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Abstract 

Multipass friction stir processing (MP-FSP) is a solid-state surface modification technique, which was developed based 
on the simple principle of FSW. Aluminium plates were subjected to MP-FSP from 1 to 14 passes along the longitudinal 
direction with the specified process parameters such as rotational speed of 1000 rpm and travel speed of 70 mm/min 
and axial force of 15 kN. Subsequently, similar process parameters had followed by doublepass friction stir processing 
(DP-FSP) in order to help determine the effectiveness of multipass in creating high strength of aluminium alloys. Now-
a-days extensive research had focused on various process parameters such as rotational speed, traverse speed, tool 
design on processing of aluminium alloys and proficiently enhanced material properties. This technique has considered 
mostly development of green technology, which is energy efficient and environment friendly technique. Experimentally 
proven that the Al-Zn-Mg-Sc alloys are characterized through OM, FESEM, DSC, SEM, TEM, and mechanical properties. 
The tensile strength and ductility of the MP-FSP specimen improved significantly to 122.48%, and 42.55% respectively, 
but hardness decline to 4.84% as compared to DP-FSP. This is due to not only for refinement of cast dendritic structure 
and eliminate segregation in the as-cast alloy, but also to the refining of grains, such as the uniform distribution of Al3Sc 
and hardening precipitates. To aim of this research work is to mainly focusing on MP-FSP may enhance mechanical 
properties better than DP-FSP and useful for macroscale applications.  
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1. Introduction

The Al-Zn-Mg alloy (7xxx series) is a well-known high strength and heat-treatable alloy. The principal mechanism 
controlling the plastic behaviour of this alloy is precipitation hardening due to the interaction of precipitates with 
dislocation, and the efficiency with which the precipitates can inhibit the mobility of dislocations [1, 2]. The efficiency 
depends on many factors, principally on the nature, size and distribution of the precipitates after an appropriate ageing 
treatment. In aluminium alloys (7xxx series), the Zn/Mg ratio is considered most critical to deciding the type of 
precipitation reaction and phase that takes place, and a Zn/Mg ratio of 2 is considered the critical value which forming 
η and T phases [3-5]. Scandium (Sc) is limited soluble in aluminium in the solid state and supersaturated solid solution 
decomposes on ageing at elevated temperature, precipitating the Al3Sc (L12) phase. Therefore, significant improvement 
in properties has been found for Sc additions in the range 0.20 to 0.33 wt.% in studies alloys [6, 7]. Recently, a friction 
stir processing (FSP) technique designed by Mishra and Charit is used for microstructural modification of metallic 
materials. FSP is an effective method of grain refinement, proving more intense plastic deformation as well as higher 
strain rates than other severe plastic deformation (SPD) methods. Since solid-state FSP does not result in solute loss by 
evaporation and segregation by solidification, solute elements are homogeneously distributed in the processing zone 
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[8-10]. In this study, it has optimized MP-FSP as well as DP-FSP for processing of aluminium alloys to locally manipulate 
the cast microstructure achieving grain refinement, porosity elimination, and second-phase homogenization [11-13]. It 
has established the mechanism of microstructure evolution and evaluated the resultant mechanical properties. MP-FSP 
introduces a large amount of dislocations in the work piece. The rearrangement or elimination of these dislocations 
reduces the internal energy of the system, which is the thermodynamic driving force for recrystallization. Grain 
refinement is an effective mean to improve the mechanical properties, therefore, proof strength of the friction stir 
processed materials. Thus, MP-FSP creates a fine-grained microstructure with dispersive distributed particles and 
predetermining high angle grain boundaries, features that are important for improved mechanical properties [14, 15]. 
This technique may ultimately cover the way for extensive structurally applications of fine-grained alloys. The present 
study is ultimately highlight on the microstructure evolution, improvement in fracture resistance and strength by MP-
FSP.  

2. Material and methods 

Table 1 Chemical composition of the 7xxx series of aluminium alloys (wt. %). 

