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In the paper, the influence of tool shoulder geometries on the mechanical properties and weld surface roughness of an Al-Mg
alloy was studied. Different types of tools were used: with straight and concave profiles. Three concave-shoulder types were
applied, with volume ratios of 0.5 and 0.9 of the square pin to the shoulder reservoir and one with three concentric semi-toroidal
reservoirs with a volume ratio of 0.5 of the pin to the shoulder reservoir. The tensile and bend properties, hardness profiles and
macro-features of welds were examined. It was found that the optimum tensile and bending properties were obtained when
applying the tool with concentric reservoirs and the lowest welding speed. In this way, the widest nugget zone at the plate axis is
obtained, as well as the thickest nugget-zone layer under the specimen surface, covering the thermomechanical and
heat-affected zones. The overlapping of the nugget zone with the thermomechanical and heat-affected zones enables higher
proof and ultimate tensile strengths compared to the base material. The surface-roughness parameters of the weld face are lower
for the specimens welded with the tools with reservoirs and considerably lower than the base-material edge-surface roughness.
Keywords: friction-stir welding, 5052 aluminum alloy, FSW parameters, joint properties, surface roughness

V ~lanku je prikazana raziskava vpliva geometrije boka orodja na mehanske lastnosti in hrapavost povr{ine zvara Al-Mg zlitine.
Uporabljeni sta bili orodji z ravnim in konkavnim profilom. Uporabljene so bile tri vrste konkavnih bokov, z razmerjem
volumna 0,5 in 0,9 bo~nega rezervoarja ter kvadratne konice in eden s tremi poltoroidnimi koncentri~nimi rezervoarji, z
razmerjem volumnov 0,5 konica-bok. Preiskovane so bile natezne in upogibne lastnosti, profili trdote in makro izgled zvarov.
Ugotovljeno je, da so bile optimalne natezne in upogibne lastnosti dobljene pri uporabi orodja s koncentri~nimi rezervoarji pri
najmanj{i hitrosti varjenja. Na ta na~in se dose`e naj{ir{e podro~je me{anja pod povr{ino vzorca, ki pokriva termomehansko in
toplotno vplivano podro~je. Prekrivanje podro~ja me{anja s termomehanskim in toplotno vplivanim podro~jem, omogo~a vi{jo
mejo plasti~nosti in vi{jo natezno trdnost, v primerjavi z osnovnim materialom. Parametri povr{inske hrapavosti ~ela zvara so
manj{i pri vzorcih zvarjenih z orodji z rezervoarji in so ob~utno ni`ji, kot je osnovna hrapavost roba materiala.
Klju~ne besede: torno vrtilno varjenje, aluminijeva zlitina 5052, parametri FSW, lastnosti spoja, hrapavost povr{ine

1 INTRODUCTION

Friction-stir welding (FSW) is a solid-state metal-
joining process that uses a specialized non-consumable
rotating tool to join work pieces.1 It has been shown that
FSW is a suitable welding method for joining the materi-
als difficult to join using conventional welding tech-
niques. The most notable are aluminium-zinc-magne-
sium and aluminium-copper heat-treated allyos.2–7

Furthermore, Mg–alloys and dissimilar materials have
been successfully welded by FSW.8–13 The main advan-
tages of FSW are related to the fact that no melting oc-
curs and, therefore, gas porosity is avoided. Also, no dis-
tortion occurs and no shielding gases or welding
consumable materials are needed, leading to a relatively
low energy input.14 A decisive influence on the weld per-
formance comes from the welding tool and the parame-
ters such as welding and rotational speeds, as well as the
tilt angle, etc. On the other hand, the FSW tool geometry

can be related to the pin and shoulder geometry and the
relation between the pin and shoulder size.

