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Abstract: The use of electric arc or gas welding in the manufacture of titanium components often
results in low quality welded joints due to large residual stresses and strains. A successful solution to
this problem can be found in the application of friction stir welding. However, friction stir welding
(FSW) of titanium alloys is complicated by rapid tool wear under high loads and temperatures
achieved in the process. This paper studies the durability of a tool made of ZhS6U Ni-based superalloy
used for friction stir processing of commercially pure titanium and the effect of the tool wear on the
weld quality. The total length of the titanium weld formed by the tool without failure comprised
2755 mm. The highest wear of the tool is observed at the base of the pin, which brings about the
formation of macrodefects in the processed material. The tool overheating causes an increase in the
dendrite element size of ZhS6U alloy. The transfer layer contains chemical elements of this alloy,
indicating that the tool wear occurs by diffusion and adhesion. As a result of processing, the tensile
strength of commercially pure titanium increased by 25%.

Keywords: friction stir welding; grade 2 titanium alloy; ZhS6U Ni-based superalloy; microstructure;
welding tool; tool wear

1. Introduction

Titanium alloys have found wide applications in the aerospace, transport, and chemical industries,
as well as in medicine due to their high specific strength, heat resistance, and corrosion resistance [1].
These alloys considered to be readily weldable [1], but the use of conventional fusion welding
techniques on them may lead to some undesirable effects, e.g., the formation of a coarse cast structure,
porosity, strains, and residual stresses. Friction stir welding (FSW), which emerged in the early
1990s, is a solid-state process [2] and is successfully used for joining various types of aluminum [3,4],
magnesium [5], and copper alloys [6,7], as it has many advantages including low residual stresses.
Therefore, FSW may be more suitable for joining titanium alloys than conventional fusion welding
methods. In addition, the FSW is widely used for joining metallic structures including those made
of dissimilar metals and are not weldable by means of fusion methods. The use of FSW for joining
aluminum and titanium alloys may allow avoiding unreliable riveted joints and applying modern
light materials. Furthermore, friction stir processing (FSP) may be used for surface hardening metallic
materials as well as for producing bulk processed materials including composites.

A problem of the FSW and FSP techniques is the rapid tool wear under high heat and load
conditions [8,9]. In view of this fact, welding tools for FSW of titanium alloys are usually made of refractory
materials, including alloys based on tungsten [10–18], cobalt [19–22], and molybdenum [23–25], as well
as polycrystalline cubic boron nitride [26,27]. As reported [27], the use of a polycrystalline cubic
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boron nitride tool for FSW of titanium alloys led to the presence of tool wear products in the weld,
such as titanium boride, nitrogen, and oxygen. In addition, fabricating the cubic boron FSW tool is
both a costly and tedious process. Commercially pure tungsten has good strength characteristics at
elevated temperatures, but it has low fracture toughness and therefore is worn out rapidly in FSW
of hard materials (steel, titanium alloys) [28]. The heat and wear resistance of a tungsten tool can be
improved by alloying it with such a rare earth and scarce metal as rhenium, which makes the tool’s
cost even higher.

A very popular tool material for FSW of titanium alloys is cemented tungsten carbide. This material
has high 1650 HV and it is slightly sensitive to abrupt temperature changes [28]. There is evidence,
however, that an adhesive titanium carbide layer is formed on the surface of the FSW joints due to high
affinity of titanium to carbon [29]. In addition, carbon monoxide (CO) can be formed during FSW due
to high temperatures and high pressure [28]. Although, this remark is not relevant for FSW performed
with argon shielding.

Some FSW tools are made of tungsten with the addition of lanthanum. It was found that the
given tool material diffuses to the titanium alloy surface [15]. This fact negatively affects both the weld
quality and the tool wear.

Interesting results were obtained for a cobalt-based alloy tool. It was shown that the tool wear
during FSW is caused by repeated titanium alloy adhesion to and pulling out the fragments from
the tool [29]. However, the durability of cobalt tools was not studied in detail. Other rarer materials
were also used for FSW tools, but they have not become widespread, e.g., a molybdenum-based alloy
tool [23–25]. Unfortunately, the cited authors do not describe the tool wear process and provide no
data on how the use of this type of tool affects the weld quality. Another example is a zirconium
diboride tool with silicon carbide additives [30], the use of which proved to be undesirable due to
rapid adhesive failure. Despite the large number of studies, the available materials for the manufacture
of tools are either not durable enough, do not ensure reliable weld quality, or are technologically
unfeasible due to complicated processing and high cost.

