








 

4.3 Hardness change at room temperature 

Figure 6 shows the hardness change of 5N-Al after compression of 52%. Hardness decreased 

from 32.0HV to 21.5HV, which implies that the static restoration (recovery or recrystallization) 

took place at room temperature.  

4.4 Compression behavior at room temperature 

Figure 7 shows the load–displacement curve of compression of a cube specimen for ND 

direction with lubricant. It shows no stress oscillation attributable to DDRX. 

4.5 Structural development at room temperature 

Figure 8(a) shows an Inverse Pole Figure (IPF) Map of 

5N-Al after 2 hours at room temperature after compression 

of 50%; Fig. 8(b) shows that after 10 hours. In the 

surrounding area of Fig. 8(a), a group of small grains with 

strains inside are observed. During compression, 

recrystallized grains that are free of strain were probably 

created. Then they were deformed during the subsequent 

compression, which implies the occurrence of DDRX 

during compression at room temperature. 

After Fig. 8(a), holding at room temperature for 10 

hours produced several new grains that are free of strain as 

presented in Fig. 8(b). These grains grew during subsequent 

holding for 100 and 1000 hours, which reveals that static 

recrystallization took place. 

4.6 Dynamic recrystallization region in the deformation 

mechanism map 

Aluminum having high stacking fault energy has been 

considered to show dynamic recovery, for that reason, the 

DDRX region was depicted in shadow with a comment of 

“scarcely observed” [1]. Nevertheless recent studies by 

Yamagata [10] and others [11] concluded that in 5N-Al 

DDRX takes place in a temperature region of 0.44–0.70Tm.  

The present study revealed that DDRX takes place in the 

wide temperature region greater than 0.32
 
Tm. Because the 

occurrence of DDRX is restricted by the Zener-Hollomon 

parameter, Z, which is a function of stress, the DDRX region 

in deformation mechanism map is restricted by two parallel 

lines around stress of 10
-3 

G. Therefore, we can draw the 

DDRX region as a rectangle surrounded by the four lines of 

T/Tm =0.32, T/Tm =1.0, τ/G =4 × �10
-4

 and τ/G =4 × 10
-5
τ/G, 

as presented in Fig. 14(b). 

4.7 Summary 

Hardness and EBSD analyses were performed 

sequentially after compression of 5N-Al at room temperature 

to obtain the following results: 

(1) Hardness apparently decreased implying the 

occurrence of static restoration at room temperature. 

(2) EBSD analyses implied discontinuous 

recrystallization during compression; that is, DDRX. 

(3) Static recrystallization took place during holding at 

room temperature after compression of 50%. 

Fig. 7 Load-displacement curve of 

compression of the cube specimen 

for ND direction with lubricant. 

Fig. 8 IPF Maps of the specimens 

held at room temperature for 2 and 10 

hours after compression test of 5N-Al 
((a) and (b), respectively). 

(a) 

(b) 
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5. Friction stir region 

5.1 Purpose 

Although friction stir welding (FSW) was originally developed for joining Al alloys, it is now 

being applied during the fabrication of a wide range of materials [12]. The aim of this section is to 

study the deformation mode, stress and strain rate, and to understand the characteristic of 

deformation behavior of the friction stir region. In contrast to complicated flow during FSW, 

friction stir spot welding (FSSW), being simpler than seam welding, was examined in this study.  

5.2 Experimental 

Specimens were 5N-Al plates and single 

crystals grown from 4N-Al using a Bridgeman- 

type furnace. FSSW was performed using facilities 

produced either by Friction Stir Link or by Hitachi 

Engineering. The welding tool had a 

10-mm-diameter shoulder and a threaded pin with 

the M4 profile having three flat faces machined, ; it 

was made of SKD61. The axial load and the torque 

output during FSSW were 

measured using a JR3 

six-axis load cell. The 

thermal cycle during FSSW 

was measured by 

embedding thermocouples 

at the tip of the pin and at 

the outer periphery of the 

tool shoulder. Spot welded 

specimens were then 

supplied for optical 

microscopy and SEM/EBSD 

analysis. 

5.3 Results and discussion 

Figure 9 represents a 

schematic diagram showing 

formation of a helical 

vertical rotational flow 

within the stir zone (SZ) 

formed adjacent to the 

periphery of the rotating pin [13]. This model 

suggests that the adjacent region to SZ is 

subjected to compressive stress by dwelling 

of SZ, in addition to shear stress by rotating 

SZ.  