The tool has three primary functions: heating,
material movement and containment of the heated
material between the tool shoulder and the base
plate.15–16 The tool pin influences deformational and
frictional heating, as well as shearing the material in
front of and moving the material behind the tool.17–20 The
geometry of the FSW tool pin can vary considerably:
round and flat-bottom cylindrical or threaded pins were
found to be adequate for aluminium-alloy plates of up to
12 mm.17 Truncated cone pins were developed to weld
plates thicker than 12 mm at higher welding speeds,
while fluted pins add deformation to the weld line,
increasing the possible welding speeds even further.15

Polygonal pins offer 12–25 % reduced traversing and
forging forces at a comparable strength as fluted pins.21

However, thin metallic plates were reported to be welded
with pinless tools as well.22
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The shoulder of FSW tools influences a number of
weld features: from the most basic ones such as the weld
appearance and roughness, to microstructural character-
istics influencing the weld strength.23–25 These features
are obtained through the forging action aimed at a proper
containment and consolidation of the base material.25 A
number of shoulder designs emerged. The most basic
shoulder type is straight in the profile, without any cur-
vature. However, now the most common type is the con-
cave shoulder of a certain volume (reservoir), usually re-
quiring tilting of the tool by 2–4°.

Both mentioned types of shoulder enable a relatively
simple fabrication and cleaning after the welding pro-
cess.14–15,19 An alternative is a shoulder with features such
as scrolls, ridges or concentric circles, generally aimed at
increasing the welding speed, the deformation and the
frictional heating.15,26–28 Convex shoulder tools with
scrolls are characterized with an improved ability to
weld curvatures, base material with mismatch tolerances
and different-thickness workpieces.15 Finally, the fric-
tion-stir spot welding (FSSW) of polymers can be used
with a one-piece tool or a tool with a pin and a sleeve to
allow dissimilar polymers to be mixed in lap joints.29–30

Another variable is the tool material, which is tai-
lored to the material to be welded. Aluminium and mag-
nesium alloys can be welded using tool steels, most typi-
cally hot-work tool steel such as H13. However, copper
and copper alloys demand the use of nickel- or tung-
sten-alloy tools, while steel welding is most often done
with polycrystalline cubic boron-nitride (PCBN) or tung-
sten-carbide (WC) material.15

The aim of this paper is to study the influence of dif-
ferent shoulder geometries on mechanical and weld-sur-
face properties. Namely, regardless of what type of
shoulder geometry is applied, a careful optimization of
welding parameters is needed to obtain adequate me-
chanical properties as well as an acceptable weld-face
surface roughness, since rough weld tracks most often
require rework.23 Therefore, the machining of quality
weld tracks is desirable and can be achieved with an effi-
cient FSW tool that combines this outcome with high
mechanical properties, without the need for a tool tilt,
improving the tool life and used on a relatively rough
edge-surface textures of plates.

2 EXPERIMENTAL WORK

In this paper, the base material consisted of Al-Mg
EN-AW5052-0 plates of 5 mm. The chemical composi-
tion of the aluminium alloy determined with an optical
emission spectrometer ARL 3580 is given in Table 1.
The mechanical properties of the workpiece material,
tested with a WPM ZDM 5/91 tensile-testing machine,
on the basis of three specimens, are given in Table 2.

The plates were machined to dimensions of 300 mm
× 65 mm, with the average roughness of the edge to be
welded of Ra = 7.67 μm and the maximum peak rough-

ness (Rz) of 29.8 μm, corresponding to the sawing
process.31 The samples were tightly placed into a steel
fixture into a 130-mm-wide groove and secured by
clamps. The fixture was fitted onto an adapted Prvo-
majska UHG universal milling machine with a power of
5.2 kW. The tool used was made of X38CrMoV5-1
(H11) hot-work tool steel, having had its chemical
composition tested with an ARL 2460 optical emission
spectrometer, as given in Table 3. The hardness of all the
FSW tools was 53 HRC, as measured with a WPM
HPO-250 device. Four different tool geometries were
used, all with four-sided pins of equal dimensions,
Figure 1. It can be seen that three basic geometries were
used: a straight profile without a reservoir (0-type), two
concave shoulders with shoulder-to-pin ratios of 0.5 and
0.9 (5- and 9-type) and a feature shoulder with three con-
centric circles and the overall volume-to-pin ratio of 0.5
(53-type tool). FSW was done without a tool tilt, with a
rotational speed of 925 min–1 and three welding speeds,
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Table 1: Chemical composition of EN-AW 5052 aluminium alloy (in
mass fractions, w/%)
Tabela 1: Kemijska sestava aluminijeve zlitine EN-AW 5052 (v
masnih odstotkih, w/%)

