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Relation between geometry of FSW tools and formation of
nano- dispersed zones in macrostructure EN AW 6082-T6

alloy welded joints

Abstract: An article present the result of macrostructure formation with dis-
tribution of mechanical properties in cross-sections of 8 mm-thick one-sided
butt-welded FSW joints of EN AW 6082-T6 alloy which were obtained using
three types of specially designed tools: C-type — conventional tool consisting of a
housing, cylindrical threaded probe and a shoulder with a grooved spiral, T-type

— Triflute-type tool consisting of a housing, cylindrical threaded probe with three

grooves and a shoulder with a grooved spiral, S-type — simple tool consisting of
a housing, smooth cylindrical probe without a thread and a flat shoulder. Fric-
tion stir welding was performed using equipment of the Institute of Welding in

Gliwice of Poland, and mechanical tests in the E.O. Paton Electric Welding In-
stitute of the NAS of Ukraine. Mechanical test by indentation was performed

using Micron-gamma device, which allows experimental identification of struc-
tural state of metal and determination of the strain hardening presence by limit-
ing values of ratio of hardness to Young’s modulus of elasticity. It was found that

for all three specimens the HAZ hardness decreases, and in the zone of thermo-
mechanical effect the hardness increases. Maximum hardness values are inher-
ent to the central part of welded joint nugget, as well as to light-coloured oval

concentrated fragments of structure in the nugget upper and lower part. Judg-
ing by the presence of nanosized hardened structure and uniformity of its dis-
tribution in the nugget, as well as good dispersion of oxide films and absence of
discontinuities, the friction stir welding with C-type tool can be regarded as the

optimum variant. An assumption was made that formation of a uniform struc-
ture in welds can be achieved at three—four revolutions of the tool in friction stir

welding in one place. The model of thermal fields distribution in Al-plate dur-
ing FSW using a C-type tool visualized the metal’s thermal condition when for-
mated hardened nano-dispersed weld zones.
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Introduction

The technology of friction stir welding (FSW)
is used to join various alloys of magnesium,
copper, titanium, zinc and even steel, but the
main industrial application is for butt joining
lengthy parts made of aluminum alloys (about
99% of all joints). The characteristics of the FSW
technology and its advantages related to spe-
cific type of joints or application have been a
subject of numerous publications [1-10]. In the
general scheme of FSW the rotating tool slowly
sinks between the edges of the elements to be
joined (touching each other) and moves along
the welding line (Fig. 1). The heat required for
plasticifation of the material is generated by
friction between the tool and the materials
being joined, the rotational and translational
motion of instrument provides intense plastic
deformation of the heated softened material to
move from the tip of the probe to the shoulder,
creating a continuous joint structure on both
sides of the materials being joined.

Fig. 1. Scheme of FSW process [10]

The basic technological parameters of the FSW
process include: — rotational speed of the tool
and sense of rotation (rev/min.), tool inclina-
tion angle in relation to the surface of welded ele-
ments (°); type of tool and its dimensions — probe
diameter (mm), shoulder diameter (mm) [10].

The key parameter that determines the qual-
ity standard of the FSW joints is the geome-
try of probe, which determines the different
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conditions of local heating and mutual mass
transfer of the metal of the elements being
joined. In addition to the probe, an important
element of the FSW tool is the shoulder. Its
main function is to generate heat due to friction
between the shoulder and the materials being
welded, the transfer of pressure for deforma-
tions in the surface area of the weld.

The main advantages of FSW process there is
the absence of melt of metal and defects caused
by solidification of liquid metal, defects in the
form of a dendritic structure, shrink holes, poor
penetration, slag inclusions, accumulations of
gas pores, etc. This is due to the nature of the
mass transfer of the material as a result of the
frictional interaction of the tool and the metal
in contact with it. However, the formation of
defects is possible at the interface between the
base metal and the flow layer, which leads to
the formation of a layered structure. The main
reason for the formation of layers is the com-
petition of strain hardening and softening due
to frictional heating and heat caused by defor-
mation. As a result, a metal layer is formed with
the same degree of deformation, whereas at its
border with the underlying material there is a
minimum value of the yield strength, which
leads to plastic shear of the entire layer relative
to the substrate. The above process is repeated
many times - the deformation is accompanied
by hardening of the material at the interface
and the release of heat, which leads to the for-
mation and shear of the underlying layer. Thus,
the thickness of the deformed layer increases
abruptly at high speed.

