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Abstract: The influence of R/v ratio on joint quality in 2024-T351 aluminum alloy was studied. Specimens were subjected to friction 
stir welding with the rotation rates of 750, 950 and 1180 r/min and welding speed between 73 and 190 mm/min, providing R/v ratio 
between 5.00 and 10.27. The welded joints were tested by means of both non-destructive (visual, penetrant and X-ray inspection) and 
destructive (metallographic, tension and hardness) testing. In all specimens typical zones are revealed, with corresponding 
differences in grain size. Tensile efficiency of the joints obtained is in the range of 52.2% to 82.3%. The results show that the best 
quality is obtained at R/v ratio of 8.06, 10.17 and 10.27. This behavior is attributed to the assumption that the material flows around 
the pin with an optimal speed, i.e. sufficient amount of material is available to fill the gap and prevent tunnel formation. R/v ratio also 
showed influence on hardness distribution, onion features and crack initiation/propagation zones. 
Key words: Al 2024 alloy; friction stir welding; welding parameters; heat input; weld quality 
                                                                                                             
 
 
1 Introduction 
 

Heat treatable 2xxx series aluminum alloys with 
high strength level, favorable strength to mass ratio and 
good damage tolerance, are widely used for structural 
applications. Extensive use of the age hardenable 2xxx 
series aluminum alloys was hampered by limitations 
imposed by joining techniques. The loss of strength in 
the components fabricated from these alloys, using 
conventional, high heat input, fusion welding techniques 
such as TIG or MIG, introduced a serious limitation in 
their exploitation due to the presence of porosity, slag 
inclusion, solidification cracks, distortion, etc. Gap 
between the strength values of the fusion joint and the 
parent material is more than 40%, resulting in the fact 
that mechanical joints are preferred. In order to solve this 
difficulty a solid state joining process, named friction stir 
welding (FSW), was invented. At present, FSW is 
increasingly applied to the aerospace, automotive, 
marine and military industries [1−9]. 

FSW offers several advantages over conventional 

fusion welding process because of its low heat input and 
absence of melting and solidification process, enabling 
welding of materials that are extremely difficult to weld 
by conventional fusion welding processes, such as 2xxx 
and 7xxx series aluminum alloys. The benefits therefore 
include low distortion and residual stresses, no loss of 
alloying elements, no arc, no fume and no filler wire. 
Thus FSW becomes a very suitable process for joining 
high strength aluminum alloy such as 2024 [10−15]. 

Compared with the conventional fusion welding, 
different zones are formed during FSW due to friction 
heat and plastic deformation. Frictional heat causes metal 
softening and thus allows the tool move along the joint 
line. Under the driving of the welding tool (shoulder and 
pin), structure of weld, due to severe mechanical stresses 
experienced by material, shows three distinct 
microstructural zones on the transverse cross section of 
the FSW joint, i.e., nugget zone (NZ), thermo- 
mechanically affected zone (TMAZ) and heat affected 
zone (HAZ). The NZ is a region through which tool pin 
passes and thus experiences both high deformation and 
heat treatment. It generally consists of very fine equiaxed 
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grains, due to full recrystallization, and characterized by 
the presence of so-called onion rings. Adjacent to the 
nugget zone is a TMAZ. This region experienced a 
severe thermo-mechanical alteration, though it has been 
not directly subjected to pin or shoulder action due to 
internal shear stresses. In TMAZ metal is plastically 
deformed as well as heated, but this is not sufficient to 
cause recrystallization. Beyond TMAZ there is part of 
material that experiences only a heating effect, with no 
mechanical deformation. This zone is referred as HAZ. 
The thin zone subjected directly to the action of tool 
shoulder is referred as flow arm [16−21]. Semicircular 
rings on the top of weld surface are referred as banded 
microstructure. Distance between semicircular rings 
depends on tool advance per revolution. Spacing 
between bands will increase as this ratio (welding speed/ 
rotation speed) grows, resulting in a less homogenous 
structure within the weld [22−25]. Several parameters, 
such as rotation rate (R), welding speed (v), axial force, 
tool and pin geometry, tool tilt angle and its penetration 
into the blanks (plunge depth) affect FSW process. 
Among these parameters, rotation rate and welding speed 
strongly influence the thermal cycle and are the two most 
important welding parameters [26−46]. 

