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Abstract: Friction stir welding (FSW) of titanium alloy was carried out using liquid cooling of the FSW
tool made of heat-resistant nickel superalloy. Cooling of the nickel superalloy tool was performed by
means of circulating water inside the tool. The FSW joints were characterized by microstructures and
mechanical strength. The mechanical strength of the joints was higher than that of the base metal.
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1. Introduction

Titanium alloys are known for having a number of important functional character-
istics that include, among others, high corrosion resistance, high specific strength, and
biological compatibility [1-3]. Therefore, these alloys are widely used in aerospace, power,
and chemical industries, as well as in shipbuilding and surgery [4-6]. Depending on
the dominating phase state, titanium alloys can be classified into: «-Ti alloys, which in-
clude technical purity grade titanium and titanium alloyed with «-Ti supporting elements;
(e + B)-Ti alloys, containing both «-Ti and 3-Ti supporting elements; and 3-Ti alloys con-
taining up to 30 wt.% of the 3-Ti supporting elements [7,8]. The phase composition of the
alloy determines its mechanical characteristics so that ductile alloys contain more 3-Ti,
while «-Ti attains more strength [9,10].

When it comes to obtaining fusion-welded joints on the titanium alloys, some problems
may occur such as overheating, excess grain growth, and high residual stresses due to
low heat conductivity [11]. Solutions to these problems may be found when applying
thermal post-treatment or/and surface impact treatment [12-14]. An alternative solution
may be using friction stir welding (FSW), which has been widely and successfully used
for building welded structures from aluminum alloys in aerospace, transportation, and
power industries, and the advantage of which is that the joining is by intermixing the solid
plasticized and refined metal [15-20].

Earlier experiments with the FSW on titanium alloys have revealed a number of
problems, among which the fast wear of the FSW tool and intermixing the wear particles
into the weld joint were the most prominent. The most popular materials for fabricating the
FSW tools intended for titanium alloys are those with refractory metals, such as tungsten.
However, cemented tungsten carbide tools demonstrated high wear despite their good
heat resistance [21]. The most stable against wear in FSP (friction stir processing) were
the tools made of tungsten-rhenium alloys, though production costs were too high [22].
Polycrystalline cubic boron carbide showed promising results in FSW on steels [23], but
was unstable on titanium alloys, as it reacted with titanium, and formed brittle titanium
borides and nitrides that were detrimental for the welded joint strength [24,25].

High heat resistance is the main characteristic to provide acceptable wear resistance of
the FSW tool, and therefore, one of the possible solutions may be to use nickel superalloys,
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which usually work at 900-1000 °C as turbine blades [26]. Such an approach has already
been used for friction stir processing on titanium alloys [27]. For example, acceptable
results were obtained on technically pure titanium and o’-Ti alloys [28,29]. The wear rate
of nickel superalloy tools was also quite high [30] and required some measures to reduce
it. Poor heat conductivity may lead to overheating of the tool, loss of strength, as well as
enhancing the reaction-diffusion between the tool and the stirred alloy.The natural remedy
may be cooling the tool by means of fluid flow.

This work was focused on studying the effect of the FSW nickel superalloy tool cooling
on the FSW tool wear, FSW joint characteristics and microstructures of the FSW joint zones.

2. Materials and Methods
2.1. Experimental Set-Up and Materials

The FSW on a Ti-6Al-4V was carried out with the use of argon blow shielding against
oxidizing the seam metal. Argon was supplied via an inlet directly to the welding zone, as
shown in Figure 1. Titanium alloy sheets with 2.5 mm thickness were secured on an AISI
304 stainless steel substrate using special clamps. On plunging the tool into the metal, the
plunging force was maintained at the constant level. The tool inclination with respect to
the horizontal plane was 1.5°. A liquid flow cooling system was used to supply a coolant
via an axial hole, and thus, limit the tool’s heating (Figure 2).

Tool rotation

g
e -

Figure 1. Schemes of friction stir welding titanium alloys with argon gas blanket of the welding joint and
liquid tool cooling. Blue and green arrows show the coolant fluid and gas flow directions, respectively.
Red arrows show the tool rotation and transverse motion and axial plunging force. Directions.

