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Abstract 

The aim of this work was to investigate the combined effect of small difference in pin
geometry, together with rotation and welding speed on the weldability, mechanical and
structural properties of FSW 2024-T351 Al plates. The only difference in tool pin design
was the shape of thread: regular and rounded. Specimens were welded using rotation rate
of 750 rev/min and welding speeds of 73 and 93 mm/min. Specimens were defect free,
with good or acceptable weld surface, in all four cases. Modification in pin design showed
strong influence on macro structure and hardness distribution. Weak places are identified 
as low hardness zone, close to the nugget zone and are in good agreement with fracture
location in tensile testing. Weld efficiency, as a measure of weld quality, is better in case of
310 tool, while UTS values can differ up to 13% for the equal welding parameters. There-
fore, it can be assumed that small modification in tool design, particularly in pin geometry,
can have great influence on weld formation and mechanical properties. 
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Friction stir welding (FSW), a solid-state joining 
technique invented by TWI in 1991 is new welding 
technique that offers several advantages over conven-
tional fusion welding process due to its low heat input 
and absence of melting and solidification [1–3]. FSW 
run in the solid phase below the melting point of join-
ing materials, approximately at 0.8 of Tm [4]. There-
fore, due to absence of melting, weld metal is not pre-
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sent, while new region are introduced: nugget zone 
(NZ) and thermo-mechanically affected zone (TMAZ), 
Figure 1a. The most important benefit of FSW is its 
ability to weld 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. Moreover, due to low heat input and the 
absence of a melting and solidification, high quality 
welds with minimal microstructural changes and better 
mechanical properties than conventional welding, with-

 

Figure 1. Schematic illustration a) regions of FSW joint: A-base metal (BM), B-Heat Affected Zone (HAZ), C-Thermo-Mechanically 
Affected Zone (TMAZ), D-Nugget zone (NZ); b) FSW tool; c) material flow during FSW process [5]. 
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out presence of porosity and hot cracking can be 
created [4,6–8]. Thus, FSW is a very suitable, and inc-
reasingly used, for joining high strength aluminum 
alloys (2xxx, 6xxx, 7xxx and 8xxx series), currently 
applied to the aerospace, automotive, marine and mili-
tary industries. 

Friction stir welding tool, Figure 1b, is the key art of 
FSW process [2–4,9–14]. Typical flow of material during 
FSW is illustrated on Figure 1c. Significant research is 
done in order to obtain sound welds (in terms of UTS, 
elongation, weld microstructure, hardness, fatigue res-
istance etc.) and to establish the influence of welding 
parameters (rotation and welding speed), tool geo-
metry and position of the pin axes [15–20]. On the 
other hand, heat generation and material flow 
(together with final structure and weld mechanical pro-
perties) are directly related to the tool shoulder and pin 
geometry. 

Shoulder is the main source of heat generated 
during the process, the primary constraint to material 
expulsion and the primary driver for material flow 
around the tool, the pin is the primary source for mat-
erial deformation and the secondary source for heat 
generation in the nugget. Nugget integrity is therefore 
primarily dependent on a well-designed pin. Further-
more, pin geometry also can affect the weld shape. 
Consequently, the geometry of both the shoulder and 
pin are important to the FSW process, since they deter-
mine the heat generation and material flow [4,5,9,21– 
–25].  

Main aim of this work is to establish the effect of 
pin thread geometry on the weldability, mechanical 
and structural properties of friction stir welded 2024-
T351 Al plates for constant set of welding parameters 
(rotation speed and welding speed). 

EXPERIMENTAL 

Commercial 8.0 mm thick Alclad 2024-T351 alu-
minum alloy rolled plates were used in this work as the 
base metal. Plates were machined on both sides to 
remove the Alclads. Chemical compositions and mech-
anical properties of the machined plate are given in 
Table 1. Single welded plates were dimension of 260 
mm×65 mm×6 mm. Sides of plates were machined and 
had stiff contact with supporting plate, and butt-
welded along the rolling direction using adopted con-
ventional milling machine. Welding length was approx. 
210 mm on each pair of plates. Two different friction 
stir tools were designed; the only difference was pin 

design, i.e., use of regular (tool 310) or rounded (tool 
310-O) threads, Figure 2. Used tools are made of tool 
steel, with spiral thread on the 5.5 mm length conical 
pin and concave profiled head on the 25 mm diameter 
cylindrical shoulder. Taper screw thread pins are 
designed, with thread slope of 5 degrees and diameter 
on root and head of 10 and 4 mm, respectively. Pins 
have angle of 20 degrees. Pitch of thread is 1.5 mm. 
The tools are heat treated to 51 HRC. Tool tilt angle 
was 1° and was kept constant. An equal axial (welding) 
force is obtained by controlling the plunge depth of 
welding tool, since all the specimens have the same 
thickness. Plunge depth of tool shoulder was 0.2 mm. 
All welded joints are in “hot” condition; according to 
R/V ratio criterion suggested by P. Vilaça et al. [2,26]. R 
represents tool rotation speed per minute (rpm) and V 
is welding speed in mm/min. Welding parameters used 
in this study are summarized in Table 2, where ratio 
R

2/V represents pseudo heat index suggested by Arbe-
gast and Hartley [27].  