The most reliable explanation for the forma-
tion of a layered structure during FSW can be
the approach taken when considering the slid-
ing friction of metals. The upper layer of the
material near the surface under dry friction
with high loads, experiences the same effect
as the weld zone undergoes during FSW. Me-
chanical contact with the counter body leads
to frictional heating of the surface, weakening
and severe plastic deformation of the material
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in cramped conditions. As a result of energy
dissipation during plastic deformation, intense
heat release occurs in the bulk of the materi-
al, which leads to increasing of plasticization.
Moreover, under the conditions of super plas-
ticity, near-surface layers are formed with a
structure and properties that differ from the
properties of the base material.

The characteristic structure of the surface
layer formed by successive local shearing of the
material layers during sliding friction of metals
is similar to observed in welds of FSW. How-
ever, the peculiarities of the plastic flow of the
metal in the process of MTP create the prereq-
uisites for the formation of defects in the struc-
ture of the weld. Some defects at the interface
of the weld and the base are similar to those
formed during sliding friction as a result of in-
compatibility of deformations of the boundary
layer and the base material, but there are also
those caused by the mass transfer characteris-
tics of the metal during the FSW process due
to the tool geometry and technological param-
eters [11].

The size of the deformable zone, the degree
and speed of mixing of the material, temper-
ature, dimensions and features of the micro-
structure formed in the weld and consequently,
the processes of formation of defects are deter-
mined by the properties of base metal, as well
as the technological parameters of FSW process.
Therefore, in the technological implementation
of FSW an important task is to study the mech-
anisms and identify the physical laws of the for-
mation of the structural state and the factors
leading to the formation of structural heteroge-
neities. Having knowledge of the mechanisms
of formation of the structural state in the weld
zone and near-weld zone and the causes of de-
fects in a particular material and their relation-
ship with the conditions of thermomechanical
effects, one can purposefully control the weld-
ing parameters to obtain defect-free welded
joints obtained by a modern and cost-effective
welding method.
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It is known that after intense twisting plas-
tic deformation in the core of the welds there
is a change in the character of interatomic in-
teractions and the formation of a close to na-
no-sized structure. Along with the formation
of nanostructures, the formation of metasta-
ble states, solid solutions and metastable phas-
es can occur. Also, due to large deformations
of the material of both edges of the parts to be
welded, the thermomechanical zone may con-
tain a highly fragmented and disoriented struc-
ture of the recrystallized amorphous state. All
this inevitably affects the physical and chemical
properties. Therefore, it is of interest to study
the dependence of the influence of the key FSW
parameter — the geometry of the welding tool
on the formation of nano- dispersed zones in
welds with minimal defects and uniform struc-
ture, which should positively affected on weld-
ed joint’s strength a whole.

The aim of work — based on local study of
weld’s structure and physic-mechanical prop-
erties to determine optimal one of used three
FSW instruments. To solve this goal, a joint
study was carried out - friction stir welding was
performs by equipment of the Polish Institute
of Welding in Gliwice, and samples processing
and mechanical tests were carried at the E. Pa-
ton Electric Welding Institute of the National
Academy of Sciences of Ukraine. According to
the data results of mechanical test and using ra-
tio of hardness to Young’s modulus of elastic-
ity, the structural state of the weld zones was
experimentally identified.

Material and experimental procedure

The material used in tests was aluminium alloy
6082-T6 in the form of flat hot rolled bars of di-
mensions 100x8 mm. The chemical composition
of aluminium alloy 6082 is presented in Table 1.
The heat treatment of the alloy was comprised of
solutionising at about 540°C following by artifi-
cial aging at 170°C. The FSW joints were made as
8 mm-thick one-sided butt-welded joints (pro-
duced with a one-sided run of the tool).
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Table 1. Chemical composition of aluminium alloy 6082 (wt. %) [12]

Alloy

Si

Fe

Cu

Mn

Mg

Cr

Zn

Ti

Al

6082

0.7-1.3

max 0.5

0.1

0.4-1.0

0.6-1.2

max 0.25

max 0.2

max 0.1

rest

Three tools, with different probe shapes and
shoulder surfaces, were used in the experi-
ments. The tools were made of HS6-5-2 high-
speed steel. The steel exhibits high torsional
strength and abrasion resistance up to a tem-
perature of 600°C.