Alloy designation Zn Mg Sc Si Fe Al Zn+Mg Zn/Mg 

Alloy 1 6.47 1.54 0.33 0.19 0.21 Bal. 8.01 4.20 

Alloy 2 6.70 2.80 0.20 0.02 0.04 Bal. 9.50 2.39 

The aluminium alloys were prepared by cast metallurgy route with pure Zn, pure Mg and Al-2wt.% Sc master alloy. 
Basically, the high strength Al-Zn-Mg alloys (7xxx series) were developed by Sc inoculation effect in the melt. The muffle 
furnace had used to melt the alloys at 780±5℃. The melting was performed in air by a mild steel mould to a plate shape 
(200×90×8 mm3) casting. The chemical composition was determined by inductively coupled plasma atomic emission 
spectroscopy (ICP-AES) and atomic absorption spectroscopy (AAS) methods and results are shown in Table 1. Then, the 
cast alloys were kept in room temperature for three days to natural ageing. After natural ageing treatment, alloys were 
further solution treated at 465℃ for 1h, water quenched, and then followed by artificial ageing at 140℃ for 6h. The cast 
plates were performed separately under MP-FSP as well as DP-FSP at a constant axial force of 15 kN with a non-
consumable martensitic stainless steel tool and tool design is given in Table 2. The metallographic samples were 
sectioned perpendicular to the processing direction then cut into the small pieces for polishing. The mechanically 
polished samples had cleaned by water then dried and etched with modified Keller’s reagent (1ml HF + 1.5ml HCl + 
2.5ml HNO3 + 95ml H2O) for optical microscopy. An optical microscope was used to obtain different microstructure 
images (Model no.: LEICA DMI 5000M). The FESEM with EDS analysis (Model no.: QUANTA 200F, 30kV) was determined 
for grain boundary segregation and detecting minor Sc contains of aluminium alloys. The DSC (Differential scanning 
calorimetry) run was carried out of experimental samples  for  revealing   semi-solid    state   precipitation   and 
dissolution reactions by using a nitrogen atmosphere and a constant heating rate of 10℃/min till 650℃ (Model no.: 
EXSTAR TG/DTA 6300). Different stages of microstructures were investigated by TEM (Transmission electron 
microscopy) analysis. The TEM thin foil (80 to 100 µm) samples were prepared through polishing by fine emery papers 
and subsequently through conventional twin-jet electropolishing technique using a 30%HNO3 + 70%CH3OH solution at 
-20℃ and 20V. A Vicker’s macrohardness testing machine (Model no.: FIE VM50 PC) was used to measure the hardness 
across the processed zone with a 10 kg. load and 15s dwell time with the average of six readings in each time. MP-FSP 
was continuously performed 14 times by moving in 35% increments toward the advancing side with the constant tool 
rotation speed of 1000 rpm and a traverse speed of  70 mm/min. The total FSP length was around 200 mm from the pin 
entry to the pin exit. Thus, experimental samples were collected separately from stirred zone through MP-FSP plate and 
DP-FSP plate. The tensile specimen having 26 mm gauge length, 4 mm width, 2.5 mm thickness and 58 mm length, and 
tested by Universal Testing Machine (25 kN, H25, K-S, UK) with a cross head speed of 1 mm/min as per ASTM standard 
(E-8/E8M-11 sub size). The tensile fracture samples were cut cross-sectionally and cleaned properly with acetone then 
analyzed using a SEM (Scanning electron microscopy) images.   
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Table 2 FSP conditions and parameters. 

Items Parameters 

Tool configuration Shoulder diameter 20 mm, pin diameter 5 mm, pin height 3.5 mm, 
2o tilt angle.    

Processing parameters  Tool rotation speed 1000 rpm, plate travel speed 70 mm/min, 
down-ward axial force 15 kN. 

Processing direction Clockwise and unidirectional. 

No. of passes and processing interval MP-FSP and DP-FSP; 5 min rest in between two successive passes. 

 
 

 
 

Figure 1 Illustration of  FSP set-up and a tool configuration. 
 

 

 

Figure 2 Illustration of macrographs of aluminium alloys: (a) Continual 14 passes of MP-FSP plate, and (b) Each 
processing zone contain two passes of DP-FSP plate.  