The aim of this work is to establish the influence of 
R/v ratio on joint quality and elucidate defects formation 
mechanisms in 2024-T351 aluminum alloy. 
 
2 Experimental 
 

The rolled plates of 8.0 mm thickness, made of 
commercial aluminum alloy Alclad 2024-T351, were 
used in this work as the base metal. The plates were 
machined on both sides to remove the Alclads and get 
the final thickness of 6.0 mm. The chemical composition 
and mechanical properties of the machined plate are 
listed in Tables 1 and 2. The dimensions of single welded 
plates were 260 mm×65 mm×6 mm. The sides of plates 
were machined and had stiff contact with supporting 
plate, and were butt-welded along the rolling direction 
using adopted conventional milling machine. The 
welding length was around 210 mm on each pair of 
plates. The used FSW tool was made of 56 NiCrMoV7 
tool steel, with spiral thread on the 5.5 mm length and 
concave profiled head on the 25 mm diameter cylindrical 
shoulder. The tool details are listed in Table 3. The tool 
was heat treated to HRC51. The tool tilt angle was 1.0° 
and was kept constant. An equal axial (welding) force 
was obtained by controlling the plunge depth of welding 
tool, since all the specimens had the same thickness. The 
plunge depth of tool shoulder was 0.2 mm. All welded 
joints were in “hot” condition, according to R/v ratio 

criterion suggested by VILAÇA at al [5,47]. The welding 
parameters used in this study are summarized in Table 4, 
where ratio R2/v represents the pseudo heat index 
suggested by ARBEGAST and HARTLEY [48]. 

 
Table 1 Chemical composition of base metal (mass fraction, %) 

Cu Mg Mn Fe Zn 

4.70 1.56 0.65 0.17 0.11 

Si Ti Zr Ni Cr 

0.046 0.032 0.011 0.006 0.004 

 
Table 2 Mechanical properties of base metal 

YS/MPa UTS/MPa A5/% Hardness (HV)

370 481 18 145 

 
Table 3 Geometry of used FSW tool 

Pin diameter/mm Pin 
description Root Head

Pin 
angle/(°) 

Thread
slope/(°)

Pitch of
pin/mm

Taper screw 
thread pin 10 4 20 5 1.5 

 
Table 4 Welding parameters 

Sample Rotation rate,
R/(r·min−1) 

Welding speed, 
v/(mm·min−1) R/v R2/v 

A 73 10.27 7700

B 93 8.06 6050

C 116 6.46 4850

D 

750 

150 5.00 3750

E 93 10.21 9700

F 
950 

190 5.00 4750

G 116 10.17 12000

H 
1180 

150 7.87 9280

 
In order to reveal the presence of surface and/or 

volume defects, the welded joints were first subjected to 
visual, penetrant, X-ray and ultrasonic examination. 
Further examination was performed only on the welded 
joints that had no defects. Complete testing procedure is 
given in Table 5. All the welded samples were naturally 
aged at room temperature for more than 20 d and the 
specimens were cross-sectioned perpendicular to the 
welding direction (Fig. 1). 

Metallographic observation was carried out by 
optical microscopy (OM). The specimens for OM were 
ground, polished and etched using Tucker’s and Barker’s 
reagent for macro and microstructure, respectively. 
Electro polishing and etching technique was used on the 
specimen for microstructure examination. Much care was  
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Table 5 Testing procedure of welded joints 

Type Step Method 

1 Visual examination 

2 Penetrant examination 

3 X-ray examination 
Nondestructive 

testing 

4 Ultrasonic examination 

5 Evaluation of macrostructure

6 Evaluation of microstructure 

7 Tension testing 

8 Hardness testing 

Destructive 
testing 

9 SEM 

 

 

Fig. 1 Schematic of specimen location in weld (Unit: mm) 
 
taken to ensure location-to-location correspondence 
between the observations and hardness measurements. 

In order to obtain fracture locations of the FSW 
joints, the surfaces of tensile specimens were swab 
etched using Tucker’s solution before testing. Room- 
temperature tensile tests were carried out according to 
ASTM E8M−11 at a strain rate of 3.3×10−3 s−1. In order 
to assess the reproducibility, at least three tests were 
performed for each set of conditions. 