Figure 2. Scheme of working tool from ZhS6U alloy for FSW titanium alloys. The arrow shows the
coolant inflow direction.
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The tool’s shoulder and pin diameters were 20 mm and 3 mm, respectively, with the
pin’s height at 2.3 mm. The compositions of nickel superalloy and titanium alloys are
shown in Tables 1 and 2.

Table 1. Element composition of ZhS6U superalloy (wt%).

Fe Nb Ti Cr Co W Ni Al Mo C
<1 0.8-1.2 2-2.9 8-9.5 9-10.5 9.5-11 54.3-62.7 5.1-6 1.2-24 0.13-0.2
Ce Si Mn P S Zr Bi B Y Pb
<0.02 <04 <04 <0.015 <0.01 <0.04 <0.0005 <0.035 <0.01 <0.01
Table 2. Element composition of Ti-6Al-4V alloy (wt%).
Fe C Si A\ N Ti Al Zx () H Other
<0.6 <0.1 <0.1 3.5-5.3 <0.05 86.45-90.9 5.3-6.8 <0.3 <0.2 <0.015 0.3

The FSW was initially performed with parameters as reported elsewhere [31], but
later, their values were corrected for a new tool design and were as follows: axial force
in plunging and welding were Fp = 43 kN and Fw = 45 kN, respectively; welding speed
V =86 mm/min; rotation rates nl = 340, n2 = 360, and n3 = 380 RPM for samples 1, 2, and
3, respectively.

2.2. Equipment and Sample Preparation

The metallographic views were prepared by cutting the joint in a plane perpendicular
to the welding direction, then grinding and polishing the section on abrasive papers with
grain sizes P180 to P2000 and diamond paste ACM 1/0. Etching was carried out in a
reagent composed of C3HgO3—30 mL, HNO3—10 mL, and HF—10 mL, for 30-35s.

Microstructural examination was performed using an optical microscope «Altami
Met 1S». An SEM field emission cathode instrument FEG SEM Apreo 2 S (Thermo Fisher
Scientific, Waltham, MA, USA) attached to an EDS Octane Elect Super (EDAX) analyzer
was used for fractography.

An XRD diffractometer DRON 7 operated at 36 kV, 22 mA, CoK« radiation with
wavelength 1.7902 A, diffraction angle 26 interval 15-102°, with 0.05° step, and exposition
of 40 s was used to characterize phases formed. A symmetrical Bragg—Brentano XRD
configuration (0/260) was applied for identifying phases formed in basic Ti-6Al-4V alloy,
basic nickel superalloy, and in the welded joints. Grazing-incidence X-ray diffraction was
used to detect phases on the worn surfaces of the nickel superalloy at a beam incidence
angle of 13°.

The XRD peak identification was performed using Crystal Impact’s “Match!” software
version 3.9 (Crystal Impact, Bonn, Germany). The relative peak intensities of x-Ti and (3-Ti
phases R(x), were calculated from Formula (1) as follows [32]:

R(x) = (I(x)/}_I(A)) x 100 (1)

where I(x) is the intensity of the ‘x” phase reflection; }_I(A) is the sum of all reflection
intensities.

A microhardness tester «Affairs DM8» at 100 g load and a dwell time 10 s allowed for
the obtaining of microhardness numbers at 1 mm steps along the lines 11 mm away from
the centerline. Tensile tests were carried out using a tensile machine UTS 110M-100 at room
temperatures on samples cut off the welded joints, as shown in Figure 3.



Technologies 2022, 10, 118

40f 15

A AS /] stir zone
3 7 > AS.

o/ RS[1/?
RS (b) “RS (c)

o
/

Figure 3. Scheme of the FSW seam sectioning (a) for cutting off tensile (b) and metallographic
(c) specimens. AS and RS are the advancing and retreating sides of the seam, respectively.

3. Results

The as-received Ti-6Al-4V alloy and nickel superalloy are represented by 73% vol. of
o-Ti + 27 vol.% of B-Ti (Figure 4a) and y(y’) + MC carbides (Figure 4b), respectively.
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Figure 4. The X-ray diffraction patterns of the basic Ti-6Al-4V alloy (a) and nickel superalloy (b).