3. Results and discussion 

The important objective of FSP technique is to modify the microstructure of the aluminium alloy rather than 
conventional joining processes. The basic principle has been monitored by friction stir welding (FSW). The current 
study examines the effect of MP-FSP on aluminium alloys by adding one pass at a time to the total of 14 passes. One of 
the important parameter for repetitive MP-FSP tool rotational speed, which contribute to the heat input to refine 
microstructure of each consecutive passes at the same direction on the work piece. In between two passes at least 5 
minutes rest for cooling due to avoid over burn of high thermal conductivity of aluminium alloys. Other, important 
parameters are tool design and traverse speed which is shown in Table 2. The base plate of 8 mm thick aluminium alloy 
was illustrated experimental set-up and stirring them together with a tool assembly by using vertical milling machine 

a. b. 
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as shown in Figure 1. Investigation has indicated that in MP-FSP a continuous dynamic recrystallization phenomenon 
occurs due to the tool pin disruptive mechanical action and the frictional heat produced. This phenomenon can lead to 
comprehensive microstructural refinement of alloys. Increasing the number of passes during MP-FSP probably has 
controlled to occurrence of more dynamic recrystallization [16, 17]. In most of the cases, the average hardness value of 
MP-FSP sample is increased many folds due to the decrease in particle size of insoluble dispersoids and fine grain size. 
Based on macro-structural characterization of grain and precipitation, four distinct zones have been identified through 
optical microscopy (OM) such as nugget zone or stir zone (SZ), thermomechanically affected zone (TMAZ), heat affected 
zone (HAZ), and base metal (BM) as shown in Figure 2.  While heat input can be calculated through the following 
relationship, q (heat input) = 2π/(3s)×µ×p×ω×Rs×η =2π/(3×1.17) ×0.3×15×16.67×0.01×0.8 =1.07 kJ/mm, where s 
(traverse speed) = 1.17 mm/sec., µ=0.3, p (normal force) = 15 kN, ω (rotational speed) = 16.67 rev./sec., Rs (tool 
shoulder radius) = 0.01 m, η (heat transfer efficiency) = 0.8. Hence, the low heat input (1.07 kJ/mm) significantly pinning 
the grain boundary due to second phase particles, results obtained finer grains in the matrix [18, 19]. Figure 3(a, b) the 
optical microstructures revealed that the increasing   in   Sc   contents  (0.20-0.33 wt.%),   relatively    fine 
microstructures  (~2-6 µm)   achieved   due  to  Al3Sc  particles dispersion in SZ during MP-FSP of Alloy 1.

Figure 3 Optical micrographs of SZ (stir zone) aluminium alloys: (a) Alloy 1 (AC+MP-FSP condition), (b) Alloy 2 
(AC+DP-FSP condition). (1000 rpm and 70 mm/min)  

 In contrary, the optical microstructure revealed some small black spots possibly for Zn vaporization of high rotational 
speed as well as several flaws formed perhaps due to Al3Sc coarse particles or anti-recrystallization of coarse particles 
in the matrix during DP-FSP of Alloy 2 [20, 21]. In comparison, MP-FSP exhibited better grain refinement, and free of 
small black spots and flaws due to intermittent multipass processing which the material was allowed to cool back to 
room temperature after each pass and so on. The black spots and flaws are sealed due to each consecutive pass in the 
multipassing process. Figure 4 FESEM studies have been carried out to as-cast (AC) alloys which micrographs are 
exhibited grain boundary segregation, dendritic structures and inhomogeneity are main causes. EDS analysis 
identified high concentration of Sc (1.23 wt.%) on the grain boundary as well as ample amount of Si (6.73 wt.%) and 
Fe (2.96 wt.%) contents for Alloy 1. The EDS analysis identified of Sc (0.51 wt.%), and impurities like Si (0.22 wt.%) 
and Fe (0.65 wt.%) contents on the grain boundary for Alloy 2. It is also effectively proven by EDS analysis of high Zn 
contents (~7.18 to 7.74 wt.%) in both of aluminium alloys. Figure 5(a) shows the DSC thermogram of T6 aluminium 
alloy. It has to indicated that both of DSC thermograms show similar features, it may indicating that Sc inoculation 
effects to the Al-Zn-Mg alloy does not change type of phase transformations. In the age-hardenable aluminium alloys, 
precipitation is an exothermic process, while their dissolution is an endothermic process. According to many 
investigations, the first exothermic peak (250oC) can be exhibited to formation of η and Al3Sc particles, and the 
endothermic peak starting from 550oC to 638oC, corresponding to dissolution of η and Al3Sc particles rather formation 
of η phases, also indication of anti-recrystallization effect of Al3Sc particles as well as surface oxidation of Alloy 1. 
Figure 5(b) shows the DSC thermogram indicated first endothermic peak at 484℃ due to dissolution of hardening 
phase η with Al3Sc particles for low Sc (0.2 wt.%) content, further softening of hardening phases continue upto 640oC 
but  may  further  formation of  overaged  phases η  and  their  surface  oxidation at  650oC [22]. Figure 6(a) shows 
TEM micrograph of as-cast (AC) aluminium alloy exhibited inhomogeneous, coarse grain and cauliflower shape Al3Sc 
(red arrows) particles in the matrix. The Al3Sc particles are mainly pinned on the grain boundary regions. Further, the 
dislocation lines and loops are also noticeable in the micrograph of Alloy 1. Figure 6(b) shows TEM micrograph of as-
cast (AC) aluminium alloy exhibited coarse, inhomogeneous and unmodified cast structure (red arrows) due to minor 
Sc (0.20 wt.%) addition of Alloy 2. Figure 6(c) shows TEM micrograph of T6 ageing treated aluminium alloy is complex
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phenomenon and it enhances hardness due to minor Sc addition. The high hardness is achieved of 172HV due to 
optimum size, density of fine precipitates of Al3Sc (red arrows) and a large number of fine matrix  strengthening  η  
precipitates (blue arrows) may be  accelerated during T6 (140oC for 6h) ageing treatment of Alloy 2 [23].