Vickers hardness measurement was conducted 
perpendicular to the welding direction, using digitally 
controlled hardness test machine (HVS−1000) applying 
9.807 N force for 15 s. The hardness profiles were 
obtained along 3 horizontal and 17 vertical directions 
(Fig. 2). In order to obtain the hardness distribution maps  
 

 
Fig. 2 Horizontal (a) and vertical (b) hardness test lines 

a total of 183 and 187 indentations in horizontal and 
vertical directions, respectively, were measured. 
 
3 Results 
 
3.1 Joint quality 

Figure 3 shows the upper surface macrographs of 
the joints under various welding parameters. At rotation 
rate of 750 r/min, joint surfaces of all the samples are 
smooth (Figs. 3(a)−(d)). At rotation rate of 950 and 1180 
r/min, appearance of extensive and slight joint surface 
delaminating morphologies was observed (Figs. 3(e)− 
(h)). For both the rotation rates, the joint surfaces were 
rougher at lower welding speed. Also, tunnel defect was 
visually observed at samples F and H (Figs. 3(f) and 
3(h)); further testing of these samples was not carried 
out. 

Figure 4 shows the macrostructures of transverse 
cross sections of the joints welded under various welding 
parameters. For tunnel free joints, no other welding 
defects were detected. Tunnel defects at sample H were 
not extending throughout the whole weld length. 
According to the role of shoulder and pin in NZ 
formation, the NZ can be subdivided into three sub- 
zones: the shoulder-driven zone (SDZ), the pin-driven 
zone (PDZ), and the swirl zone (SWZ). SDZ and SWZ 
are more or less pronounced, due to different welding 
parameters. It can be seen that a comparatively large 
PDZ, with regular onion ring structures, a narrow SDZ 
and SWZ were observed. Note that the onion ring shape 
was not identical for all the samples and it depended on 
the welding parameters. Furthermore, decreasing the 
welding speed for same rotation rate produced finer 
spacing between rings. Typical onion ring structure is 
shown in Fig. 5.  
 
3.2 Structure 

Set of figures related to microstructure examination 
of welds are given in Figs. 6 and 7. Figure 6 shows the 
optical micrographs of the NZ and TMAZ. As a result of 
previous rolling process, elongated grains were observed 
in BM. Grain size in the NZ and part of TMAZ near to 
nugget is very fine (Figs. 6(a) and (c)). The NZ 
microstructure is characterized by recrystallized, fine 
equiaxed grains (Figs. 6(b) and (d)). Highly deformed 
structure, consisting of upward elongated grains, was 
observed in the TMAZ (Figs. 6(a) and (c)). On the other 
hand, grain structure in the HAZ is similar to the BM 
structure. 

Due to material flow in the stirred zone, primary 
Al2Cu particles were fractured during welding. It can be 
seen that particles fracture process is more intensive in 



I. RADISAVLJEVIC, et al/Trans. Nonferrous Met. Soc. China 23(2013) 3525−3539 

 

3528 

 

 
Fig. 3 Joint upper surface morphologies of specimens 
 
the NZ than in the TMAZ. Note that particles in NZ are 
the finest (Fig. 7). According to this, it can be assumed 
that with higher rotation rate particles have been more 
effectively broken. 

It seems that the variation of welding parameters in 
this work did not produce significant and clear 
differences in microstructure for each particular zone in 
different welded joints. On the other hand, overall 
influence of both grain refinement and fracture of Al2Cu 
particles was possible to estimate by hardness 
measurement (see next section). 
 
3.3 Hardness distribution 

Single hardness profile could not predict joints 
fracture path because of the limited lowest hardness 
points. Thus, in order to obtain detailed hardness 

distribution, the hardness profiles were obtained along 3 
horizontal and 17 vertical directions at a total of 183 and 
187 indentations, respectively. Figures 8−11 show the 
joints hardness profiles under the investigated welding 
parameters. The welds exhibited typical W-shaped 
hardness profiles, characteristic for precipitation 
hardening aluminum alloys friction stir welds. NZ was 
significantly harder than the TMAZ and can reach BM 
hardness level. The hardness of NZ showed strong 
dependence on rotation rate. Two low hardness regions 
(LHR) were observed, one on the AS and the other on 
the RS. The hardness level of LHR on the AS and RS 
was almost equal in most cases, with some exception 
(Figs. 8 and 9). Detailed hardness observation at lower 
half and mid-thickness of the weld showed that 
increasing the rotation rate at constant welding speed 
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Fig. 4 Cross sectional macrostructures of joints welded under various welding parameters 
 