According to the XRD pattern in Figure 5a, the welded joint metal contains both
these phases, but this time the 3-Ti content decreased to 16 vol.% because of the phase
transformations in heating and cooling [33]. More dramatic changes occurred to the FSW
tool surface, which has been covered by a tribological layer where intermetallic compound
(IMC) TipNi and carbides, such as MC, M;C, and M3C;, are detected using the grazing-
incidence X-ray diffraction; here, M stands for W, Cr, Nb (Figure 5b).
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Figure 5. The X-ray diffraction patterns from the stir zone on the welded titanium alloy (a) and
tribological layer on the corresponding FSW tool shoulder surface (b).

In general, the macrostructures typical of the FSW joints [34] can be observed on the
optical cross-section views in Figures 68 and with some specificity stemming from the poor
heat conductivity and high strength of the titanium alloy. Such a specificity mainly relates
to forming a narrow heat-affected zone (HAZ) [35,36] and absence of a thermomechanically
affected zone (TMAZ) [36-39]. A wormhole defect can be observed in a joint obtained
according to regime 1 with the lowest rotation rate (Figure 8). No wormholes were detected
in the samples welded according to regimes 2 and 3 with the increased rotation rates.

All samples demonstrate some specific branching structures located closer to the
bottom part of the stir zone. It has been shown previously [25,27] that these structures are
formed by intermixing the tool’s wear particles with the SZ metal. The higher the rotation
rate, the higher the temperature and more titanium alloy is transferred on the tool’s surface,
where reaction diffusion between titanium and nickel occurs with ensuing formation of
intermetallic compounds (IMC) and wear particles, which then intermix with the metal
welded. This coarse wear particle can be observed in sample 3, with the SZ obtained at the
highest rotation rate (Figure 8).

The microstructure (Figure 9) of the as-received base metal is characterized by o-Ti
and -Ti grains of mean sizes 4.1 £ 1.5 um and 1.2 & 0.3 um, respectively. The SZ metal
is represented by recrystallized «-Ti 0.53 &= 0.2 um grains; i.e. at least 87% grain refining
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effect was achieved that resulted in the increased ultimate tensile strength and reduced
plasticity of the SZ metal by grain boundary hardening mechanism.

Figure 7. Cross-sectional metallographic image of specimen 2. Red lines identify the lines of
microhardness profiles.

Figure 8. The stir zone image of specimen 3.

Figure 9. Microstructure of Ti-6Al-4V alloy in the base metal (a), SZ (b), and IMC in SZ (c).

The IMC zones intermixed with the IMC-free areas are represented in more detail in
Figure 10a,b. Figure 10b denotes the EDS probe zones with compositions shown below in
Table 3. The dark areas in Figure 10 (Table 3, pos. 8-13) contain elements inherent to the
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Ti-6Al-4V alloy, while areas with the light-gray particles additionally contain Cr, Co, Ni,
and W; i.e,, elements that initially belonged to the tool alloy.

Figure 10. SEM image the IMCs intermixed with the stir zone (a) and enlarged view of these IMC
structures with the EDS probe zones numbered from 1 to 14 (b), whose EDS spectra are identified in
Table 3 below.

Table 3. The EDS element compositions of the FSW TiAl64V stir zone in points as shown in Figure 10.

