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Abstract. In this study the Al-4.8Mg-1.0Mn-0.15Cr alloy was frictionally stir processed in order 
to enhance grain refinement effect and superplastic properties. The microstructure after friction 
stir processing (FSP) was analyzed using light, scanning and transmission electron microscopies. 
An additional cold rolling (50%) was performed after the FSP, and a comparative study in terms 
of microstructure and superplasticity was done between the samples processed using hot rolling 
and further FSP, FSP and cold rolling, and cold rolling without FSP. The superplastic properties 
were studied at temperatures of 450 and 500 °C with constant strain rates of 1×10-2 and  
1×10-2 s-1. The treatment regime including FSP and further cold rolling improved superplasticity 
due to fine-grained and homogeneous grain structure with a good thermal stability. At a 
temperature of 500°C and strain rates of 1×10-3 - 1×10-2 s-1 the alloy demonstrated 330-450 % 
elongation with a flow stress of 10-20 MPa.  
Introduction 
Aluminum alloys are widely used in industrial production for urban infrastructure products, due 
to the combination of high specific strength and corrosion resistance. The possibility of obtaining 
streamlined shapes is important for the automotive and aircraft industry and it is achievable with 
the implementation of superplastic forming. Grain boundary sliding is the key superplastic 
deformation mechanism that accommodated by dislocation and diffusional creep, and grain 
rotation [1]–[5]. Thus, for a good superplastic properties fine-grained structure and movable high 
angle grain boundaries are required [6]–[10]. Grain refinement improves superplasticity, strain rates 
and elongations increase that favor formability [11]–[13]. There are several methods for obtaining an 
ultrafine-grained structure (below 1 µm) in aluminum-based alloys, among the most effective are 
severe plastic deformation techniques [5][14][15]. A friction stir processing (FSP) is an approach of 
solid-state treatment to obtain a ultrafine-grained structure based on the principles of friction stir 
welding [16]–[19], which is relatively common in a global industry. The method is widely used to 
improve surface properties [20]–[22].  When processing by friction with stir, severe plastic 
deformation accumulates, thermal effects occur in the processing zone, which leads to the 
formation of fine or ultrafine recrystallized grains [17][23][24]. As the result, an increase of strength 
characteristics at room temperature [25] and an improvement of superplasticity are possible [26]–[30]. 
FSP is effective in terms of scalability and the result achieved. For a number of conventional 
aluminum alloys, this method improves superplasticity, including a decrease in temperature and 
an increase in strain rate [19][31]–[35]. It was shown in [36]–[39] that heating during FSP can lead to the 
growth of particles of the secondary phases, which negatively affects the mechanical properties. 
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Undesirably non-uniform distribution of secondary phase particles is noted in [40], with the 
formation of a depleted central zone, the mechanisms of such undesirable phenomena have not 
been reliably established at the moment. The authors [41] investigate the influence of the FSP 
parameters, the transverse speed, rotation and tilt, of the tool on the superplasticity of the 
conventional high-strength AA7075 alloy. At 1500 rpm, 31.5 mm/min and 2 °, under conditions 
of low heating in the FSP zone, a defect-free material is obtained and the alloy exhibits 
superplasticity at a low temperature of 400 °C. Authors of [42] investigated the influence of the 
processing parameters of the superplasticity of Al–4.5%Mg–0.35%Sc–0.15%Zr alloy. Comparing 
to a simple thermomechanical treatment, the stress reduces by 2-2.5 times and elongations increase 
by 2.5-7 times at low temperatures of 350-500 °C and a comparatively high strain rate of 10-2 s-1. 
In recent years, there has been a growing number of scientific papers aimed to improving the 
application of the FSP method for obtaining semi-finished products with required characteristics 
of different alloys. In this work, an AA5083-type Al-Mg-Mn-Cr alloy with an increase Mn content 
(similar to Alnovi-U [43]) was investigated in a purpose to study the FSP influence on the grain 
structure and superplastic properties. 
Materials and methods 
For preparing the investigated alloy, technically pure elements 99.85% purity Al and 99.5% purity 
Mg were used. The other elements were added in the form of Al-master alloys (Al-10wt% Mn and 
Al-10wt% Cr). The studied alloy was casted at a temperature of 750 ± 20 °C by using a Nabertherm 
electric furnace. The melt was poured into a water-cooled copper mold with inner dimensions of 
15×120×120 mm and casting cooling rate of ~15 K/s. After solidification, the ingot was annealed 
in two steps, the first step was performed at a temperature of 360 °C for 8 h and the second step 
was at a temperature of 420 °C for 3 h. The homogenized ingot was hot rolled from an initial 
thickness of 15 mm to 7 mm in a temperature of 420±20 °C. 
 