 
Fig. 5 SEM backscattered images of onion rings in NZ 
 

 

Fig. 6 Typical microstructures of joint: (a, c) contact line NZ-TMAZ on AS; (b, d) NZ 
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Fig. 7 SEM backscattered image of contact line between NZ 
and TMAZ on RS 
 

 

Fig. 8 Hardness distribution at cross-section of FSW 2024- 
T351 joints showing effect of rotation rate on hardness on 
different positions across weld at welding speed of 116 
mm/min 

 

 
Fig. 9 Hardness profiles of welded joints with different 
distances from weld surface: (a) Sample C; (b) Sample G 
 
exerted no noticeable influence on the LHR hardness 
level (around HV110) and showed small or medium 
influence on LHR position (Figs. 9(a) and 9(b), 
respectively). At upper half of the weld, LHR hardness 
level was generally higher for approximately HV10. 
Furthermore, the position of LHR was obviously 
different (greater distance from weld center) in 
comparison with lower half of the weld (Figs. 8(a) and 9). 
On the other hand, increasing the welding speed at 
constant rotation rate generally increased NZ and LHR 
hardness, but did not have noticeable influence on LHR 
position (Fig. 10). LHR hardness was greater at upper 
part of the weld. In detailed hardness observation at 
constant rotation rate of 750 r/min, one phenomenon was 
observed for the welding speed of 73 mm/min. Namely, 
LHR hardness at mid-thickness of the weld in 
comparison with lower part of weld on RS was 
essentially unchanged, contrary at AS (Figs. 10(b) and 
(c)). At upper part of weld, LHR hardness on RS rose 
and was approximately equal to LHR hardness on AS     
(Fig. 10(a)). Also, at these parts of weld, for 73 mm/min 
welding speed, LHR position and hardness on RS were 
dramatically different in comparison with those under 
other welding speeds (Figs. 10(a) and 10(b)). Note that  



I. RADISAVLJEVIC, et al/Trans. Nonferrous Met. Soc. China 23(2013) 3525−3539 

 

3531

 

 
Fig. 10 Hardness distribution at cross-section of FSW 2024- 
T351 joints showing effect of different welding speed on 
hardness profiles on different positions across weld at rotate 
rate of 750 r/min 
 
NZ hardness, for 116 mm/min welding speed at upper 
and middle part of the weld, was on the same level. 
Furthermore, hardness at upper weld part for this 
welding speed was the lowest  (Fig. 10(a)). However, 
hardness distributions across the FSW joints were 
essentially non-homogenous and showed strong 
dependence on the welding parameters. For previously 
discussed observations, it is interesting to compare the 
hardness profiles for samples with approximately same 
R/v ratio (Fig. 11). 

 

 
Fig. 11 Hardness profiles for approximately same R/v ratio 
(R/v≈10) 
 

In order to accurately predict the joints fracture 
behavior, according to the opinion that the fracture 
location is a direct reflection of the weakest part of joint, 
the detailed hardness contour maps are plotted (Fig. 12). 
It can be determined that the LHZ was generally located 
at the TMAZ, rather on part of TMAZ near to contact 
line between NZ and TMAZ (Fig. 7). 
 
3.4 Tensile properties and fracture behavior 

The tensile properties and fracture location of joint 
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Fig. 12 Detailed hardness contour maps of welded joints: (a) Sample A, R/v=10.27; (b) Sample E, R/v=10.21; (c) Sample G, R/v= 
10.17; (d) Sample B, R/v=8.06; (e) Sample C, R/v=6.46; (f) Sample D, R/v=5.00 
 
under investigated welding parameters are shown in 
Table 6 and Fig. 13. It is found that: 1) under constant 
rotation rate of 750 r/min, the tensile strength generally 
decreased when the welding speed was increased    
(Fig. 13); sharp decrease of UTS and elongation was 
observed when the welding speed increased from 73 to 
116 mm/min. At welding speed of 150 mm/min slight 
increase of tensile strength was present; 2) under 
constant welding speed of 93 and 116 mm/min, 
increasing rotation rate from 750 to 950 r/min (samples 