Cu Mn Mg Si Fe Zn Ti Al
0.09 0.09 2.78 0.24 0.38 0.046 0.015 balance

Table 2: Mechanical properties of EN-AW 5052-0
Tabela 2: Mehanske lastnosti EN-AW 5052-0

Proof strength
RpBM (MPa)

Ultimate ten-
sile strength
RmBM (MPa)

Elongation
ABM (%)

Vickers hard-
ness number

HV5
124±10 193±3 22±1 60±1

Table 3: Chemical composition of X38CrMoV5-1 tool steel (in mass
fractions, w/%)
Tabela 3: Kemijska sestava orodnega jekla X38CrMoV5-1 (v masnih
odstotkih, w/%)

C Si Mn P S Cr Mo V Fe
0.37 1.01 0.38 0.017 0.0005 4.85 1.23 0.32 balance

Table 4: Specimen-group designation system
Tabela 4: Sistem ozna~evanja vzorcev

Shoulder
cavity/pin

volume
ratio

Number of
shoulder
cavities

Area of the
shoulder surface

parallel to the
base metal (mm2)

Tool
designation

Welding
speed

(mm/min)

Specimen
group

designation

0 0
374 0

17 01
0 0 46 04
0 0 91 09

0.5 1
163 5

17 51
0.5 1 46 54
0.5 1 91 59
0.5 3

226 53
17 531

0.5 3 46 534
0.5 3 91 539
0.9 1

163 9
17 91

0.9 1 46 93
0.9 1 91 99



(17, 46 and 91) mm/min. Therefore, a designation sys-
tem was devised, Table 4. The plunge depth of tool
shoulder was 0.3 mm for all the FSW specimens.

The properties of the FSW workpieces were
determined with tensile, bending, hardness testing and
metallographic examination. The tensile and bending
testing was determined with the WPM ZDM 5/91 testing
machine, according to the EN 895 and EN 910
standards, respectively. Hardness was determined with a
VEB HPO-250 Vickers testing machine, with a 5-kg
load. The hardness measurements were done at a 1.5-mm
distance between the indentations to obtain the hardness
profiles. The metallographic examinations were done
after the standard metallographic preparation: grinding
with sandpapers (grit 220 to 2000), polishing with
diamond suspensions (6, 3, 1 and ¼ μm abrasive-grain
sizes) and etching with Keller’s reagent (2 mL HF, 3 mL
HCl, 5 mL HNO3, 190 mL H2O). The obtained metallo-
graphic specimens were then examined with a Leitz
Orthoplan light microscope.

Roughness parameters including the average rough-
ness (Ra), ten-point mean roughness (Ry) and the maxi-
mum peak roughness (Rz) were determined with a
Mitutoyo SJ-301 surface-roughness tester.

3 RESULTS

3.1 Mechanical properties

The results of the tensile and bend testing are shown
in Table 5. The tool design, that is, the tool-shoulder
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Table 5: Tensile properties and standard deviations, joint efficiencies, fracture locations and angles of bend to the first crack
Tabela 5: Natezne lastnosti in standardni odkloni, u~inkovitost spojev, polo`aj poru{itev in koti pri upogibanju do prve razpoke

Rp
(MPa)

Rm
(MPa)

A
(%)

Joint efficiency Number of
fractures ×

side of
fracture

Number of
fractures ×

fracture location

Angle of
bend to the
first crack-
weld root

(o)*

Angle of bend
to the first
crack-weld
face (o)*

RpFSW/
RpBM

100 (%)

RmFSW/
Rm BM

100 (%)

AFSW/
ABM

100 (%)

01 125±20 171±39 6±2 101 89 27 3×AS 2×NZ/TMAZ
1×TMAZ/HAZ 22 (180)