 

Figure 2. Fabricated FSW tools. 

Complete testing methodology is given in Table 3. In 
order to reveal presence of surface and/or volume 
defects, welded joints were subjected to visual, penet-
rants, X-ray and ultrasonic examination. These steps 
are eliminating, i.e., if the joint does not fulfill require-
ments, it was eliminated from further examination. All 
welded samples were naturally aged at room tempera-
ture for more than 20 days and specimens were cross- 

Table 1. Chemical composition and mechanical properties of Al 2024-T351 plate; BA – banding angle 

Chemical composition, wt.% Mechanical properties 

Cu Mg Mn Fe Zn Si Ti Zr Ni Cr YS / MPa UTS / MPa A5 / % HV BA 

4.70 1.56 0.65 0.17 0.11 0.046 0.032 0.011 0.006 0.004 370 481 18 145 180 
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-sectioned perpendicular to the welding direction (Fig-
ure 3). Metallographic observation was carried out by 
optical microscopy (OM) using Leica M205A optical 
microscope. The specimen for OM was ground, 
polished and etched using Tucker’s (45 ml HCl, 15 ml 
HNO3, 5 ml HF and 25 ml H2O) reagent. Much care was 
taken to ensure location-to-location correspondence 
between the structural observations and hardness 
measurements. The nugget zone average size measure-
ments were processed using Leica DFC295 camera and 
LAS software [28]. In order to obtain fracture locations 
of the FSW joints, the surfaces of tensile specimens 
were swab etched using Tucker’s solution before test-
ing. Room-temperature tensile tests were carried out 
at a strain rate of 3.3×10–3 s–1 on ASTM E8M transverse 
tensile specimens (Figure 4). In order to asses the rep-
roducibility, at least four specimens were tested and 
average value was reported. Bend testing was carried 
out according to EN 910 with joint centered over the 
mandrel. The bending specimens were tested using 
face and root side of the joint in tension. Vickers hard-
ness measurement was conducted perpendicular to the 
welding direction, at cross section of weld joint, 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 direct-
ions (Figure 5). In order to obtain the hardness distri-
bution maps a total of 183 and 187 indentations in 
horizontal and vertical directions, respectively, were 
measured. 

Table 3. Testing methodology of welded joints 

ActionAction Step Investigation 

Non-destructive  1 Visual examination 

2 Penetrant examination 

3 X-Ray examination 

4 Ultrasonic examination 

Destructive 5 Evaluation of macrostructure 

6 Hardness testing 

7 Tension testing 

8 Bending testing 

 

Figure 3. Schematic of specimens’ locations in weld. 

 

Figure 4. Shape and dimension of tensile specimens in mm. 

 

Figure 5. Horizontal (up) and vertical (down) hardness test lines. 

RESULTS AND DISCUSSION 

NDT examination did not detect any volume 
defects, proving that all were defect-free joints. Upper 
weld surface appearances are shown in Figure 6. It can 
be seen that in three cases smooth and clean surface 
appearance is obtained while sample C, in comparison 
with other three samples, exhibits relatively smooth, 
but acceptable surface.  

Table 2. Welding parameters 

Sample Tool designation 
Rotation rate (R) 

rpm 
Welding speed (V) 

mm/min 
Ratio R/V 
rev/mm 

Ratio R2/V 
Ratio V/R 
mm/rev 

A 310 750 73 10.27 7700 0.0973 

B 93 8.06 6050 0.1240 

C 310-O 73 10.27 7700 0.0973 

D 93 8.06 6050 0.1240 
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Figure 7 shows macrostructures of transverse cross 
section for all four joints. Macro-structural examin-
ations confirmed NDT results; no voids, cracks or other 
weld defects were observed. Under the drive of tool 
shoulder and pin, transverse cross section structure of 
the weld exhibits three distinct zones: nugget zone 
(NZ), thermo-mechanical affected zone (TMAZ) and 
heat affected zone (HAZ). According to the role of 
shoulder and pin in NZ formation, the NZ can be sub-
divided into three sub-zones; the shoulder-driven zone 
(SDZ), the pin-driven zone (PDZ), and the swirl zone 
(SWZ) as shown in Figure 8c [29–32]. Pin geometry 
doesn’t show noticeable influence on TMAZ spread out 
and shape. On the other hand, NZ and particularly PDZ 
have strong dependence on pin geometry. A compar-
atively large PDZ, with regular onion ring structures, a 
narrow SDZ and SWZ were observed. Onion ring shape 

