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Abstract: One of the important parameters influencing the formation of a weld during friction stir welding is the tool
geometry, which affects the processes of heat generation and stirring of metals in their connection zone. These processes
influence the formation of a high quality and strength welded joint without continuity defects. In this regard, it is relevant
to analyze the influence of tool geometry on the welding mode parameters, at which the welded joint is formed without
continuity defects, as well as on the welded joint strength under static tension. The work considers the influence of
the cylindrical and conical shapes of the tool pin, as well as the conical shape of the pin with a thread on its outer surface
and a spiral groove on the end surface of the tool shoulder on the welding mode parameters, at which the welded joint is
formed without continuity defects. The study shows that changing the shape of the pin working surface from cylindrical to
a conical one had no effect on the range of welding mode parameters, at which the welded joint is formed without continuity
defects. It has been found that the presence of a thread on the pin outer surface and a groove on the end surface of a tool
shoulder allows producing welded joints without continuity defects in a wider range of welding mode parameters com-
pared to a simpler tool geometry. The macrostructure of the resulting welded joints was considered. It has been found that
the studied tool geometry has almost no influence on the maximum strength values of welded joints produced by friction

stir welding and reaches 95 % of the strength of the base metal.
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INTRODUCTION

One of the modern advanced methods of joining metals
is friction stir welding (FSW). Welding is performed with-
out melting the materials being joined, which means
the absence of defects in the joint that are characteristic of
arc welding methods. High strength of the welded joint — up
to 90-95 % of the base metal strength is ensured [1; 2], and
the resulting welded joints are characterized by minimal
deformations.

It is known that the tool geometry has a significant
influence on the processes of plastic deformation and
stirring of the metal, the formation of the structure,
the processes of heat release in the welding zone, and
the mechanical properties of the welded joint [3—5]. It
plays an important role in the formation of a high-quality
welded joint without defects.

Currently, tool geometry is characterized by a wide va-
riety [6—8]. The tool consists of two main elements: a pin
and a shoulder; both are involved in the process of stirring
the metal [3], and have a strong influence on the flow of
metal during the welding process [9].

The tool pin is mainly responsible for the direction of
the plasticized material flow during welding, the trajectory
of which is quite complex [10]. The geometric shape of
the tool pin has a significant impact on the processes of

heat release in the metal joining zone, and the amount of
heat, in turn, affects the structure of a weld, the width of
the heat-affected zone, and the quality of a welded joint.
In addition, the shape of the tool pin affects the strength of
a weld [11]. The pin, in most cases, has a cylindrical or
conical surface. When using a pin with a conical surface,
the cone angle, as a rule, does not exceed 20°, which is
associated with a decrease in tensile strength and elonga-
tion at large angles. The pin conical surface may have
grooves, threads, and other elements, controlling the plas-
ticized material flow. The use of a conical pin with
a thread ensures better stirring of the metal [12; 13]. Stir-
ring the metal several times, before its deposition, helps to
remove pores and destroy oxides.

It has been found that the presence of a thread on a pin
causes a slight increase in temperature, near the pin, and
enhances the flow and mixing of metal [14]. The pin diame-
ter, as a rule, is comparable to the thickness of the samples
to be connected, and its length is tenths of a millimeter less
than the thickness of the metal. The end of a pin is usually
flat or spherical. The former is easier to manufacture, while
the latter provides less tool wear.

The shape of the tool shoulder can be flat, concave or
convex. The shoulder end surface can be smooth or with
notches, grooves and other elements. The presence of vari-
ous projections on the tool shoulder surface, such as a spiral
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groove, contributes to better stirring of the metal. The tool
shoulder, along with the pin, provides the necessary heat
generation in the zone of its friction with the parts to be
welded. Moreover, it provides compaction of the metal and
its forging during the welding process.

When selecting tool sizes, it is important to choose
the ratio of the shoulder diameter to the tool pin diameter.
This ratio plays an important role in the heat release as well
as in the stirring of the metal during welding. According to
works [15; 16], it is recommended to choose this ratio
around 3:1. In this case, better grain refinement and high
joint strength are ensured.

In the work [17], using the example of welded joints
made of AA5083 aluminum alloy it is shown that the roll-
ing direction influences the strength characteristics of
the resulting welded joint. It is necessary to consider this
fact when producing welded joints by FSW.