B and E) or from 750 to 1180 r/min (samples C and G) 
had opposite effect. Namely, in the first case slight drop 
of tensile properties was observed while in the second 
case tensile properties showed significant amplification 
(Fig. 14(b)). The obtained UTS values for weld joint and 
base metal showed that UTSFSW/UTSBM ratio was up to 
83%. Crack initiation in most cases was in the 
thermo-mechanically affected zone on the AS, very close 
to the nugget. The tensile properties of each joint were 
lower than those of base material and the elongation of 
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Table 6 Transverse tensile properties and fracture location of FSW 2024-T351 joints 

Joint efficiency 
Sample UTS/MPa A5/%

(UTSFSW/UTSBM)/% (AFSW/ABM)/% 
Fracture location R/v 

403 8.0 83.4 44.4 TMAZ/HAZ interface on RS 
379 6.6 78.8 36.7 NZ/TMAZ interface on AS A 

403 7.9 83.4 43.9 NZ/TMAZ interface on RS 

10.27

Average 395 7.5 81.9 41.7   

383 5.0 79.4 27.8 NZ - AS 
387 6.0 80.2 33.3 NZ - AS 
330 1.8 68.3 10.0 NZ/TMAZ interface on AS 
337 3.2 69.9 17.8 NZ/TMAZ interface on AS 

B 

336 3.6 69.6 20.0 NZ – central area 

8.06

Average 355 3.9 73.5 21.8   

263 2.0 54.5 11.1 NZ/TMAZ interface on AS 
209 2.8 43.4 15.5 NZ/TMAZ interface on AS 
164 1.5 33.9 8.3 NZ/TMAZ interface on AS 
221 2.4 45.8 13.3 NZ/TMAZ interface on AS 
327 3.6 67.7 20.0 NZ – central area 

C 

328 3.2 67.9 17.8 NZ – central area 

6.46

Average 252 2.6 52.2 14.3   

382 5.0 79.1 27.8 NZ/TMAZ interface on RS 
200 2.8 41.4 15.5 NZ/TMAZ interface on AS 
409 6.5 84.8 36.1 NZ/TMAZ interface on AS 

D 

206 2.3 42.7 12.8 NZ/TMAZ interface on AS 

5.00

Average 299 4.2 62.0 23.0   

346 3.2 71.7 17.8 NZ/TMAZ interface on AS 
268 3.0 55.4 16.7 NZ/TMAZ interface on AS E 

337 2.8 69.8 15.5 NZ/TMAZ interface on AS 

10.21

Average 317 3.0 65.6 16.7   

391 5.6 81.0 31.1 NZ/TMAZ interface on RS 
403 6.9 83.4 38.3 NZ – RS G 

399 5.4 82.6 30.0 NZ/TMAZ interface on RS 

10.17

Average 398 6.0 82.3 33.1   

BM 481 18     

 

 
Fig. 13 Tensile properties and joint efficiency of joint 
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Fig. 14 Tensile properties of joints welded at approximately 
same R/v ratio (R/v≈10) (a), fixed welding speed and different 
rotation rate (b) 
 
the joints was far lower than that of base material, and its 
maximum was 7.5%. The maximum UTS was obtained 
for sample G with ratio R/v=10.17. Samples A, E and G, 
welded with different parameters, but with similar R/v 
ratios (10.21, 10.27 and 10.17, respectively), showed 
different tensile properties (Fig. 14(a)). In terms of 
elongation the results were similar. If we consider UTS 

and elongation in terms of pseudo heat index R2/v, it is 
clear that at similar ratio, the generated energy was not 
the same and was dependent on the used welding 
parameters, mainly rotation rate. For similar R/v or R2/v 
ratio, increasing in ratio value was in good correlation 
with increasing in R or v, and they amounted 
approximately 20% per step. This implies that overall 
joint quality show strong dependence on combined effect 
of heat input and material flow states due to different 
welding parameters. In order to accurately determine 
tensile fracture location, the cross-sections of the 
specimen were etched, as shown in Fig. 15. In most case, 
fracture was located in contact line between NZ and 
TMAZ (Table 7). 
 
4 Discussion 
 

Welding power (Q) is calculated according to Eq. (1) 
suggested by HEURTIER et al [49] and experimentally 
verified by ABD EL-HAFEZ [50]. 

