indicate ultimate tensile strength and 
elongation, respectively. It is observed that formability 
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Fig. 8 Stir zone microstructures of FSV specimens processed 

with different frequencies: (a) 20 Hz; (b) 35 Hz; (c) 50 Hz 

 

 

Fig. 9 Stress−strain curves of FSV processed specimens with 

various frequencies 

 

 

Fig. 10 Hardness values of stir zone centers for FS and FSV 

processed specimens 
 

 

Fig. 11 Formability index of specimens processed with 

different frequencies during FSVP 
 
index of FSV processed specimens increases as vibration 
frequency increases. This relates to UTS and elongation 
increase as vibration frequency increases (Fig. 9). This 
indicates that FSVP with high vibration frequency  
might be a good candidate for the increase of FSP 
efficiency. 
 
4 Conclusions 
 

 (1) The presence of vibration during FSP resulted 
in more straining of material in the processed zone and 
enhanced the dynamic recovery and recrystallization and 
correspondingly increased the grain refinement. 

(2) The results also showed that grain refinement 
improved and additionally, UTS, elongation and 
hardness increased as vibration frequency during   
FSVP increased. This new method can enhance the 
efficiency of FSP and it is advised for application in 
industry. 
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应用振动提高搅拌摩擦加工效率 
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摘  要：搅拌摩擦加工(FSP)是一种处理金属表面的固态改性方法。在此过程中，由于非自耗刀具的旋转和来回移

动，使金属表面组织细化、力学性能提升。提高 FSP 效率的方法较多，本研究中采用的是一种叫振动搅拌摩擦加

工(FSVP)的新方法。在此方法中，金属工件在 FSP 过程中与加工线垂直振动。分析比较 FSP 法和 FSVP 法加工的

Al5052 合金试样的显微组织和力学性能，包括硬度、极限抗拉强度(UTS)和伸长率。结果表明，采用 FSVP 后，

振动可使材料的晶粒尺寸减小约 33%，极限抗拉强度和硬度提高约 7%。这与振动作用下金属表面材料的应变增

强有关。应变增加导致位错密度增加，动态再结晶使大角度晶界进一步发育。结果还表明，FSV 加工试样的极限

抗拉强度和伸长率均随振动频率的增加而增加。 

关键词：振动搅拌摩擦加工；搅拌摩擦加工；显微组织；力学性能 
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