Figure 4 FESEM micrographs with EDS analysis of as-cast aluminium alloys: (a) Alloy 1, (b) Alloy 2. 

Figure 5 DSC thermograms of the aluminium alloys after aged at 140oC for 6h (T6): (a) Alloy 1, (b) Alloy 2. 

Figure 6(d) shows TEM  micrograph  of  SZ exhibited uniform Al3Sc  precipitates  (red arrows)  which are fully 
coherent, well distributed and  thermodynamically stable in the matrix. During DP-FSP generates intense plastic 
deformation and elevated temperature 400-500oC, resulting in the formation of fine recrystallized grains with 
predominant high angle grain boundaries with fewer numbers of Al3Sc coarse particles and dislocations embedded in 
the grain boundary. The dispersion of fine precipitates are very effective pinning sites for the movement of grain and
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subgrain boundaries during the thermomechanical processing and inhibited recrystallization. Basically, two types of 
hardening particles are observed like rod shape η phases and cauliflower type Al3Sc particles after post ageing 
treatment at 140oC for 2h [24].  Figure 7(a) shows SEM tensile fractograph exhibited ductile mode of feature 
throughout in the matrix after AC+MP-FSP of Alloy 1. It has indicated several spots (red arrows) with swallow depth 
inside some coarse particles perhaps for these second-phase particles agglomeration, its acting  for stress  
concentration   centre  or  crack  propagation  faster  for  low fracture  strength  in the  matrix.

Figure 6 TEM micrographs of aluminium alloys as AC, after different heat treated and FSP condition:  (a) Alloy 1 (AC), 
(b) Alloy 2 (AC), (c) Alloy 2 (T6), and (d) Alloy 2 (AC+DP-FSP+Post ageing treatment at 140oC for 2h). (1000 rpm and 

70 mm/min) 

Figure 7(b)  shows  SEM  tensile fractograph indicated reasonably finer grains and ductile mode of feature throughout 
the matrix after  AC+DP-FSP of Alloy 2.  It can be clearly seen that coarse impurity particles or large Al3Sc clusters (red 
arrows) exist on the fracture surface of this alloy. Figure 7(c) shows SEM tensile fractograph indicated ductile mode of  
feature  throughout the matrix after AC+DP-FSP+Post ageing at 140oC for 2h of Alloy 2. The fracture surface of this 
alloy consists of micro voids and dimples with various sizes indicating ductile mode of failure. Some coarser 
precipitates available that may acts as the failure initiation sites as indicated by red arrows during tensile loading, and 
the large precipitate-to-precipitate distance results in the creation of deeper voids. Moreover, owing to good 
interfacial bonding between the dispersed Al3Sc particles and the matrix as confirmed by the presence of dimples, the 
ductility is enhanced with the limited or doublepass processing too [25]. Figure 8(a, b) shows the evolution of 
mechanical properties of as-cast (AC) aluminium alloys, at the different level of Zn content from 6.47 to 6.70 wt.%  with 
the effect of Sc additions relatively enhances the tensile properties and hardness of the aluminium alloys. It has to 
mentioned that the apparently concludes to the addition of Sc in the range of about 0.20 to 0.33 wt.% is most effective 
for increase in properties of the Al-Zn-Mg alloys [26-28]. This may be shown for age-hardening effects and the formation 
of significant amount of Al3Sc particles in the matrix as shown in TEM micrographs (Figure 6) and SEM fractographs 
(Figure 7). In contrast, Alloy 1 have better mechanical properties than Alloy 2 that likely to PS increases to 103.57%, 
UTS increases to 96.0%, hardness increases to 14.29%, and ductility increases to 20%, respectively. It may be concluded 
that a considerable amount of proof strength (PS), ultimate tensile strength (UTS), ductility (%), and hardness (HV) are 
increased for as-cast (AC) Alloy 1 in comparison to as-cast (AC) Alloy 2. Although the MP-FSP alloy to obtained fine 
grains, minimal porosities and eutectic networks were broken into fine particles and second phase particles uniformly 
distributed in the matrix. Specially, SZ grains were considerably refined because of the dynamic recrystallization and 
pinning effects of the dispersed particles tends to better mechanical properties relative to the DP-FSP alloy [29-31]. The 
best MP-FSP alloy has achieved, where the PS is increased by 250.86%, UTS is increased by 122.48%, and the ductility 
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by 42.55%, but hardness diminish by 4.84% as compared to the DP-FSP alloy. However, these results are indicated 
enormous technological importance since MP-FSP is repeatedly employed as a repair and surface modification method 
as well as in two dimensional joining in industrial applications. 