Chemical Element Content, Atomic/Weight %

Spectrum Al Ti v Cr Co Ni \4
1 9.91/5.68 79.35/80.71 3.48/3.76 1.13/1.24 0.92/1.16 4.85/6.05 0.36/1.40
2 9.55/5.50 78.41/80.16 3.56/3.87 1.09/1.21 1.10/1.39 6.28/7.86 -
3 9.93/5.70 80.22/81.79 3.65/3.96 1.00/1.10 0.68/0.85 4.18/5.22 0.35/1.37
4 9.65/5.34 70.04/68.82 3.11/3.25 1.94/2.07 1.75/2.11 12.69/15.28 0.83/3.12
5 8.17/4.55 74.06/73.23 3.07/3.22 1.80/1.93 1.83/2.22 10.53/12.76 0.55/2.08
6 9.97/5.63 74.24/74.40 3.29/3.51 1.31/1.42 1.31/1.62 9.39/11.54 0.49/1.88
7 10.09/5.79 79.23/80.69 3.44/3.72 0.82/0.91 1.04/1.31 5.06/6.31 0.32/1.27
8 9.86/5.79 86.42/90.09 3.72/4.12 - - - -
9 9.72/5.70 86.59/90.20 3.70/4.10 - - - -
10 9.99/5.87 86.14/89.84 3.87/4.29 - - - -
11 10.25/6.03 86.28/90.12 3.47/3.85 - - - -
12 9.77/5.73 86.19/89.79 4.04/4.48 - - - -
13 10.13/5.96 85.95/89.69 3.92/4.35 - - - -
14 10.08/5.79 80.18/81.69 3.43/3.71 0.84/0.93 0.67/0.84 4.41/5.51 0.39/1.53

These areas were characterized by microhardness numbers at the level of 4.40-5.30
GPa, while microhardness of the stirring zone was in the range 3.75-4.05 GPa; i.e., about
20% higher than that of the base metal (Figure 11).

Tensile testing showed that, despite there were regions with intermixed tool wear
particles, the joint strength values of all samples were higher than that of the base metal
(Figure 12), while the maximum strength was achieved on samples obtained according to
regime 3, with fracture occurred outside of the stir zone at a ~45° angle and with respect
to the tensile axis (Figure 13). Samples 1 and 2 demonstrated fracture localization inside
their stir zones closer to the retreating side (RS) and in a normal direction to the tensile
axis. These samples had higher strength values than that of the as-received Ti6Al4V, but
the lowest strain-to-fracture values. It seems that neither the presence of a void in sample 1
nor the large amount of IMCs formed on the advanced sides (AS) of all samples had any
detrimental effect on the sample’s tensile strength.
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Figure 11. Microhardness of the welded joint Ti-6Al-4V alloy obtained by friction stir welding
with nickel-base heat-resistant tool along the green lines shown in Figure 7: (a) vertical profile; (b)
horizontal profile.
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Figure 12. The tensile stress-strain curves obtained on samples 1, 2 and 3 produced with 340, 360 and
380 RPM rotation rates.

Figure 13. The tensile samples cut off the FSW welds obtained at tool rotation rates 340 (1 and 4), 360
(2 and 5) and 380 (3 and 6) RPM before (a) and after (b) the tensile tests.

The same conclusion may be obtained from the tensile curve of sample 3. Moreover,
this time the fracture was localized on the RS outside of the stir zone with intermetallic
compounds. This can be interpreted at least as the lack of tensile strength sensitivity to the
IMC structures, as well as defects.

The XRD diffractogram obtained from the fracture surface of sample 2 shows the
presence of both «-Ti and 3-Ti (Figure 14) without any reflections from Ti,Ni IMCs that
were formed on the surface of the superalloy tool and then intermixed with the titanium
alloy, thus forming those IMC branched structures, as shown in Figures 6-8.
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Figure 14. The X-ray diffraction pattern of the weld fracture surface after mechanical testing on the
sample 2.

The fracture surfaces SEM SE images obtained from samples 1 and 2 present large
bulges, ledges, and dimples, testifying on the development of a crack in inhomogeneous
structures (Figure 15a—e). The SEM BSE images (Figure 15b—f), however do not reveal
any regions with the BSE contrast, other than that of the titanium alloy, and therefore,
are interpreted as nickel-rich IMCs. This result, being combined with the XRD pattern in
Figure 14, confirms the absence of IMCs on the fracture surface and at least 15 um below it,
which is the maximum X-ray penetration in a titanium alloy, at 2@ = 160°. Nevertheless,
the small scale surface images suggest a viscous type of fracture in the fine-crystalline
stir zones. The fracture surface of sample 3 is located outside of the stir zone with some
necking (Figure 15b, sample 3), which could also be interpreted in terms of the viscous type
of fracture developing through the SZ away from the IMC structures.