Table 1. Chemical composition of investigated alloy (wt%). 

Mg Mn Cr Si Fe Al 
4.85 1.05 0.14 0.05 0.10 Balance 

 
A friction stir processing was performed on the surface of the rolled sheets using an automated 
milling machine (Bridgeport, Elmira, NY, USA). The FSP was carried out at 40 mm/min. The FSP 
tool was made of hot work tool steel (W302), and its design can be found in ref [44].  

The FSPed samples of alloy were divided into two groups: the first group was cold rolled with 
a reduction of 75%, from 4 mm (plate was cut from the FSP volume) to 1 mm thickness, along the 
FSP direction (abbreviated by X). The second group was sliced by 1 mm in thickness sheets 
(abbreviated by F). Figure 1 shows a schematic diagram for these samples production. The 
reference treatment included hot rolling and cold rolling to 1 mm (75% reduction) without FSP 
(abbreviated S). Annealing in a temperature range of 400-550°C for 20 min was performed in 
order to analyze grain structure before the start of superplastic deformation.  

The microstructure was analyzed after casting, two-step homogenization, hot rolling, FSP, cold 
rolling with final recrystallization annealing for 20 min in a range of 400-550°C. An Axiovert 200 
MMat light microscopy (LM, Carl Zeiss Oberkochen, Germany) and a Tescan-VEGA3 scanning 
electron microscopy (SEM, Tescan Brno s.r.o., Kohoutovice, Czech Republic) equipped with 
energy dispersive spectrometr (EDS, X-MAX80, Oxford Instruments plc, Abingdon, UK) system 
were used. The samples were mechanically grinded using SiC papers in a range of 230 to 4000 
grits, and then were polished in a solution of colloidal silica-based OPS suspension (Struers) with 
20% water. The samples were anodized at a voltage of 20 V for 20 s in a 10% water solution of 
the H3BO4 saturated in the HF and then were captured using polarized light to study grain structure. 
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Fig. 1. Schematic diagram for sheets production methods; F is for as-FSP, and X is for FSP with 

subsequent cold rolling.  
Results and discussion 
After solidification, the dendrite liquation of Mg at the periphery of the (Al)-solid solution 
dendritic cells was observed (Fig. 2a). Dark areas enriched with Mg may belong to both Mg 
segregation and precipitates of non-equilibrium Al3Mg2 phase. Bright particles enriched with Mn, 
and also contained minor Fe and Cr, their size varied between 0.2-5 µm. After homogenization 
Mg distribution became homogeneous, that confirmed the elimination of the dendrite liquation and 
dissolution of the Mg-enriched phase (Fig.2d). Mn-bearing particles exhibited the same shape and 
similar size after homogenization annealing. After hot rolling the particles size decreased to 0.2-2 
µm. FSP led further refinement, the size of Mn-bearing particles of solidification origin was varied 
in a range of 0.1-1.0 µm. 

Homogenization annealing of as-cast ingot led to precipitation of elongated and equiaxed 
shaped dispersoids (Fig. 3a). The precipitates may belong to Al6Mn and Al18Mg3Cr2 phases, where 
Mn and Cr may be partially substituted by Cr, Mn, Fe [45]–[48]. The precipitates of Al4Mn phase [49] 
or metastable I-phase [50]–[53] are also possible. The size of precipitates was varied in a range of 30 
to 350 nm after homogenization. Hot rolling and subsequent FSP refined dispersoids to 20-140 
nm. Precipitates become homogeneously distributed in matrix and their number density increased 
after FSP compare to hot rolled state (Fig.2c,f).. It is notable, that dispersoids demonstrated the 
same size after multidirectional forging with cumulative strain of ∑e=10.5 for alloy of a similar 
composition [54]. Fine Al6Mn dispersoids help to pin grain boundaries and provide stable grain size 
[25][55]. 

The morphology of the as-cast grains was characterized by a dendritic structure (Fig. 4a). The 
average grain size was 150±30 µm. Before the FSP, the microstructure of the hot-rolled alloy (base 
metal, BM) was non-recrystallized and it was characterized by the large grains with a liner size in 
a range of 20-300 μm (Fig. 4b) After FSP, grain size was significantly decreased (Fig. 4c,d). The 
stir zone exhibited a fine-grained structure with a mean size of 4.0±0.3 µm (Fig. 4d). 
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Fig. 2. The SEM micrographs with corresponding EDS maps of the as-cast alloy (a), after 

homogenization annealing (d), after hot rolling (b,c) and after FSP (e,f) for the Al-Mg-Mn-Cr 
alloy. 