One of the important parameters of welding is the pro-
ductivity of the process, which can be raised by increasing
the welding speed. However, it is not always possible to
increase the welding speed, and hereby to ensure a welded
joint without continuity defects in the joint zone. Therefore,
it is necessary to know whether increasing the complexity
of the tool geometry allows expanding the range of parame-
ters of the welding mode, which ensures the production of
a welded joint without continuity defects, and whether it is
possible to increase the welding speed. Note that during
FSW, the welding speed and tool rotation frequency are
interrelated. As a rule, when increasing the welding speed,
it is necessary to adjust the tool rotation speed. These pa-
rameters directly affect the heat release processes in
the metal joining zone. Insufficient or excessive heat gene-
ration in the welding zone can lead to defects.

In the literature, there is a significant number of
works studying the influence of tool geometry on the pro-
duction of a welded joint from the AA5083 aluminum
alloy. In most cases, minor changes in process parame-
ters (typically tool rotation speed and welding speed) are
considered for this material. The depth of tool penetra-
tion into the sample is often assumed as a constant value,

although it has a significant impact on the process of
forming a welded joint. Therefore, it is of interest to
study the influence of different tool geometry shapes on
the welding mode parameters, at different depths of tool
penetration into the sample.

The purpose of this work is to study the influence of
tool geometry on the welding mode parameters, ensuring
the absence of continuity defects in the metal joining zone,
and on the strength of the welded joint under static tension.

METHODS

To carry out experimental studies on FSW, sheets of
AA5083 aluminum alloy with a thickness of 5 mm were
used, butt welding was performed. Tool geometric parame-
ters: pin diameter at the base was 6.5 mm, shoulder diame-
ter was 18.5 mm, and pin length was 4.75 mm. The pin end
surface was rounded. The cone angle of the pin surface was
20°. The tool was made of H13 alloy steel, GOST 5950-
2000, and hardened at a temperature of 1020 °C, and then
tempered at a temperature of 500 °C. The hardness of
the working surface of the tool was 53...57 HRC.

Three types of instruments were used during
the study (Fig. 1).

Welding was performed on a FSS-400R vertical milling
machine (Belarus), the spindle of which has the ability to
rotate relative to the vertical axis at an angle of +45°. The
angle of tool inclination to the vertical was constant and
amounted to 2°. The rotation frequency and welding speed
were changed discretely. Welding of the samples was car-
ried out on a substrate in the form of a Steel 20 sheet, with
a thickness of 10 mm. The rolling direction for all samples
was the same, and was chosen perpendicular to the weld.
The edges of the surfaces to be joined were milled and de-
greased with acetone before welding. The welding mode
parameters (Table 1) were considered in a wide range and
were selected taking into account the capabilities of
the equipment used at different values of tool shoulder pe-
netration into the sample. The depth of shoulder penetration
into the sample was in the range of 0.05...0.4 mm.

Fig. 1. Geometry of a tool for friction stir welding:
a — tool with a cylindrical shape of the pin; b — tool with a conical shape of the pin;
¢ — tool with a conical shape of the pin with a thread and a groove on the end surface of the tool shoulder
Puc. 1. I'eomempuueckue ghopmor uncmpymenma onss CTII:
a — UHCIMPYMEHM C YUAUHOPUYECKOU YopMOtl nuHa; b — uHCMpyMeHm ¢ KOHUYeCKoU hopmotl nuHaA;
€ — UHCMPYMEHN ¢ KOHUYECKOU (hopMOtl nuHA ¢ pe3b0oil U KAHABKOU HA MOPYEBOl NOBEPXHOCU 3AN1eUUKA
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Static tensile tests of welded samples were carried out
on an IR 5092-100 universal tensile testing machine (Rus-
sia). The dimensions of the samples are shown in Fig. 2.
At least three samples were prepared for testing in the same
mode. Fig. 3 shows the examples of samples for static ten-
sile tests.

RESULTS

After conducting experimental studies in the selected
range of welding mode parameters, the appearance of
the welded joints was examined, and macrosections of the

cross sections of the welded samples were made to identify
possible continuity defects.