04 134±8 182±22 10±2 108 94 45 3×AS 2×TMAZ/HAZ
1×NZ/TMAZ 23 (180)

09 125±8 153±10 4±3 102 80 18 3×AS 3×NZ/TMAZ 17 (180)

51 147±8 191±3 10±2 125 103 45 2×AS
1×RS 3×TMAZ/HAZ 26 (180)

54 138±15 160±14 7±2 111 83 32 3×AS 3×NZ/TMAZ 16 (180)
59 120±24 146±23 6±3 97 76 27 3×AS 3×NZ/TMAZ 12 (180)

531 160±2 198±5 13±2 129 103 59 3×RS
1×AS

2×TMAZ/HAZ
1×NZ/TMAZ (180) (180)

534 155±5 196±7 10±3 125 102 45 2×AS
1×RS 3×TMAZ/HAZ 55 (180)

539 125±3 153±7 7±3 101 80 32 3×AS 2×TMAZ/HAZ
1×NZ 18 (180)

91 154±7 198±3 12±3 118 99 55 2×AS
1×RS

2×TMAZ/HAZ
1×NZ/TMAZ 66 (180)

94 128±26 151±44 7±3 103 79 32 3×AS 2×NZ/TMAZ
1×TMAZ/HAZ 17 (180)

99 123±11 143±29 6±3 99 74 27 3×RS 3×NZ/TMAZ 7 (180)

*Numbers in parentheses indicate that the cracking did not occur until the test was completed (until 180°)
*[tevila v oklepajih ka`ejo, da ni pri{lo do razpok, dokler ni bil test zaklju~en (pri 180°)

Figure 1: FSW tools: a) straight profile without a reservoir (0-type),
b) concave shoulder with the shoulder-to-pin volume ratio of 0.5
(5-type), c) feature shoulder with three concentric circles with the
overall-volume-to-pin ratio of 0.5 (53-type) and d) concave shoulder
with the shoulder-to-pin volume ratio of 0.5 (9-type) 0.9
Slika 1: FSW orodja: a) raven profil brez hranilnika (0-vrsta), b)
konkaven bok z razmerjem volumna na boku in konici 0,5 (5-vrsta), c)
oblikovan bok s tremi koncentri~nimi krogi z razmerjem skupni
volumen-konica 0,5 (53-vrsta) in d) konkavni bok z razmerjem
volumnov bok-konica 0,5 (9-vrsta) 0,9



geometry clearly influences the tensile properties. The
lowest values were obtained with the 0-type tool,
followed by the 9-type tool, the 5-type tool and, finally,
the highest mechanical properties were obtained with the
5- and 53-type tools. Furthermore, a clear correlation
exists between the welding speed and the tensile pro-
perties for the 5-, 53- and 9-type tools. At lower welding
speeds, the proof and tensile strengths, as well as the
elongation increase. In the case of the 0-type tool, the
highest tensile properties were achieved with a welding
speed of 46 mm/min. The same trend can be observed
for joint efficiencies, which are related to the base-
material tensile properties. Thus, the highest joint
efficiencies were obtained with the 531 specimen group

(129 % proof-strength efficiency, 103 % ultimate-ten-
sile-strength efficiency and 59 % elongation efficiency),
followed by the 534 and 91 specimen groups. The lowest
efficiencies were achieved with the 01, 09 and 99
specimen groups.

No clear influence of the welding speed on the
tensile-property standard deviation can be observed.
However, comparing the specimen groups obtained with
different tools, a clear trend can be seen: the highest
standard deviations were achieved with the straight
profile shoulder (the 0-type tool; 01, 04, 09 specimen
groups), while the lowest deviation was obtained with
the three-circular-groove tool (the 53-type tool; 531, 534,
539 specimen groups). For the 0-type tool, the general
trend shows a reduction in the standard deviations with
an increase in the welding speed. An opposite trend can
be observed with the 5-type tool. In the cases of the 53-
and 9-type tools, no clear correlation between the
standard deviation and the welding speed can be made.
Furthermore, no clear correlation between the tool
shoulder design, the welding speed or the tensile/bend
properties, and the side of fracture or the fracture
location can be observed.