The following tools were (Fig. 2) used for
FSW process:

— C-type tool - conventional tool consisting of
a housing, cylindrical threaded probe and a
shoulder with a grooved spiral,

— T-type tool — Triflute-type tool consisting of
a housing, cylindrical threaded probe with
three grooves and a shoulder with a grooved
spiral,

— S-type tool - simple tool consisting of a
housing, smooth cylindrical probe without
a thread and a flat shoulder.

To produce specimens for experimental tests
the FSW process was carried out at the follow-
ing welding conditions:

Fig. 2. Schematic view of FSW tools

Fig. 3. View of FSW station in Institute of Welding
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— tool rotational speed - 710 rev./min,

— linear welding speed - 9oo mm/min,

- tool - C-type tool, T-type tool, S-type tool
(the length of the probe was equal to 7.8 mm),

— angle of tool inclination in relation to the
welded blanks - 1.5°,

— direction of tool revolutions - clockwise.

The aforesaid parameters ensured the most eco-

nomical welding process (from welding speed

point of view).

Production of test joints were conducted on
conventional milling machine type FYF32JU
equipped with grip system and measurement
head to monitor parameters during welding
process (Fig. 3). After welding each joint were
visually inspected with positive result.

For the optical study macrostructure of the
cross-section of FSW joints the samples were
prepared according to the standard for alu-
minum alloys procedure - the surfaces were
ground on a 3E88IM machine with sandpa-
per of different grain sizes (P120
100-125 pm, P240 50-63 pm,
P60oo 20-28 pm, P1200 10-14
um), polished with chromium
(IIT) oxide Cr203 green paste to
a mirror finish, washed with wa-
ter and technical alcohol, dried
with filter paper. The colored
structures were etched with a
reagent of 5 ml of HNO3, 30 ml
of CH3COOH, 300 ml of H20.

»Micro-gamma” device (Fig.
4a) developed at the nanotech-
nology laboratory of the Aer-
ospace Institute of National
Aviation University of Ukraine
were used for mechanical in-
dentation tests. Indentation test
due to ISO / FDIS 14577-1: 2015;
»Metallic materials - Part 1: Test
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Fig. 4. The device "Micron-gamma" (a) in the process of recording the diagram of continuous indentation
of the indenter into the material (b)

method” is based on Oliver and Farr’s method
[13] for determining hardness (H) and mod-
ulus of elasticity (E) by diagrams of displace-
ment versus load of Berkovich indenter [14-16].
Using H/E ratio were identifying the structur-
al condition of metal in welds and presence
of strain hardening. It is known [17] that ac-
cording to such ratio all materials in a different
structural state can be ranged in three groups:
first group is large-crystalline (H/E <o0.04), the
second is fine-crystalline and nanomaterials
(H/EXo.05-0.09) and the third group is mate-
rials in amorphous and amorphous-crystalline
states (H/EXo.1). The founded limit values of
H/E for various structural states facilitates the
identification of a material with an unknown
structural state. Indentation was carried on the
polished samples surfaces without etching un-
der 100 g loading on indenter (Fig. 4b).

Using the heat transfer module of COM-
SOL® Multiphysics software was evaluated the
heat distribution in FSW weld using the C-type
tool. Assuming that heat dissipation completely
stops when the temperature reaches the melt-
ing point of aluminium since friction between
the pin and the Al-plate decreases after reach-
ing this point. The model is built of only one
Al-plate due to the symmetry with respect to
the weld and the high rotation speed.

Results and discussion

The asymmetrical “advanced” (AS) and ,re-
treating” (RS) sides observed in the FSW welds

No. 5/2021

(Fig. 5) are due to the asymmetry of the met-
al’s twisting deformation and are related to the
asymmetry of finding the initial point of tan-
gency of the tool with increasing pressure, and
consequently, with the difference distributions
of temperature fields of heating with intensive
mechanical action.