The use of a polycrystalline nickel-based superalloy as a tool material for FSW of steel [31] allowed
yielding positive results with respect to the tool wear despite the presence of defects in the welded
joint. An iridium-containing Ni-based superalloy used for stainless steel welding showed slight
wear and deformation over the welding the 3 m length seam [32]. In practice, this superalloy has
been successfully applied since the 1960s for the manufacture of turbine blades operating under high
temperatures and mechanical loads [33]. A recent study [34] has shown the possibility of using the
Ni-based superalloy as a material for making a tool for FSW on titanium alloys. However, the tool life
has not yet been considered. All the above problems also apply to friction stir processing. FSP is similar
to FSW in its effects and working principle, but it is slightly simpler technologically. The objective of
this study is to investigate the durability of a ZhS6U Ni-based superalloy tool and the effect of its wear
on a friction stir processed commercially pure titanium for the first time.

2. Experimental Procedure

2.1. Materials and Experimental Set-Up

The superalloy tool life was investigated in friction stir processing (FSP) of titanium alloy
workpieces under constant conditions. This process is similar to friction stir welding and differs only
in the absence of a joint line between two welded parts. For convenience of description, the processed
material will be called a weld. In order to avoid oxidation of titanium alloy, the processing was carried
out with argon shielding. Argon was fed through a special nozzle into the processing zone. An AISI
304 stainless steel plate was used as the substrate (Figure 1). The processed titanium alloy workpieces
were fixed on the welding machine table using the clamps. A rotating tool was plunged into the
workpiece with an axial force and then moved forward along a straight line. Friction between the tool
and the workpiece resulted in heating, plasticization and stirring of the material. The FSP was carried
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out at constant axial load, which is a preset parameter to maintain the metal flow both at the tool
plunging stage and during processing. The tool travel speed was not a parameter to control. The FSP
tool travel started immediately after the shoulder contacted the metal surface. The tool inclination
angle is 1.5◦.
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Figure 1. Scheme of friction stir processing (a) and tool schematic (b).

The superalloy tool had a 2 mm length pin and a 20 mm diameter shoulder (Figure 1b). It was
made of as-cast ZhS6U Ni-based superalloy of composition presented in Table 1. This alloy is an
analogue of the Mar-M247 alloy. The tool was made using the lathe turning from a cylindrical billet.

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

Fe Nb Ti Cr Co W Ni Al Mo S

≤1 0.8–1.2 2–2.9 8–9.5 9–10.5 9.5–11 54.3–62.7 5.1–6 1.2–2.4 ≤0.01

Ce Si Mn P C Zr Bi B Pb Y

≤0.02 ≤0.4 ≤0.4 ≤0.015 0.13–0.2 ≤0.04 ≤0.0005 ≤0.035 ≤0.01 ≤0.01

The workpieces were made of 2.5 mm thick hot-rolled sheets of grade 2 titanium alloy. The initial
composition of the alloy is presented in Table 2. The FSP was carried out in the direction parallel
to the rolling direction. The processing was conducted using the process parameters at which the
highest weld strength was achieved as reported elsewhere [34]. The axial force on the tool during both
plunging (Fpl) and processing (Fpr) was maintained at 7848 N, the traverse speed (V) was 180 mm/min,
and the tool rotation rate (ω) was 950 rpm. The total weld length was more than 2.5 m. Since the
laboratory FSW machine was not attached with a liquid cooling system of, unlike industrial machines,
the processing was carried out in successive 100 mm length passes to avoid the tool overheating.
The process was stopped after each pass to cool the tool in air. The FSP tool was not cleaned in between
the passes not to interfere with the conditions created in the usual FSW process.

Table 2. Element composition of titanium alloy (wt%).