3
s3

π2 RPQ ωμ=                                                            (1) 

where µ is the friction coefficient, P is the pressure (Pa), 
ω is the tool angular speed (rad/s), and Rs is the tool 
shoulder radius (m). HEURTIER et al [49] reported that 
the estimated average welding power, according to    
Eq. (1), for FSW of AA2024-T351 is 1.5 kW. Using 
conventional values of P=15 kN and µ=0.3 [50,51], the 
heat input (q) is calculated according to Eq. (2) [12]. 

ηωμ s3
π2 RF
v

q z=                                                 (2) 

where Fz is the axial force (kN), and v is the welding 
speed (mm/s). Since insufficient or excessive axial force 
can result in weld failure. This force plays a significant 
role in weld formation [52]. ARORA et al [26] reported 
that the axial force is significantly affected by shoulder 
diameter and slightly by the rotational and welding speed 
(Eq. (3)), whereas welding force is affected strongly by 

 

 
Fig. 15 Characteristic fracture location on tensile specimen: (a) NZ/TMAZ interface on AS; (b) NZ/TMAZ interface on RS; (c) NZ – 
central area; (d) TMAZ/HAZ interface on RS 
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Table 7 Summary of fracture location distribution 

Fracture location Number of fracture Percent/%

NZ (central) 3 13 

NZ (AS) 2 8 

NZ (RS) 1 4 

Total 6 25 

NZ/TMAZ (AS) 13 54 

NZ/TMAZ (RS) 4 17 

Total 17 71 

TMAZ/HAZ (AS) 0 0 

TMAZ/HAZ (RS) 1 4 

Total 1 4 

 
welding speed and slightly by rotational speed and pin 
diameter (Eq. (4)). Furthermore, they suggested an 
empirical model for axial and welding force. The tensile 
strength of welds is significantly affected by welding 
speed and shoulder diameter whereas welding speed 
strongly affects the elongation [26]. 
 
Fz/kN=9.18R−0.312v0.146D2.78d−0.121                                 (3) 
 
Fx/kN=478.2R−0.468v0.646D0.078d0.523                              (4) 
 
where R is the rotation rate (r/min), v is the welding 
speed (mm/min), D is the shoulder diameter (mm), and d 
is the pin diameter (mm). 

The calculated values for weld power (Q), heat 
input (q), welding force (Fx) and axial force (Fz), 
according to Eq. (1) to (4) are shown in Table 8. 

According to the equations it can be concluded that 
the rotation rate, welding speed, tool shoulder diameter 
and probe diameter are crucial parameters that affect 
FSW process forces, heat input and welding power. 
Increasing the welding speed causes two opposite  
effects: 1) increasing axial force; 2) decreasing heat input. 
Also, increasing rotation rate at the same welding speed 
leads to higher heat input and smaller Fx and Fz (Table  
8). Welding power is increased significantly with the 

increase of rotation rate, while welding speed does not 
affect the power needed for FSW [46, 50, 53−55]. 

The obtained results suggested that weld appearance 
was more affected by rotation rate than by welding  
speed, due to differences in generated heat level (Fig. 3). 
Increasing R/v ratio leads to higher, both, heat input 
(expressed as pseudo-heat index R2/v) and stirring 
increment, implying that the behavior is not uniform. 
Furthermore, it can be assumed that welding parameters 
and material flow have combined effect on weld 
appearance and they cannot be taken into consideration 
separately [25,29,32,43,54]. The obtained tunnel defects 
occurred in the case when material flow from retreating 
to advancing side around the pin was not adequate. As 
shown in Fig. 16, the tunnel mainly existed under the 
higher rotation rate and welding speed. When the 
welding speed was high, stirring effect of welding tool 
was waste. Probably this is the reason for tunnel defect 
occurrence. Similar opinions have been suggested by 
other authors [27,36,37,50,53]. 

Increasing R/v ratio leads to greater size of weld 
nugget—width and depth. This is due to a higher heat 
input and stirring increment owing to increased R/v ratio. 
Note that higher heat input improves material flow 
around tool pin. In other words, ‘‘revolutions per one 
millimeter’’ of the weld metal is increased by increasing 
R/v ratio. Therefore, a large amount of frictional heat and 
plastic-work are produced, and thus material easily flows 
and bigger NZ is formed [29,41,54]. Different spacing 
between rings is related to the pin forward movement per 
revolution, i.e., at a rotation rate of 750 and 1180 r/min 
and welding speed of 116 mm/min, the tool moves 
0.1546 and 0.0983 mm/r, respectively [22,23,55]. 