Fig. 5. Cross-sections of 8 mm-thick one-sided butt-weld-
ed FSW joints of EN AW 6082-T6 alloy were obtained by
three types of tools

Typical for all three samples is the forma-
tion of a core zone in the center of FSW joints,
which contains oval concentric fragments that
differ in structure (fig. 6). The formation of such
oval structure is associated with the character-
istics of the mixing of metal with different tips
of the tool. Adjacent to the core is a complex
profile that forms the top of the seam.
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Fig. 6. Formation of oval structure in core of C-type FSW
joint

At a result of the samples etching the de-
fects of the joints emerged in the form of local
discontinuities and cavities along the line sep-
arating the center of the core from its surround-
ing thermo-mechanical zone. These bands are
aluminum oxide are inherent in the surfac-
es of the materials to be welded, because they
were not sufficiently mechanically distributed
by the welding tool. This type of defect is typ-
ical for FSW and depends on the linear weld-
ing speed. That means - an increase of linear
welding speed the dispersion of oxides during
mechanical mass transfer increases and the de-
fectiveness decreases.

Next typical horizontal defect was showed
in S-type joint simple tool with smooth cylin-
drical probe without a thread and a flat shoul-
der caused by insufficient mixing of materials
is results. The reason for such defect is that the
flat surfaces of the tool (during friction) lead
to local overheating of the metal to the melt-
ing temperature.

Thus, four typical zones are formed in FSW
joint: directly to zone 1 — base metal, zone 2 ad-
joins, where the metal remain undeformed and
change only in the heat-affected zone (HAZ);
zone 3 where the metal is subjected to signit-
icant plastic deformation and heating is the
zone of thermomechanical action (TMAZ) and
zone 4 is the core where dynamic recrystalli-
zation occurs.

The mechanical test of FSW joints shown a
principal difference of indentation diagrams for
base metal (Fig. 7-a) and typical zones (Fig. 7-b)
which confirm altered structural state presence.

The hardness of zone 2 (HAZ) is reduced
for all three samples. The maximum hardness
values are characteristic of zone 4 - the central
part of the core (Fig. 8-10), as well as light oval
concentric fragments of the structure of the up-
per and lower parts of the core (Fig. 8 and 10).
The averaged values of the physic-mechanical
properties of the FSW joints zones of the three
types are follows:

- Zone 1 (base metal) - H = 1.2 GPa,
E = 70 GPa;
- Zone 2 (HAZ) - H = 0.5-1.0 GPa,

E = 45-57 GPa;

— Zone 3 (TMAZ) - H =1.0-3.0 GPa,
E = 63-103 GPa;

— Zone 4 (core) - H = 2.0-7.0 GPa,
E = 80-161 GPa.

Figure 8 shows the welded joint obtained by
a C-type tool in which the maximum hardness

Fig. 7. Indentation diagrams differences for base metal (a) and various zones of the S-type sample (b). The horizontal
axis is the depth of penetration of the indenter into the material (um), the vertical axis is the load on the indenter (G)
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value of 7.3 GPa (a light oval fragment of the
lower core) and maximum values of E up to 200
GPa and the ratio H/E is up to 0.041. Such val-
ues fix the presence of a nano-dispersed mul-
tiphase structure formed at the highest degree
of deformation. Such structure is also charac-
teristic of the 4th zone of the core of FSW joints:
C-type H/E up to 0.041; S-type H/E up to 0.043
in the initial polycrystalline structural state of
the base metal H/E=0.017. Such reinforcing
during the grinding of grains of the structure
is usually associated with a decrease in the den-
sity of dislocations and their deceleration.