Figure 15. SE/BSE-images of fracture surfaces obtained from sample 1 (a,b), 2 (¢,d), and 3 (e f).
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The FSW tool resistance against wear during FSW on the titanium alloys can be
evaluated from a comparison between the new and worn tools in Figure 16a,b. The worn
tool had a smaller height pin and shoulder surface coated by transferred titanium alloy
(Figure 16b). The most intense wear, however, occurred on the pin root surface where an
annular groove had formed. The use of water cooling reduced the FSW tool pin wear after
welding at least a 2 m long weld seam, while partially retaining the pin shape (Figure 16b,c).

Figure 16. FSW tool produced from alloy ZhS6U before welding (a), after ~2 m of welding (b), and
after ~2 m of welding without water cooling (c).

As shown above, the use of a grazing incidence angle XRD allowed identifying IMCs
and carbides in the tribological layer that covered the FSW tool shoulder worn surface.
However, there were zones on the tool surface that differed morphologically (Figure 17a—).
It has been shown, when studying the FSW tool wear in FSP on Ti-Cu system [27], that
the shoulder worn surface revealed the lowest wear rate, generating a thick and anti-
wear tribological layer. The same type of layer was generated on the FSW tool’s shoulder
surface in the present work (Figure 17a). This layer also contained gray Ti;Ni IMC regions
(Figure 17a, pos. 1) and bright carbide particles (Figure 17a, pos. 2). The cross-section view
of the FSW tool subsurface allowed observing a rather thick tribological layer that could
be structurally divided into an upper transfer layer, almost fully consisting of adhesion
transferred Ti (Figure 18a), and a transition layer, composed of Ti;Ni with a tungsten-based
carbide network (Figure 18a, pos 5, 6). The EDS element profiles across the tribological
layer confirmed the above suggestions (Figure 19).

Figure 17. SEM BSE images of the worn surface zones on the FSW tool shoulder (a—c): 1—intermetallic
regions, 2—carbides.
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Figure 18. The SEM BSE image of tribological layer structures on the FSW tool worn surface (a)
and corresponding EDS element distribution maps (b—d): 1—base superalloy metal; 2—transfer
layer, intermetallic compound; 3—fine tungsten carbides; 4—carbide network in the transition layer;
5—large carbide particles; 6 is the EDS probe trajectory.

0 - - - - —— ‘>.~|

0 2 4 6 8 10 12 14 16 18
[, mm

Figure 19. EDS element profiles obtained along trajectory 6 in Figure 18a.

The most intensive wear occurred on the pin/shoulder fillet surface, so that corresponding
worn surfaces demonstrated areas deprived of any tribological layer (Figure 20a,c, pos. 1, 2)
or tribological layer fragments (Figure 20, pos. 3) with primary carbides (Figure 20b, pos. 4).
The cross-section views of pin/shoulder fillet area demonstrated either full absence of the
tribological layer (Figure 20d) or the presence of its fragments (Figure 20e, pos. 5) structurally
consisting of TipNi in the Ti matrix. This meant that this area experienced intensive wear with
the removal of the tool material. The subsurface superalloy structure carbides could be seen on
the worn surface, while no carbide network could be found in the tribological layer fragments
(Figure 20e).

The worn surface of the pin end could be characterized by the absence of any tribolog-
ical layer (Figure 21a) with transfer layer areas (Figure 21b, pos. 2) and concentric wear
grooves (Figure 21a,c) with the detached fragments (Figure 21c, pos. 3).
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Figure 20. SEM BSE images of subsurface FSW tool structures on the worn surface
(a—c) and below the pin/shoulder fillet worn surface without (d) and with tribological layer fragments (e):
1, 2—tribological layer-free regions; 3—transfer layer fragments; 4—primary carbides; 5—intermetallic
layer fragments.

Figure 21. SEM BSE images of the pin end worn surface with transfer layer areas ((a,b), pos. 2) and
detached wear debris ((c), pos. 3).