The grain size revealed in the NZ and part of TMAZ 
is very fine. It is expected that, during very intensive 
deformation at high temperature, grain refinement is 
introduced by both deformation and recrystallization. 
There are also some opinions that even dynamic 
recrystallization     can     occur     [15,56,57].      The      fine      and  

 
Table 8 Calculated value for weld power, heat input, welding and axial force 

Sample Rotation rate, 
R/(r·min−1) 

Welding speed, 
v/(mm·min−1) 

Weld power, 
Q/kW 

Heat input, 
q/(kJ·mm−1) Fx/kN Fz/kN R/v R2/v 

A 73 0.97 1.03 14.54 10.27 7700 

B 93 0.76 1.20 15.06 8.06 6050 

C 116 0.61 1.39 15.56 6.46 4850 

D 

750 

150 

2.95 

0.47 1.64 16.15 5.00 3750 

E 93 0.96 1.08 13.99 10.21 9700 

F 
950 

190 
3.73 

0.47 1.71 15.53 5.00 4750 

G 116 0.96 1.12 13.51 10.17 12000

H 
1180 

150 
4.63 

0.74 1.33 14.02 7.87 9280 
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Fig. 16 Welding parameters versus FSW joint quality 
 
equiaxed grains in NZ arise from exposure to severe 
plastic deformation and the greatest heat input during 
welding process. The elongated grains in TMAZ undergo 
less plastic deformation and lower heat input than NZ. 
On the other hand, in the HAZ plastic deformation is 
absent and only heat input plays a role, so the 
microstructure seems to be nonhomogenous, leading to 
increase in grain size. In TMAZ and HAZ, recrystallized 
phenomenon doesn’t occur, but smaller precipitates may 
coarsen during welding process and notably the 
coarsened grains may be observed. Also, grain size is not 
the same in all parts of NZ. Grains are smaller at the 
bottom of the weld than at the center or top. It is assumed 
to be due to the differences in heat generated level, 
governing by distance from tool shoulder and backing 
plate. Therefore, hardness distributions show very strong 
dependence of the microstructure, and it is a direct 
indicator of microstructural evolution during FSW 
[18,24,26,30,32, 33,43,55,56,58]. 

The welds exhibited a W-shaped hardness profiles, 
typical for FSW joints of precipitate hardening aluminum 
alloy. The hardness profiles in general show that the 
FSW joints hardness is lower than that of the base metal. 
Hardness decreases in the HAZ and TMAZ, which are 
the softest zone in FSW joints. The NZ, TMAZ and HAZ 
are softer due to dissolution and coarsening of the 
strengthening precipitates during thermal cycle. It is 
assumed to be because of the heat generated during 
welding and subsequent recrystallization. Therefore, this 
effect is the greatest in TMAZ, while in the NZ is 
sluggish. Also, the ratio between the lowest hardness 
value in TMAZ and hardness of the base metal is close to 
the value of joint efficiency obtained from tensile 
properties [13,17,27,29,49]. Due to lack of symmetry, 
LHR hardness level and position (distance from weld 

center) depend on location across the weld as well as on 
welding parameters. In general, increasing the rotation 
rate at constant welding speed shows small to medium 
influence on LHR hardness and position, but increases 
the NZ hardness. On the other hand, as the welding 
speed increases, the hardness of softened zone also 
increases (Figs. 9 and 10) [27,40,44,50,54]. The detailed 
hardness distribution maps are in very good agreement 
with the normal strain distribution and yield stress map, 
reported by LOCKWOOD et al [16]. The tensile 
properties and fracture locations of the joints are in very 
good agreement and related to the hardness distributions. 

Fracture of Al2Cu particles is most intensive in the 
NZ, because this is the region through which tool pin 
passes, and thus experiences the highest deformation 
during stirring. On the other hand, it can be assumed that 
the presence of coarse Al2Cu particles in TMAZ is the 
consequence of both stirring deformation and heat 
treatment [26]. It isn’t clear that the presence of coarse 
Al2Cu particles in TMAZ is only the consequence of 
material flow or both material flow and heat treatment. 