The fracture location for all the specimen groups is
either in NZ/TMAZ (nugget zone/thermomechanical
zone) or TMAZ/HAZ (thermomechanical zone/heat
affected zone), with only one NZ fracture. The more
frequent side of fracture was the advancing side (AS), in
contrast to the retreating side (RS). Some cases of the
fracture during the tension test are shown in Figure 2.

Angles of bend to the first crack can be positively
correlated to tensile properties. Namely, as the tensile
properties are higher, the angle of the first crack in the
weld root is also higher. In the case of 531, the specimen
was bent to 180 o without cracking in the weld root. No
cracking occurred in either specimen weld face. Some
cases of bend testing are shown in Figure 3.

Hardness profiles are shown in Figure 4. All the
hardness profiles have a similar general shape, with the
maximum attained hardness values at the middle of the
chart, that is, in the NZ. However, some clear trends can
be observed for all the specimen groups welded with the
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Figure 3: Bending to the first crack: a) specimen 04, b) specimen 531
Slika 3: Upogibanje do prve razpoke: a) vzorec 04, b) vzorec 531

Figure 2: Fracture locations for tensile specimens: a) NZ on RS
(specimen 539), b) NZ/TMAZ on AS (specimen 54)
Slika 2: Polo`aja preloma pri nateznem preizku{ancu: a) NZ na RS
(vzorec 539), b) NZ/TMAZ na AS (vzorec 54)



same FSW tool. Firstly, the hardness in the NZ is higher
for the specimens welded at higher welding speeds. Sec-
ondly, an increase in the welding speed causes a drop in
the hardness values for the TMAZ and HAZ zones (ap-
proximately 3–10 mm on either side of the NZ).

3.2 Metallographic examinations

The results of the metallographic examinations of the
representative specimens obtained with the 5- and

53-type tools are shown in Figures 5 and 6. It can be
seen that multiple relatively small, tunnel-like defects
occur in Specimen 51, Figure 5a. However, in Speci-
mens 54 and 59, single larger tunnel-like defects appear
at the bottom section of the NZ, on the advancing side.
Also, by increasing the welding speed, a more pro-
nounced tunnelling occurs. A similar trend of the
increasing defect size can be seen in Figure 6, relating to
the specimens welded with the 53-type tool. In Specimen
531, welded at the lowest welding speed, no tunnel-like
defect occurs, while in Specimens 534 and 53,
small-sized closed and open tunnels (root defects) occur.

The variation in the welding speed causes a change in
the transition line between NZ and TMAZ on the
advancing and retreating sides. This becomes closer to a
vertical (normal to the specimen surface) as the welding
speed increases. This means that the thickness of the
refined zone under the specimen surface is higher in the
specimens treated at a lower welding speed.

The macrostructures of the HAZ and TMAZ zones
also vary depending on the type of tool used, as well as
the welding speed. In Figure 5, for the 5-type tool, the
lowest and the highest welding speeds of 17 and 91
mm/min result in a finer microstructure. The same can
be observed for Specimen 534, welded with the 53-type
tool at the medium welding speed, Figure 6.

3.3 Roughness of the weld face

Roughness parameters of the FSW weld faces are
given in Table 6. It can be seen that the obtained results
are generally lower than those for the edges of the base
material (Ra = 7.67 μm; Rz = 29.8 μm). The highest
surface roughness is obtained with the 0-type tool
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Figure 6: Macrographs of specimens welded with 53-type tool (rota-
tional speed of 925 min–1): a) specimen 531 (17 mm/min welding
speed), b) specimen 534 (46 mm/min), c) specimen 539 (91 mm/min)
Slika 6: Makroposnetki vzorcev zvarjenih z orodjem vrste 53 (hitrost
vrtenja 925 min–1): a) vzorec 531 (hitrost varjenja 17 mm/min), b)
vzorec 534 (46 mm/min), c) vzorec 539 (91 mm/min)