in PDZ depends on welding parameters and pin design 
(Figure 7a–d). Furthermore, decreasing the welding 
speed for same rotation rate produces the finest 
spacing between rings. Different spacing between rings 
is related to the pin forward movement per revolution; 
i.e., at rotation rate of 750 rpm and welding speed of 
73 and 93 mm/min, tool moves 0.0973 and 0.1240 
mm/rev, respectively (Table 2). Relationship between 
pin movement per revolution and onion ring width, can 
be described as “intermittent” behavior which is rel-
ated to the pin geometry, particularly pin thread 
design. Similar observations and findings have been 
reported and suggested by other authors [33–35]. SDZ 
and SWZ are more or less pronounced, due to different 
welding parameters. For the same rotation rate PDZ 
becomes narrow as a welding speed is increased. How-
ever, influence of pin design on NZ and PDZ spread out 

 

Figure 6. Joints surface appearance. 

 

Figure 7. Macrostructure of welded joints. 
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and shape, welded under same rotation rate and weld-
ing speed, which means that the same R2/V pseudo 
heat index is obtained. Due to small differences in pin 
design, PDZ width for sample A and C also as B and D 
are different (Figure 8a). These imply that, during weld-
ing process, material flow around the pin is not the 
same. Mentioned behavior can be attributed to the 
heat input increasing as the welding speed is dec-
reasing, relative to the rotation rate, leading to an 
overall increase in width of the plastic zone. On Figure 
8b PDZ perimeter and area distribution are presented. 

Hardness distribution maps (Figure 9) were used to 
determine the weakest parts of joints in terms of dif-
ferent process parameters and tools. Also, these maps 

are plotted in an attempt to predict fracture locations 
of joints, according to manner that the fracture loc-
ation is a direct reflection of the weakest part of joint 
[15,36]. It can be determined that the low hardness 
zone (LHZ) was generally located at the TMAZ, rather 
on part of TMAZ near to the contact line between NZ 
and TMAZ. Low hardness is attributed to grain growth 
after recrystallization [37]. 

Average value of joint tensile properties and frac-
ture location under investigated welding parameters 
are given in Table 4. Ultimate tensile strength, UTS, of 
each joint is lower than that of base material. Elon-
gation of the joints is far lower than base material 
elongation, and its maximum is 7.5%. Under the cons-

Figure 8. a) PDZ average width; b) PDZ perimeter and area; c) measurement example and general location of PDZ, SDZ and SWZ. 

 

Figure 9. Hardness distribution map. 
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tant rotation rate of 750 rpm, for both tools, tensile 
strength sharply decreased when welding speed is inc-
reased. Lower tensile strength for same welding para-
meters (samples A and C and samples B and D) is a 
consequence only due to difference in tool pin geo- 
metry and resulting microstructures. Maximum UTS 

was obtained for sample A welded with tool 310 and 
10.27 R/V ratio, while minimum UTS were obtained for 
sample D welded with tool 310-O and 8.06 R/V ratio. 
Furthermore, when compare UTS of samples welded 
with same welding parameters and R/V ratio but with 
different tool (310 and 310-O), it is evident that 
samples welded with 310-O tool have 7.6 and 12.96% 
lower UTS. The results are similar in terms of elon-
gation. Samples welded with 310-O tool have 44 and 
28.2 % lower elongation then samples welded with 310 
tool. If we take into consideration of UTS and elon-
gation in terms of R/V ratio or pseudo heat index R

2/V, 
it is clearly that for same ratio actual generated energy 
is not same and they depend on pin design moreover 
as on welding parameters. Therefore, it can be 
assumed that small modification in tool design, par-
ticularly in pin geometry, can have great influence on 
weld formation and mechanical properties. Thus, this 
implies that overall joint quality show strong depen-
dence on combined effect of heat input and material 
flow states due to different welding parameters. 

The fracture location is very important for under-
standing and improving joint mechanical properties. 
According to the observed findings, specimen fracture 
is dominantly located on NZ/TMAZ interface at AS. In 
order to accurately determine tensile fracture location, 
the cross-sections of specimen were etched, as shown 

in Figure 10. These results are in good agreement with 
hardness distribution, confirming that fracture will 
occur at the weakest parts of joints. 