Figure 10 portrays three orientation maps 

of SZ after FSSW at 1500 RPM for 2 s on a 

single-crystal Al specimen of <111>//ND and 

<110>//TD. The crystal orientation analysis 

of outside of SZ  revealed that the {110} 

oriented region, which is represented by 

green color, appeared outside of SZ, as 

shown in the TD map, which suggests that 

Fig. 9 Schematic diagram showing formation of 
a helical vertical rotational flow within SZ. 

Fig. 10 Crystal orientation map of SZ. 

Fig. 11 Temperature change at the top of 

the probe in FSSW. 
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both compressive and shear modes are mutually 

competing during FSSW.  

An example of the measured temperature 

cycle of FSSW of single-crystal Al is presented 

in Fig. 11. The temperature increased rapidly 

during the tool penetration stage and reached 

210°C within 11 s. It increased continuously 

during the 2-s-dwell period. Consequently, the 

microstructure was formed in the temperature 

range of static or dynamic recrystallization. The 

highest temperature during FSSW of 5N-Al was 

shown against rotation speed in Fig. 12, which 

shows a positive dependency. 

Figure 13 shows the axial load and torque, 

which were the measurable mechanical 

parameters in the present apparatu. The load 

during the dwell period of 500 RPM being 2.0 

kN, the compressive stress was estimated 

between 22 MPa and 155 MPa (8.6 × 10
-4 

G 

and 6.1 × 10
-3 

G). The stress of 1000 RPM was 

also estimated as ranging from 3.5 × 10
-4 

G to 

2.4 × 10
-3 

G. 

The strain rate during FSSW was estimated 

based on the grain size dependency on 

Zener-Hollomon parameter during dynamic 

recrystallization. On FSSW at a rotation speed 

of 500 RPM, the maximum temperature was 

562 K and the resulting grain size was 1.5 µm. 

Using these parameters, the strain rate was 

estimated as 1.4 s
-1

 for FSSW of 500 RPM. 

5.4 Deformation mechanism map 

The FSSW region estimated above was temperature of 0.6 Tm and stress between 8.6 × 10
-4 

G 

and 6.1 × 10
-3 

G, and 0.75 Tm and 3.5 × 10
-4 

G and 2.4 × 10
-3 

G, which can be shown in the 

deformation mechanism map. However since several deformation modes are acting during FSSW, 

the FSSW region requires further investimation. 

5.5 Summary 

Using single-crystal specimens, the existence of compressive stress was established, and using 

polycrystalline specimens, temperature measurement, stress estimation and strain rate estimation 

during the FSSW process were demonstrated. Using these parameters, complicated flow conditions 

during FSSW were depicted in the deformation mechanism map. 

6. Conclusions 

The deformation mechanism map of pure Al was re-examined, particularly addressing 

low-temperature creep, high-speed deformation, dynamic recrystallization and friction stir regions 

using three grades of pure aluminum (5N, 4N and 2N). The following results were obtained: 

(1) Low-temperature region: a new region with an activation energy of 20 kJ/mol and a stress 

exponent of four was found and was depicted in the map. 

(2) High-speed deformation region: the strength remains constant up to 10
-1

 s
-1

; it then increases 

with further increase in the strain rate. 

Fig. 12 Relation between highest temperature and 

rotation speed during FSSW of 5N-Al. 

Fig. 13 Load and torque curves during FSSW 
of 5N-Al. 
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(3) Dynamic recrystallization region: 

discontinuous dynamic recrystallization 

(DDRX) occurs commonly at 

temperatures greater than 0.32 Tm with 

stresses around τ/G=10
-3

  in high-purity 

aluminum. 

(4) Friction-stir region: temperature, 

stress and strain rate during FSSW have 

been estimated. Consequently, the map 

position has been identified. 

Finally, the deformation mechanism map 

of Al was modified from Fig. 14(a) to 

Fig. 14(b) by addition of the new low- 

temperature creep region and the 

dynamic recrystallization region, which 

was extended towards 0.32 Tm. 
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Fig. 14 (a) Original deformation mechanism map of 

pure Al by Ashby, and (b) revised version by the 

present authors. 

(a) 

(b) 

New region 
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