Figure 4: Hardness profiles of specimens welded with a tool rota-
tional speed of 925 min–1: a) 0-type tool, b) 5-type tool, c) 53-type
tool, d) 9-type tool (welding speeds are indicated by different lines,
shown in Figure 4d)
Slika 4: Profili trdote vzorcev zvarjenih s hitrostjo vrtenja 925 min–1:
a) 0 – vrsta orodja, b) 5 – vrsta orodja, c) 53 – vrsta orodja, d) 9 –
vrsta orodja (hitrosti varjenja so prikazane z razli~nimi linijami,
obrazlo`enimi na Sliki 4d)

Figure 5: Macrographs of specimens welded with 5-type tool (rota-
tional speed of 925 min–1): a) specimen 51 (welding speed of 17
mm/min), b) specimen 54 (46 mm/min), c) specimen 59 (91 mm/min)
Slika 5: Makroposnetki vzorcev zvarjenih z orodjem vrste 5 (hitrost
vrtenja 925 min–1): a) vzorec 51 (hitrost varjenja 17 mm/min), b) vzo-
rec 54 (46 mm/min), c) vzorec 59 (91 mm/min)



without a reservoir in the shoulder, followed by the
53-type tool and 5-type tool, while the lowest roughness
was achieved with the 9-type tool with the largest
reservoir. No clear correlation between the roughness
parameters and the welding speed can be observed.

4 DISCUSSION

In this paper, the influence of the shoulder configura-
tion of the FSW tool with a square pin was evaluated in
relation to the weld tensile, bend and hardness pro-
perties, macro-analysis and the surface roughness of the
weld faces of the Al5052 plates with a high edge rough-
ness.

The tensile/bending properties and macro-imaging
are well correlated. Tunnel and root defects have a
considerable influence on the weld properties, causing a
decrease in the weld proof strengths, tensile strengths,
elongations, corresponding efficiencies, as well as the
bending angles to the first crack. Therefore, tunnel-free
specimens had the highest mechanical properties and the
corresponding weld efficiencies.

Such results can be explained with the nature of the
square-pin-tool interaction with the surrounding material
at various welding speeds. At a constant rotational speed,
a relatively low welding speed causes an increase in the
stirring-impulse frequency at a given weld length, lead-
ing to a more effective weld filling and defect avoidance.
These results support the findings from reference20,
where a similar, relatively low welding speed was
applied for FSW, with a square pin tool, of an Al-alloy-
based metal-matrix composite reinforced with TiB2

particles. Furthermore, in reference32, where the influ-
ence of a tunnelling-type defect on the mechanical and
metallurgical properties of an Al-Mg alloy was studied, a
low welding speed was more effective than high welding
speeds, even with the tools having concave shoulders
with large reservoirs. Furthermore, a similar finding was
reported by Balos and Sidjanin in reference32, where a
three-sided pin and an unusually large reservoir were
used to promote the appearance of a tunnel-like defect.
In reference32, the highest mechanical properties were
obtained with the lowest welding speed (17 mm/min)
and the highest rotational speed (1230 min–1). The theory
that refers to the frequency of impulse stirring at a given
weld length is in a marked contrast to the findings of
I. Radisavljevic et al.33, who reported that the avoidance
of a tunnel-like defect depends on the ratio of the
rotation to the welding speed, but with the application of
a threaded-pin tool.

Two specimens welded at the lowest speed, 01 and
51, also developed a tunnel-like defect. This phenome-
non is the result of the tool-shoulder geometry and,
therefore, its influence on the material flow. A
straight-profile pin without a reservoir (the 0-type tool)
provides lower mechanical properties than the 5-type
tool, Table 5, indicating that even a relatively small

reservoir provides a more convenient material flow. This
allows the material to move not only perpendicularly to
the tool axis, as forced by the pin, but also parallelly to
the tool axis, making the tunnel-like defect smaller (the
5-type tool) or eliminating it at a lower welding speed
(the 53- and 9-type tools).