Figure 7  Illustration  of  SEM  fractography  after FSP conditions: (a) Alloy 1 (AC+MP-FSP condition), (b)  Alloy 2 
(AC+DP-FSP condition), and (c) Alloy 2 (AC+DP-FSP+Post ageing at 140oC for 2h). (1000 rpm and 70 mm/min) 

Figure 8  Bar diagrams are exhibited mechanical properties of aluminium alloys after different FSP conditions: (a) 
AC+MP-FSP for Alloy 1, (b) AC+DP-FSP for Alloy 2. (1000 rpm and 70 mm/min) 

4. Conclusions

 The friction stir process (FSP) makes an effective surface modification of aluminium alloys. Thus, higher
ductility is due to the elimination of porosity and the disintegration of coarse second phase particles. The tensile

a. b. 

c.
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strength after MP-FSP has been enhanced due to fine grains and homogenization of precipitate particles of 
aluminium alloys.  

 The optical micrograph revealed fine grains owing to low heat input (1.07 kJ/mm) during FSP, as refined grain
size of 2-6 µm for Alloy 1 and 4-8 µm for Alloy 2.

 The increase the formability in aluminium alloy is proportional to the increase in the material ductility that is
attributed by the decrease in the grain size of the SZ. In contrast, the large numbers of black spots formed in SZ
during DP-FSP, but it may be sealed by continual MP-FSP.

 DSC thermograms of the T6 aluminium alloys exhibiting many exothermic and endothermic peaks indicated the
sequence of solid state reactions for the formation of ή and Al3Sc particles and their dissolution phenomenon.

 TEM micrograph of T6 aluminium alloy is complex phenomenon and it enhances hardness (172HV) due to
minor Sc addition. While, TEM micrograph of SZ exhibited uniform Al3Sc precipitates (red arrows) which are
fully coherent, well distributed and thermodynamically stable in the matrix.

 The MP-FSP has led to the enhance in the hardness of the alloys. Increasing the number of MP-FSP passes also
led to the improvement of hardness. These can be attributed to the microstructural refinement due to mainly
fine precipitates and Al3Sc dispersoids. However, tensile properties have enhanced due to age-hardening effect
with fine dispersion of Al3Sc particles, and stirring effects.

 The SEM fractography of FSP alloy consists of micro-voids and dimples with various sizes indicating ductile
mode of failure. Some coarser precipitates available that may acts as the failure initiation sites as indicated by
red arrows during tensile loading, and the large precipitate-to-precipitate distance results in formation of
dipper voids.

 The MP-FSP alloy had significantly higher tensile properties of 0.2% PS of 251.54% and UTS of 122.48% and a
higher ductility of 42.55% and a lower hardness of 4.84% than DP-FSP alloy.

 The strength and hardness data indicates that decomposition must have resulted predominantly by
precipitation of coherent Al3Sc precipitates but discontinuous precipitation caused in some coarsening of these
precipitates. Although, SZ exhibiting a homogeneous and fine equiaxed grains due to dynamic recrystallization
of highly deformed grains during MP-FSP.
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