Fe C Si N Ti O H Impurity

≤0.25 ≤0.07 ≤0.1 ≤0.04 99.24-99.7 ≤0.2 ≤0.01 the rest 0.3

2.2. Investigative Techniques

Metallographic examinations were performed on both the tool and the weld materials. Samples
of the processed metal were cut in a plane perpendicular to the weld. The tool material structure was
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examined in the cross section views. The views were obtained using polishing on abrasive papers and
diamond pastes. Then, the processed titanium samples were etched in a 2% hydrofluoric acid solution
for two minutes to reveal the microstructure and then washed in a 40% nitric acid solution. The tool
microstructure was revealed with a reagent composed of 8 g CuSO4, 40 mL HCl, and 40 mL H2O.

Qualitative as well as quantitative analysis of the weld and tool microstructure was carried out
using an Altami MET-1C metallographic microscope(Altami, St Petersburg, Russia) and a Microtrac SM
3000 scanning electron microscope (Nikkiso Co. Ltd., Tokyo, Japan) attached with an energy-dispersive
X-ray microanalyzer (IXRF Systems). The worn surfaces of the tool were examined using an Olympus
LEXT OLS4000 confocal microscope (Olympus, Tokyo, Japan). The tool was also photographed in the
intervals between the passes to document its shape change.

Quasi-static tensile tests of the weld material were conducted in a UTC 110M-100 testing machine
(Testsystems, Ivanovo, Russia) at room temperature. Flat specimens for mechanical tests were cut
from stirring zone with their tensile axis coincided with the seam centerline (Figure 2). Such a test
scheme was used to study the processed metal strength and thus evaluate the FSP efficiency. The base
metal tensile test samples were used as reference ones. The loading rate was 1 mm/s according to the
standard [35]. Microhardness numbers were obtained to evaluate the local hardness in the stir zone
and in the base metal. Microhardness tester Duramin5 (Struers, Ballerup, Denmark) at 100 g load and
dwell time 10 s was used.

Metals 2020, 10, x FOR PEER REVIEW 4 of 15 

 

The tool microstructure was revealed with a reagent composed of 8g CuSO4, 40 mL HCl, and 40 mL 
H2O. 

Qualitative as well as quantitative analysis of the weld and tool microstructure was carried out 
using an Altami MET-1C metallographic microscope(Altami, St Petersburg, Russia) and a Microtrac 
SM 3000 scanning electron microscope (Nikkiso Co. Ltd., Tokyo, Japan) attached with an 
energy-dispersive X-ray microanalyzer (IXRF Systems). The worn surfaces of the tool were 
examined using an Olympus LEXT OLS4000 confocal microscope (Olympus, Tokyo, Japan). The tool 
was also photographed in the intervals between the passes to document its shape change. 

Quasi-static tensile tests of the weld material were conducted in a UTC 110M-100 testing 
machine (Testsystems, Ivanovo, Russia) at room temperature. Flat specimens for mechanical tests 
were cut from stirring zone with their tensile axis coincided with the seam centerline (Figure 2). Such 
a test scheme was used to study the processed metal strength and thus evaluate the FSP efficiency. 
The base metal tensile test samples were used as reference ones. The loading rate was 1 mm/s 
according to the standard [35]. Microhardness numbers were obtained to evaluate the local hardness 
in the stir zone and in the base metal. Microhardness tester Duramin5 (Struers, Ballerup, Denmark) 
at 100 g load and dwell time 10 s was used. 

 
Figure 2. Scheme of a tensile test specimen cut from the weld zone. 

3. Results and Discussion 

3.1. Tool Wear 

The general views of the tool at different stages of the experiment are shown in optical images 
in Figure 3. One can see, that the tool worn surfaces are covered with an adherent layer of oxidized 
titanium. The edges of the pin and the shoulder are the most severely worn places during the 
processing. After processing the 1105 mm length, the pin shape is still conical and the depression is 
not observed (Figure 3b). Further processing results in gradual changing the pin shape from conical 
to nearly cylindrical one. A circular shape depression is gradually formed on the shoulder around 
the base of the pin in the course of processing. 

Figure 2. Scheme of a tensile test specimen cut from the weld zone.

3. Results and Discussion

3.1. Tool Wear

The general views of the tool at different stages of the experiment are shown in optical images
in Figure 3. One can see, that the tool worn surfaces are covered with an adherent layer of oxidized
titanium. The edges of the pin and the shoulder are the most severely worn places during the processing.
After processing the 1105 mm length, the pin shape is still conical and the depression is not observed
(Figure 3b). Further processing results in gradual changing the pin shape from conical to nearly
cylindrical one. A circular shape depression is gradually formed on the shoulder around the base of
the pin in the course of processing.
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Figure 3. General view of the tool before friction stir processing (FSP) (a), after traversing 1105 mm (b),
2335 mm (c), and 2755 mm (d).