The obtained values for UTS are in very good 
agreement with the expectation that FSW joints should 
have greater joint efficiency in comparison with the 
joints welded using traditional techniques. The welding 
parameters significantly affect the tensile properties of 
the FSW joints, but also they can be varied over a 
relatively wide range. The tensile properties of the joints 
are lower than those of the base material and the average 
value varies between 252 to 398 MPa. The maximum 
average tensile properties of 395 and 398 MPa and also 
joint efficiency of 81.9% and 82.3% were observed for 
R/v ratio of 10.27 and 10.17, respectively. Elongations 
are far lower than those of the base materials. The 
maximum elongation of 8.0% was obtained for ratio 
R/v=10.27, while the elongations of the other joints vary 
between 1.5% to 7.9%. The tensile properties results for 
R/v ratio of 10.21 are inferior probably due to 
non-adequate material condition during process, i.e. 
insufficient ratio between heat input and material flow 
[12,14,15,20,33,56, 59−61]. 

FSW joints mostly fractured along the LHR during 
tensile test. In most cases crack propagated along the 
contact line between NZ and TMAZ. It is assumed that 
this behavior can be related to the materials flow close to 
pin, i.e., probably the same feature that can introduce 
tunnel type defects [31,40,42,56]. FSW 2024-T351 joints 
would fracture at the NZ/TMAZ interface or at the NZ, 
even at TMAZ/HAZ interface, depending on the applied 
parameters. These findings remark that the influence of 
FSW parameters on void defects formation, mechanical 
properties and fracture behavior is complicated and not 
jet systematically investigated. 
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5 Conclusions 
 

The influence of R/v ratio on joint quality in 
2024-T351 aluminum alloy was established. The 
specimens were subjected to friction stir welding with 
the rotation rates of 750, 950 and 1180 r/min and 
welding speed between 73 and 190 mm/min, providing 
R/v ratio between 5.00 and 10.27. The welded joints 
were tested by means of both non-destructive (visual, 
penetrant and X-ray inspection) and destructive 
(metallographic, bending, tension and hardness) testing. 
Tensile efficiency of joints was in the range of 52.2% to 
82.3%. Elongation efficiency was between 14.3% and 
41.7%. 

Microstructural features and mechanical properties 
could be effectively controlled by varying the rotation 
rate and welding speed. 

The best quality of weld was obtained at R/v ratio of 
8.06, 10.17 and 10.27. This behavior is attributed to the 
assumption that the material flows around the pin with 
optimal speed, i.e., sufficient amount of material is 
available to fill the gap and prevent tunnel formation. 

Increasing of the R/v ratio leads to larger size of the 
NZ, and the formation of the finest onion rings 
structures. 

The expected effect of attrition of Al2Cu particle on 
mechanical properties is a higher fracture toughness and 
hardness in the weld zone. 

The hardness distribution is in excellent agreement 
with the observed microstructures, showing two low 
hardness regions with almost equal values. 

The tensile properties of the joints are lower than 
those of the base material, and the maximum efficiency 
in terms of UTS and elongation is 82.3% and 41.7%, 
respectively. 

In most cases, crack propagated along the contact 
line between NZ and TMAZ, due to differences in 
microstructure of two zones. 
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搅拌摩擦焊工艺参数对 2024-T351 铝合金 
搭接焊接头成形质量和力学性能的影响 
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摘  要：研究搅拌摩擦焊时 R/v 比对 2024-T351 铝合金焊接质量的影响。搅拌摩擦焊时搅拌针的旋转速度设定为

750、950 和 1180 r/min，焊接速度在 73~190 mm/min 内变化，对应的 R/v 比在 5.00~10.27 内。采用各种无损(外观

检测、X 射线检测)和有损(金相观察、拉伸实验和硬度测量)检测手段对焊接试样进行分析。在所有的试样中，搅

拌摩擦焊中各种典型的区域都有存在，不同的区域其晶粒尺寸不同。接头的拉伸性能为基材的 52.2%~82.3%。在

R/v 比为 8.06，10.17 和 10.27 时焊接质量最佳。其原因是在最佳搅拌速度下，材料围绕搅拌针充分流动，从而能

够填充其中产生的空隙，阻止空洞的生成。结果还表明，R/v 比对接头的硬度分布、洋葱样形状、裂纹的萌生和

扩展都有影响。 
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