 
Fig.3. TEM micrographs of the alloy after homogenization (a) and FSP in a stir zone (b) 

 

 
Fig. 4. The microstructures for the alloy: as-cast (a), after hot rolling (b) and after FSP (c,d). 
Figure 5 shows the grain structure after annealing for 20 min for the alloys with different 

treatments. For FSP alloy (regime F), equiaxed grains with a mean grain size of 4.8±0.4 µm were 
formed at 400 °C (Fig. 5a) and with a mean grain size of 12.5±0.8 µm at 500 °C (Fig. 5c). The 
sheets treated by X regime with FSP and cold rolling demonstrated grain size of 7.1±0.6 µm at 
400 °C (Fig. 5e) and 7.6±0.5 µm at 500 °C (Fig. 5g) and equiaxed grain structure. The alloy after 
a simple thermomechanical treatment included hot and cold rolling (reference regime S) 
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demonstrated a mean grain size of 11±1 µm after annealing at both 450 and 500 °C (Fig. 5j,k). 
Meanwhile, more elongated grains were formed after simple treatment ‘S’. The grain aspect ratio 
was ~1 for F and X treatment and varied between 0.3 to 0.6 for ‘S’ treatment. 
 

 
Fig. 5. The microstructure of the Al-Mg-Mn-Cr alloy after annealing at 400 °C (a,e,i); 450 °C 
(b,f,j), 500 °C (c,g,k) and 550 °C (d,h,l) treated by hot rolling and FSP (F regime) (a-d), hot 
rolling, FSP and cold rolling (X regime) (e-h), hot rolling and cold rolling (S regime) (i-l). 
Figure 6a shows the stress vs. strain rate and strain rate sensitivity m-coefficient vs. strain rate 

dependences for the studied alloy after different treatment regimes, F, X, and S, at the temperatures 
of 450 °C and 500 °C. The curves demonstrated sigmoidal shape that is usual for superplastic 
materials. The maximum m-values were corresponded to 1×10-3 s-1 for the samples processed by 
the X and S regimes, and near 1×10-2 s-1 for the FSP mode, the F regime. The constant strain rate 
tests were perfumed at both strain rates 1×10-3 s-1 and 1×10-2 s-1 (Fig. 6b). Stress level decreased 
with a decrease in a strain rate and an increase in deformation temperature. The F treated and S 
treated alloys demonstrated small elongations of 160-250% at both strain rates studied. Regime X 
with FSP and cold rolling demonstrated similar values of 250% at 450° C. Higher temperature of 
500°C provided 330% of elongation at 1×10-2 s-1 and 450% of elongation to failure at 1×10-3 s-1. 
Small elongations of FSP treated F-type alloy is the result of weak grain size stability, meanwhile, 
rolling after FSP provided a stable fine-grained structure and good superplastic properties. 
Thus, FSP as an intermediate processing operation provided a fine grained equiaxed structure and 
good superplasticity. An equiaxed grained structure and high grain size stability of the FSP treated 
and cold rolled samples and the resulted large elongations can be the result of a high fraction of 
fine dispersoids provided a high Zener drag force, uniform distribution and fine size of the 
solidification-originated particles.  
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Fig. 6. Strain rate dependences of the flow stress and parameter m for a temperature of 450 °C 
and 500 °C (a) and dependences of the flow stress on deformation at strain rate of 1×10-2 s-1 for 

the investigated alloy for different technologies. 
Summary 
Three treatment regimes including (F) hot rolling and FSP, (X) hot rolling, FSP and cold rolling, 
and (S) hot rolling and cold rolling were compared for Al4.8Mg-1Mn-0.1Cr alloy. 

Friction stir processing refined phases of solidification origin and dispersoids and provided an 
eqiaxed recrystallized fine-grained structure with a mean grain size of ~4 µm in a stir zone. 
Increasing an annealing temperature for the FSP-processed samples in arrange of 400-550°C led 
a significant grain growth from 4.8 µm to 40 µm, with abnormal grain growth at 550°C. A weak 
grain structure stability was a reason of low superplastic properties. A simple treatment ‘S’ with 
hot and cold rolling forms an elongated grains with a mean longitudinal size of 10.9 µm and aspect 
ratio of 0.6 after annealing at the same temperature range. An elongated grains of the S-treated 
alloy also lead a weak superplasticity. Oppositely, the treatment X including hot rolling, FSP and 
cold rolling provided a fine-grained equiaxed structure after annealing in a temperature range of 
400-550 °C with a mean size of 7.1-8.5 µm. This treatment provide a good superplasticity at 500°C 
with m ~0.5 and 330-450% of elongation to failure at strain rates of 1×10-3 - 1×10-2 s-1. 
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