Three point bending test was carried out to exam-
ine the angle when first crack occurs. Forces when first 
crack occurs are also noted. The bending test includes 

bending around face (joint root are exposed to stretch-
ing) and around root (joint face are exposed to stretch-
ing). The results are shown in Figure 11. It can be seen 
that bending properties of joints are much lower than 
BM (Table 1). Most balanced results are obtain for 
sample A, welded with 310 tool. 

 

Figure 11. Bending tests results. 

 

Figure 10. Typical 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. 

Table 4. Tensile properties – average value 

Sample designation UTS / MPa A5 / % Joint efficiency, UTSFSW/UTSBM (%) Joint efficiency AFSW/ABM (%) 

A 395 7.5 82.2 41.4 

B 355 3.9 73.7 21.7 

C 365 4.2 75.9 23.2 

D 309 2.8 64.2 15.5 
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CONCLUSUION 

In this study combined effect of small modification 
of pin geometry, together with rotation and welding 
speed on the weldability, mechanical and structural 
properties of FSW 2024-T351 Al plates was inves-
tigated. In all cases, specimens were defect free, with 
good or acceptable fracture surface. Modification of 
pin geometry showed strong influence on macro 
structure and hardness distribution. Weak places are 
identified as low hardness positions close to nugget 
zone and are in good agreement with fracture position 
in tensile testing. Weld efficiency, as a measure of 
quality are better in case of 310 tool, while UTS values 
can differ up to 13% for the equal welding parameters. 
Therefore, it can be assumed that small modification in 
tool design, particularly in pin geometry, can have great 
influence on weld formation and mechanical pro-
perties. Sample A has shown the best properties.  
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IZVOD 

UTICAJ GEOMETRIJE TRNA ALATA NA MEHANIČKE I STRUKTURNE KARAKTERISTIKE SUČEONOG SPOJA 

ALUMINIJUMSKE LEGURE 2024-T351 ZAVARENOG POSTUPKOM FSW 

Igor Z. Radisavljević1, Aleksandar B. Živković2, Vencislav K. Grabulov3, Nenad A. Radović4 

1Vojnotehnički institut, Beograd, Srbija 
2GOŠA FOM, Smederevska Palanka, Srbija 
3Institut za ispitivanje materijala, Beograd, Srbija 
4Tehnološko-metalurški fakultet, Beograd, Srbija 

(Naučni rad) 

U radu je ispitavano kakav zajednički, kombinovani uticaj brzina rotacije alata,
brzina zavarivanja i mala promena u geometriji trna alata imaju na zavarljivost,
mehaničke i strukturne karakteristike sučeonog spoja Al legure 2024-T351 zava-
rene primenom FSW (zavarivanje trenjem alatom) postupka zavarivanja. Zavari-
vane su ploče dimenzija 260 mm×65 mm×6 mm. Ploče su pre zavarivanja mašinski
obrađene i kruto stegnute za potpornu ploču. Zavarivanje je izvedeno u pravcu
valjanja ploča, na alatnoj glodalici prilagođenoj postupku FSW. Dužina svakog
zavarenog spoja iznosila je oko 210 mm. Korišćena su dva alata sa veoma slično 
profilisanim trnovima. Razlika u dizajnu trna alata je u obliku zavojnice, normalna
(klasična) kod alata oznake 310 odnosno zaobljena za alat 310-O. Zavarivanje je 
izvedeno pri brzini rotacije alata od 750 o/min i brzinama zavarivanja 73 i 93 
mm/min. Ukupno su zavarene četiri kombinacije spojeva. U svim slučajevima
dobijen je zavareni spoj bez prisustva grešaka, sa glatkom odnosno delimično
hrapavom površinom zavara. Prisutne su tri različite oblasti u spoju – grumen, 
zona termomehaničkog uticaja i zona uticaja toplote. Promene u dizajnu trna
alata imaju znatnog uticaja na makrostrukturu spoja i raspodelu tvrdoće kroz spoj.
Mapiranjem spoja, na osnovu raspodele tvrdoće, određene su oblasti sa najnižim
vrednostima tvrdoće a nalaze se u neposrednoj blizini grumena, tačnije na liniji
dodira grumena i zone termomehaničkog uticaja. Položaj oblasti najmanje tvrdoće
je u saglasnosti sa mestom preloma zateznih epruveta. Efikasnost spoja, kao
ocena kvaliteta spoja, je veća kod spojeva zavarenih alatom 310. U zavisnosti od
alata, pri istim parametrima zavarivanja dobijene su različite vrednosti zateznih
čvrstoća a razlika iznosi do 13%. Pokazano je da mala modifikacija u dizajnu trna
alata ima velikog uticaja na formiranje spoja i njegove mehaničke karakteristike.

  Ključne reči: Zavarivanje trenjem alatom
• Geometrija trna alata • Kvalitet spoja •
Al legura 2024 • Uneta toplota 

 