Figure 4 shows typical 3D images of the tool worn surfaces before processing and after traversing
2755 mm. The surface morphology changed significantly. The adherent layers are represented by
ridges generally oriented along the direction of rotation, with sparse pits formed due to adhesion and
detachment of the transfer layer during processing. Despite the fact that the maximum wear of the
shoulder is observed closer to the pin, there are no regular morphological features other than the fact
that the shoulder roughness is higher in this area. In particular, the roughness of the pin tip surface
after FSP was Ra = 15.6 µm, the average shoulder roughness was Ra = 13.6 µm, and the shoulder
roughness around the pin was Ra = 26.2 µm (the pin and shoulder roughness before processing was
Ra = 1.55 and Ra = 1.15 µm, respectively).

Figure 5 shows an SEM backscattered-electron (BSE) image of the tool worn surface after traversing
2755 mm and energy-dispersive X-ray spectroscopy (EDX) maps of Ti and W. Lighter band areas in
the SEM BSE image correspond to the metal enriched with the tool material elements. It is suggested
that the transfer layer was oxidized, embrittled, and detached from the tool surface when retracted
from the titanium and no more protected by the argon. Therefore, this layer’s fragments may be easily
detached during the next FSP pass. Tungsten is also observed in deposited titanium layers, indicating
the diffusion of the tool elements into the transfer layer.

The axial cross-sectional view of the tool after traversing 2755 mm is shown in Figure 6 with
superimposed drawing of the initial tool geometry. The highest wear is observed in the shoulder region
at the base of the pin. The initial profile height loss in this zone is as high as 1 mm. The shoulder region
closer to the edge is less worn so that its height loss was 0.25 mm. The pin height remained unchanged.
In our opinion, such a non-uniform wear type may be of consequences as follows. Firstly, the reduced
diameter at the base of the pin can lead to insufficient heat production because of lower friction velocity
and hence to poor stirring. Secondly, the pin height does not change with the shoulder wear and
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therefore the tool may plunge deeper into the material. As a result, the pin can come into contact with
the substrate and stick to it, or the substrate material can be introduced into the stirring zone.Metals 2020, 10, x FOR PEER REVIEW 6 of 15 
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Costa et al. [31], despite a different pin geometry, observed a similar wear pattern of a tool from a
similar Mar-M247 alloy. The authors explained the wear behavior by material overheating that causes
recrystallization of the alloy, carbide formation, and oxygen diffusion, which led to cracking of the
surface layers and adhesive wear. The tool damage was avoided, as reported, using the argon shielding.
However, there is no explanation why the maximum wear occurs closer to the tool axis. Formation of
the annular depression around the pin was explained by Liu et al. [36] using the contact melting theory
when they observed a similar concavity formed by friction in the center of a coating rod after deposition.
Despite the fact that the friction velocity decreases closer to the center, heat transfer is impeded in this
region, as the thermal energy mainly flows from the outer radius inwards and outwards. Therefore,
the rod center becomes the point where the energy is concentrated and a quasi-liquid layer is formed.
That is why the wear in the center is maximum. Such an explanation seems to hold good for the case of
tool wear in FSP. However, as shown [31], the formation of a depression was avoided simply by using
argon shielding, which could not greatly affect the heat transfer conditions. Nevertheless, contact
melting might explain the fact that the surface layer material was recrystallized.

Generally, the heat-resistant superalloy tool wear is very specific in the case of welding on titanium.
For instance, in FSW with steel tool on aluminum alloys the most severe wear is experienced by the
pin’s end. It was shown [37] even that the pin end experienced plastic deformation. The similar
wear pattern was observed on the H13 tool after welding on CuCrZr alloy [38]. FSW on Ti-6Al-4V
carried out using similar configuration tools made of other materials also demonstrated different type
of wear [16]. In particular, a W-La tool experienced severe plastic deformation while those made of
WC-Co demonstrated brittle fracture.