4. Discussion

It was observed that the tensile characteristics of all samples were not sensitive to
the IMC structures formed in them by intermixing with wear particles detached from
practically consumable FSW tool. Considering the data obtained, the improved strength
and loss of ductility of the welded joint, as compared to those of the as-received Ti-6Al-4V
(Figure 12), could be caused by at least two reasons. The first and well-known reason
could be the SZ strengthening by grain refinement according to the Hall-Petch mechanism.
The second reason could be the phase transformation occurred in SZ during cooling. It
is known that the dual-phase titanium alloys were developed especially for combining
high strength with acceptable ductility, so that increasing the content of 3-Ti attains more
ductility and less hardening and vice versa; increasing the content of x-Ti corresponds
to higher ultimate strength and less ductility [2,12]. Therefore, the higher strength of the
welded joints in samples 1 and 2 may be due to reduced content of 3-Ti and higher content
of «-Ti, as well as extra «’-Ti formed in the welded joint (Figure 5). Heating and stirring in
FSW was accompanied by « + 3 — (3 transformation, while during cooling there occurred
B — o + a+ B [40]. The higher plasticity of sample 3 FSWed at the highest tool rotation
rate and, therefore, at higher temperature, could have resulted from slow cooling and
forming a higher amount of residual 3-Ti as compared to those in samples 1 and 2.
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The third reason could be that fine intermetallic compounds, such as Ti;Ni, may be dis-
tributed in the SZ metal and actually serve as reinforcing particles (Figure 11). These types
of structures have been observed in SZ of TiAl6V4 friction stir processed and intermixed
with copper powder [27]. The nanosized Ti;Ni precipitates formed on the TiAl6V4 grains
and caused a dislocation of the barriers (Figure 22). The same IMC structures were formed
in this FSW work. The IMC refining can be an additional factor in the SZ hardening.

R

SR £
Specimen [ STEM BF ]
JEM-210( 40k 50%

Com

Figure 22. Ti;Ni grain boundary precipitates in TiAl6V4 + Cu powder after friction stir processing.

The presence of a clearly observable tribological layer on the shoulder surface
(Figure 16b) can be taken as a good indication from the point of view of the actual mecha-
nism of degradation of the tool material during welding. It is known that the formation
of so-called mechanically mixed layers (MML) is one of the most important aspects of
the interaction between the FSW tool and the material being welded [27]. For FSW, these
MMLs formed on the tool surface due to the high adhesion of the heated and plasticized
Ti6Al4V titanium alloy material. Despite the water-cooling system being applied to avoid
overheating of the tool, due to the high temperature reactivity and low thermal conductivity
of Ti6Al4V, the diffusion-reaction occurred between the MML and the tool material to form
the TipNi intermetallic compound (Figure 12). At the same time, such a diffusion reaction
led to the formation of a continuous protective film, and did not form brittle intermetallic
protrusions, outgrowths, spikes, and other similar formations that might contribute to the
appearance of stress concentrators, due to which large wear particles would be formed
by brittle fracture, and then, accordingly, caused the undesirable abrasive wear. In other
words, the improved resistance to thermal degradation was observed in case of using the
liquid-cooled nickel superalloy tool for FSW on Ti6 Al4V.

Generally, the worn surfaces of the FSW tool used in this welding experiment with
cooling can be characterized by the less wear intensity as compared to those reported
previously [27]. Such a conclusion mostly relates to the pin end and pin root worn surfaces
which demonstrated less deep grooves and adhesion wear traces as those obtained by FSP
intermixing of copper powder in TiAl64V [27], where intense exothermic diffusion reaction
between Ti and Cu occurred that additionally increased the temperature during contact
between the tool and alloy.

5. Conclusions

The FSW experiments were conducted using a heat-resistant nickel superalloy tool
on a titanium (o + B)-alloy under conditions of water cooling. Such an approach allowed
obtaining a weld joint with a tensile strength higher than that of the base metal (sample 3),
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despite the formation of the Ti;Ni intermetallic compounds on the tool surface and in-
termixing them with the stirring zone metal in the form of IMC-branched structures. As
shown by fractography, these IMC structures were not present on the fracture surfaces of
samples after tensile testing, and therefore, did not embrittle the stir zone. The use of a
FSW tool water cooling reduced the wear of the FSW tool made of nickel superalloy.
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