The welding speed also has a marked influence on
the hardness of NZ. It can be seen that the increase in the
welding speed causes a rise in the hardness of NZ for all
the specimen groups. This is the result of the added de-
formation that comes from the increased welding speed
due to the pushing action of the pin while passing
through the material. On the other hand, NZs of the
specimens welded at a lower welding speed are wider
compared to the ones of the specimens welded at a
higher welding speed. The hardness values of the TMAZ
and HAZ zones vary; however, for the majority of the
specimens (welded with the 0-, 5- and 9-type tools), a
lower welding speed results in a higher average hardness
compared to the medium and high welding speeds. This
means that the welding speed of 17 mm/min enables
lower hardness variations throughout the weld. These
results are supported by the macrographs of the welds,
where a change in the NZ is observed.

With the increase in the welding speed, the NZ to
TMAZ transition line, at the advancing side, becomes
closer to a vertical (normal to the specimen surface),
while, at the retreating side, the NZ to TMAZ transition
line gradually diminishes. This observation is supported
by the hardness measurements, which suggest that the
hardness drops more gradually in TMAZ at RS than in
AS. The reason for such results is difficult to determine,
but the major influence may come from the tool-shoulder
geometry, which influences the material flow, causing a
higher amplitude and lower frequency for the specimens
welded with the 5-type tool or a lower amplitude and
higher frequency for the specimens welded with the
53-type tool. Furthermore, this also influences the thick-
ness of the NZ under the specimen surface. Namely, a
thicker refined NZ under the specimen surface and over
the TMAZ and HAZ zones can have a beneficial effect
on the mechanical properties. This elongated layer can
be regarded as very important for achieving higher proof
strength and ultimate tensile strength than those of the
base metal.

The results for the weld face roughness strongly de-
pend on the shoulder contact area and the angle of the
shoulder contact surface with the reservoir. It can be seen
that the 5- and 9-type tool-shoulder contact areas are
equal. This implies that a larger angle found for the
9-type-tool outer/external portion of the reservoir has a
beneficial influence on the surface-profile finishing,
preventing excessive adhesion of the base metal to the
tool material. On the other hand, for the 0-type tool, a
larger contact area (374 versus 163 mm2) proved to have
an adverse effect, probably due to the adhesion of the
base material. For the 53-type tool, a larger angle of the
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concentric reservoirs has a secondary importance com-
pared to a larger contact area (226 versus 163 mm2) and
the existence of the secondary, tertiary and quaternary
contacts between the tool shoulder and the base material
that have a negative effect on the roughness parameters.
According to the results shown in Table 6, there is no
firm correlation between the roughness parameters and
the welding speed.

Table 6: Roughness parameters obtained with different tools and FSW
speeds
Tabela 6: Parametri hrapavosti, dobljeni z razli~nimi orodji in pri
razli~nih hitrostih FSW

Ra (μm) Ry (μm) Rz (μm)
01 3.24 32.13 21.64
04 2.41 14.51 17.33
09 4.17 20.85 26.14
51 2.48 15.27 13.10
54 1.35 12.69 8.05
59 2.05 10.40 8.94

531 1.46 12.78 8.29
534 2.51 18.30 14.07
539 2.02 12.90 11.59
91 1.95 16.84 12.89
94 1.14 10.94 6.46
99 1.11 7.32 5.84

5 CONCLUSIONS

According to the presented results, some conclusions
can be drawn:

• The tool with a square pin and three concave reser-
voirs, with a reservoir-to-pin volume ratio of 0.5
enables proof and ultimate tensile strengths to sur-
pass those of the base metal. The main reason for
such mechanical properties is the characteristic shape
of NZ that overlaps with TMAZ and HAZ.

• The welding speed of 17 mm/min enables the avoi-
dance of the tunnel-like defect. This way, a full 180°
bending over the weld root can be achieved.

• Low welding speeds are needed for achieving an in-
crease in the stirring-impulse frequency at a given
weld length. This enables a more effective weld
filling and defect avoidance.

• Weld surface-roughness parameters are considerably
lower for the specimens welded with the tools with
reservoirs than with the tools without a reservoir.

• A relatively rough edge-surface texture of the base-
metal specimens can be successfully overcome with a
careful optimization of the tool geometry and
welding speed, providing higher proof and ultimate
tensile strengths compared to the base metal.
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