An indication of the adhesive wear mechanism can be the diffusion of the tool elements into the
transfer layer that remained on the friction surface after processing. Figure 7 shows an SEM image of
the tool axial section and EDX maps of Ti and tool elements. The maps demonstrate that the main
elements of the tool diffuse into the adherent titanium layer. The diffusion of Al is especially high.
However, there is almost no titanium in the tool material. This is probably due to the fact that titanium
rich layers of the tool are immediately removed during processing. Yet, the observed diffusion may be
evidence of adhesive wear.Metals 2020, 10, x FOR PEER REVIEW 8 of 15 
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3.2. Structure of the Tool

According to metallographic images of the tool and the base ZhS6U alloy (Figure 8), the structure
at this scale is represented by arrays of γ-phase dendrites. The high-contrast bright objects at the
array boundaries are carbides characteristic of the alloy. The shape of the arrays generally tends
to be equiaxed after FSP both in the base material and in the tool. As a result of the thermal effect,
the structural elements grew considerably. The size of dendritic arrays, the primary and secondary
dendrite arm spacings increased by a factor of 3. The measurement results are given in Table 3.
It is characteristic that the structure changed uniformly throughout the tool. The array sizes and
the dendrite arm spacings did not change as well as the amount of carbides did not increase in the
subsurface region. The thickness of the adherent titanium layer on the tool is in the range of 30–80 µm,
which is consistent with the surface morphology measurements. The change in contrast near the worn
surface is caused by over-etching due to surface tension at the edge of the specimen when it was
removed from the reagent.

Table 3. Characteristics of microstructural elements.

Characteristics Base Material Tool

Dendritic array size, mm 0.27 ± 0.09 0.8 ± 0.3

Primary dendrite arm spacing, µm 66 ± 5 191 ± 31

Secondary dendrite arm spacing, µm 14 ± 1 44 ± 6

Volume fraction of carbides, % 1.28 ± 0.07 1.14 ± 0.04

Average carbide size, µm 1.8 ± 1.5 3 ± 3

Average γ’ cube size 0.6 ± 0.2 0.6 ± 0.2
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Figure 9 shows SEM BSE images of the base ZhS6U alloy structure and the tool structure.
The images highlight the dendritic array boundaries decorated with eutectics and carbides of heavy
metals, which mainly include Ti, W, Mo, and Nb [39]. In addition, irregular carbides and eutectics
are often located in the interdendritic spaces [40]. At a finer level, the alloy structure is represented
by γ’-phase cubes [41]. The measurement results for these structural elements show that the carbide
volume fraction decreased slightly after FSP (Table 3), while the average carbide size increased by a
factor of more than 1.5. The carbide size measurements have low accuracy because of the large size
scatter in the range of 0.7–5 µm. The size change of carbides at their almost constant volume fraction is
related to the coagulation of particles that occurs as dendrites grow during recrystallization. The size
of γ’ cubes remained unchanged as a result of the thermal effect. The material below the tool friction
surface as well as below the adherent titanium layer also revealed no specific feature. Figure 9b was
obtained in the same region as the optical image of Figure 8c.Metals 2020, 10, x FOR PEER REVIEW 10 of 15 
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3.3. Quality of Friction Stir Processing