Fig. 8. The distribution of hardness (H), modulus of
elasticity (E) and resistance to deformation (H/E) in the
microstructure of C-type tool of FSW joint

Fig. 9. The distribution of hardness (H), modulus of
elasticity (E) and resistance to deformation (H/E) in the
microstructure of S-type tool of FSW joint

Fig. 10. The distribution of hardness (H), modulus of
elasticity (E) and resistance to deformation (H/E) in the
microstructure of T-type tool of FSW joint
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Thus, if we consider the advantage as the
presence of a nano- sized reinforced structure
in the FSW joints and the uniformity of its dis-
tribution, good dispersion of oxide films and
the absence of discontinuities, then the C-type
tool is optimal in this study.

During the work was made assume that ac-
cording to the degree of disperse up to nano-
dimension of grains the metal structure during
twisting deformation, where be possible to de-
termine the number of FSW tool revolutions in
one place. If the twisting deformation is consid-
ered in the form of a spiral mathematical Fib-
onacci proportion - 1, 2, 3, 5, 8, 13 ... (Fig. 11-a),
where a full turn (unwinding) is a sequence
of four values, then in the opposite direction
(twisting) the helix, a substantial refinement of
the structure will turn out after deformation by
a half-turn of 0-1800 (fig. 11-b), and to create
a homogeneous nanostructure, a deformation
of several turns is required.

Fig. 11. The Fibonacci spiral as FSW model at chang-
ing the large-scale structure fragments (a) and a degree
change of segments during twisting (b)
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Taking the average grain diameter of the
changed nano- structure as 100 nm and the
average grain diameter of the base polycrystal-
line aluminium as 100 ooo nm (0.1 mm) they
scale ratio is 1:1000. Therefore, the grinding of
grain in such inverse proportion will occur at
3—4 revolutions of FSW tool in one place:
1turn - 1597, 987, 610, 377,

2 turn - 233, 144, 89, 55,
3 turn - 34, 21, 13, §,
4 turn -5, 3, 2, 1.

This can be controlled technologically - by
changing the speed of rotation and/or the line-
ar speed of movement of the tool during weld-
ing, but usually the welding equipment has a
fixed speed, which limits the control.

FSW is a complex thermo-physical process
and the study of metal flow under the tool dur-
ing stirring is associated with phase transfor-
mations in aluminium. Friction between the
pin and the plate presented in the model as a
surface heat source. Convection and radiation
between the surface and the environment re-
move heat from the plates. The effect of temper-
ature on the properties of the aluminum alloy
and, therefore, its shear stress described using
the interpolation function [18] (Fig. 12).

Fig. 12. Interpolation function that determines the rela-
tionship between temperature (°C) and shear stress (Pa)

So, the movement of the C-type tool was
replaced by the effect of convective heat flux,
which moves at the same speed as the FSW
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instrument. This to simplify the model, mak-
ing it easier to solve the stationary problem
of convection and heat conduction. To simu-
late these phenomena, heat transfer coefficients
have been calculated using empirical values.
The temperature (°K) is highest where the alu-
minium contacts the rotating tool (Fig. 13) and
corresponds to the melting point of aluminum.
Hot material moves behind the tool and new
cold material enters in front of the tool.

Fig. 13. Heat transfer during FSW using C-type tool
(AS right, RS left)

Therefore, the formation of nano-dispersed
hardening in FSW welds of aluminum plates of
8 mm thickness at tool rotational speed - 710
rev./min and linear welding speed — 9oo mm/
min can be obtained using C-type tool after 3—4
rev. in one place.

Conclusion

The physic-mechanical properties of welds EN
AW 6082-T6 alloy joints which obtained by
friction stir welding using three tools of var-
ious geometric shapes were investigated. The
hardness decreases in heat-affected zone and
hardness increases thermomechanical affect-
ed zone for all three samples. The maximum
hardness values are characteristic of the cen-
tral part of core and light oval concentric frag-
ments of the structure in upper and lower parts
of the core.

By the presence of a nano-sized reinforced
structure in the weld core and the uniformity
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of its distribution, as well as good dissipation of
oxide films and the absence of discontinuities,
the FSW tool of the C-type is optimal.

It has been suggested that the formation of a
uniform structure in the welds can be obtained
at 3—4 rev. of FSW tool on one place.

The model of thermal fields distribution in
Al-plate during FSW using a C-type tool visu-
alized the metal’s thermal condition when oc-
curs the formation of hardened nano-dispersed
weld zones.
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