Analysis of macrosections showed that when welding
samples with tools with cylindrical and conical pin surfaces
(Fig. 1 a, 1b), a welded joint without continuity defects
was produced under the following welding modes: tool
rotation speed 450-560 rpm, welding speed 31.5—
50 mm/min, depth of tool shoulder penetration into
the sample 0.05-0.4 mm. One should note that at a tool
rotation speed of 710 rpm, a welding speed of 50 mm/min,
and a depth of tool shoulder penetration into the part from
0.1...0.15 to 0.4 mm, welded joints without defects in

Table 1. Values of welding mode parameters for AA5083 aluminum alloy
Taobnuya 1. 3nauenus napamempog percumos CeapKu aromMunueso2o cniaga AMe5

Tool rotation frequency, Welding speed, Tool angle of inclination to Depth of tool shoulder
rpm mm/min the vertical, ° penetration into the sample, mm
450-1400 31.5-120.0 2 0.05-0.40
8}
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Fig. 2. Geometrical dimensions of the specimen for static tensile tests
Puc. 2. 'eomempuyeckue pazmepvl 00pazya Ons UCNbIMAHULL HA CMAMUYECKOe PACMISIICEHUEe

Fig. 3. Specimens for static tensile tests
Puc. 3. Obpasyvi 0151 nPoGedeHst UCRBIMAHULL HA CMATUYECKOe PACMANICEHUEe
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the joint zone were also obtained. When the depth of tddie types of main defects in welded joints produced during
shoulder penetration into the part was up to 0.1...0.15 nff W are given in Fig. 9.
the lack of fusion was usually observed in the weld root. At When using tools with a smooth pin surface (Fig. 1 a,
a depth of more than 0.4 mm, significant burr was observed), there was no onion ring structure on macrosections
at the periphery of the welded joint, due to the extrusion @f cross sections of welded joints (Fig. 4 b, 5 b). When
a large volume of metal into this zone. Examples of thising a tool with a thread on the pin outer surface
appearance and macrosections of welded joints produ¢ey. 1 ¢c), an onion ring structure was visible on
with tools with cylindrical and conical pin surfaces ifi-di macrosections (Fig. 6 b, 7 b).
ferent welding modes are shown in Fig. 4, 5. When carrying out static tensile tests on welded samples
Analysis of macrosections obtained by welding sampledthout continuity defectsproduced using different tool
using a tool with a conical pin surface (Fig. 1 c), which hakapes, the ultimate stress values shown in Table 2 were
a thread on the outer surface and a spiral groove abtained. The table presents the ultimate stress valués, ind
the shoulderend surface, showed that a welded jointhwit cating the ranges of welding modes.
out continuity defects waproducedunder the following According to experimental data, the static tension
welding modes: rotation speed ta®¥50-1120rpm, wel- strength of the base metal was 327.1 MPa (average value).
ing speeds 31.5-125mm/min.Fig. 6, 7show the gamples The rolling direction in these samples coincided with
of the appearance and macrosections of welded jpmts the tensile force direction during static tension tests.
ducedusing different welding modes.
The values of the ranges of mode parameters (to@l rot
tion frequency and welding speed) for all considered tools DISCUSSION
are given in Fig. 8. Analysis of the results showed that in the case of all
It was not possible to produce a welded joint withostudied shapes of the tool working surface, welded joints
continuity defects outside zones 1 and 2 shown in Fig.v@thout continuity defects were obtained.

a b

Fig. 4. Appearanced) and macrosectiorbf of the cross section of the welded joint
produced by a tool with a cylindrical pin shape (Fig. 1 a).
Welding mode parameters: tool rotation frequency is 560 rpm, welding speed is 50 mm/min,
and the depth of tool shoulder penetration into the sample isndn07
Puc. 4. Buewnuii 6uo (a) u maxpournugh () nonepeunozo ceuenus ceapnozo coeounenus,
NOLYYUEHHO20 UHCIPYMEHMOM C YuauHOpuueckotl ghopmou nuna (puc. 1a).
Iapamempyl pexcumos ceapku: yacmoma epaujerus uncmpymenma 560 o6/muH, ckopocms ceapku 50 mm/MuH,

2nybuHa eHedpenus 3anieduxa uHcmpymenma 6 oopazey 0,07 mm

a b

Fig. 5. Appearanced) and macrosectiorbj of the cross section of the welded joint
produced by a tool with a conical pin shape (Fig. 1 b).
Welding mode parameters: tool rotation frequency is 450 rpm, welding speed is 31.5 mm/min,
and the depth of tool shoulder penetration into the sample isnd®5
Puc. 5. Buewnuii 6uo (8) u maxpouiug (b) nonepeuno2o ceuenus ceapHo2o coeounenus,
NONYYEHHO20 UHCIMPYMEHMOM C KOHUYecKol opmotl nuna (puc. 1b).
Tapamemper pesicumos ceéapxu: yacmoma epawenus uncmpymenma 450 o6/mun, ckopocme ceapku 31,5 mm/mun,
enybuna eneopenus 3anievuxa uncmpymenma 8 oopaszey 0,05 mm