The processing quality here refers to the structure of the weld and its mechanical properties.
Figure 10 shows the cross-sectional metallographic images of FSPed material in different regions:
at distances 5, 560, and 2755 mm from the starting point of the weld. According to metallographic
analysis, the general view of the weld and the characteristic view of structural zones in all processing
regions are the same for all samples. The weld structure exhibits two typical zones: stir zone (SZ)
consisting of small recrystallized grains of titanium alloy, and thermomechanically affected zone
(TMAZ). The rest is the base material. The heat affected zone, which is usually located between
the base metal and TMAZ, is often absent or not detected in titanium alloys. The TMAZ in FSPed
titanium alloy is narrow as compared to that of obtained on materials, with the average thickness of
about 0.25 mm. The geometry of the structural zones is generally symmetrical about the weld axis.
Their shapes in different processing regions differ slightly. The SZ area gradually decreases with the
tool wear: from 11.11 mm2 in the first sample to 8.03 mm2 in the last one. This occurs because the pin
diameter is reduced as the tool is worn.
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Samples for metallographic analysis were cut approximately every 250 mm along the weld length.
The sample cut at a distance of 5 mm from the starting point has no discontinuities and appears
typical of the FSPed metals. The first discontinuities are observed in the sample cut at 560 mm
distance, at the SZ boundary on the retreating side of the weld. These discontinuities grew with
the processing time as well as new ones formed, including those on the advancing side. A sharp
increase in the number of discontinuities is observed at ≈2300 mm distance. There are also oxides in
the SZ, despite the fact that the processing was conducted in argon. As in the case with discontinuities,
the first samples exhibit almost no traces of oxides, which become more pronounced with distance.
The formation of discontinuities is associated specifically with the tool wear, because the tool geometry
change induces a change in the mass transfer trajectory. At constant processing parameters, this
leads to a change in heat production and deformation and, as a consequence, to non-optimal stirring
conditions. The gradual emergence of oxides in the weld is presumably due to oxide accumulation on
the tool surface. When processing is stopped, the tool is retracted from the material and the argon
shield is removed. The extracted FSP tool is always covered with a layer of the processed metal.
In our case, the adherent transfer layer was actively oxidized at high temperature in air and could be
introduced into the material during the next pass. Oxides are gradually stirred into the material during
processing together with the already present defects. The oxidized metal is located at the edges of the
transfer layers, due to which the cohesive forces between the layers are reduced and delamination
occurs. Ultimately, the oxide regions become the sites of discontinuity formation. The total area of all
discontinuities in the cross section was 0.07 mm2 at 5 mm distance, 0.15 mm2 at 560 mm, and 0.79 mm2

at 2755 mm.

Metals 2020, 10, x FOR PEER REVIEW 10 of 15 

 

 
Figure 9. Cross-sectional SEM images of the base ZhS6U alloy (a,c) and the tool material after 
traversing 2755 mm (b,d). Figure 9b corresponds to Figure 8c. 

3.3. Quality of Friction Stir Processing 

The processing quality here refers to the structure of the weld and its mechanical properties. 
Figure 10 shows the cross-sectional metallographic images of FSPed material in different regions: at 
distances 5, 560, and 2755 mm from the starting point of the weld. According to metallographic 
analysis, the general view of the weld and the characteristic view of structural zones in all processing 
regions are the same for all samples. The weld structure exhibits two typical zones: stir zone (SZ) 
consisting of small recrystallized grains of titanium alloy, and thermomechanically affected zone 
(TMAZ). The rest is the base material. The heat affected zone, which is usually located between the 
base metal and TMAZ, is often absent or not detected in titanium alloys. The TMAZ in FSPed 
titanium alloy is narrow as compared to that of obtained on materials, with the average thickness of 
about 0.25 mm. The geometry of the structural zones is generally symmetrical about the weld axis. 
Their shapes in different processing regions differ slightly. The SZ area gradually decreases with the 
tool wear: from 11.11 mm2 in the first sample to 8.03 mm2 in the last one. This occurs because the pin 
diameter is reduced as the tool is worn. 

 
Figure 10. Cross-sectional metallographic images of FSPed material at 5 mm (a), 560 mm (b), and 
2755 mm (c) from the weld start. 
Figure 10. Cross-sectional metallographic images of FSPed material at 5 mm (a), 560 mm (b),
and 2755 mm (c) from the weld start.

Friction stir processing resulted in a recrystallized and considerably refined alloy structure, which
is typical of FSP [42]. In particular, the SZ exhibits equiaxed solid solution grains of size 8 ± 2 µm
(Figure 11a), while the base metal consisted of 54 ± 11 µm grains. The grain size in the SZ did not
change with tool wear. The solid solution grains also exhibit banded structures similar to twins.
Twinning is not typical of commercially pure titanium under ordinary conditions, but it occurs at low
temperatures, e.g., in cold rolling [43], and/or at high strain rates. The twining was earlier observed
in FSWed on commercially pure titanium [44] and explained by the lack of slip systems at a high
strain rate.

The admixed oxides in the SZ are surrounded by martensite (Figure 11b), which is not characteristic
of the studied alloy. Commercially pure titanium belongs to α-phase materials. As shown [45], heating
above the phase transition temperature and rapid cooling (>100 ◦C/s) can cause the formation of α’
martensite from the melt under high thermal stresses. However, such temperatures and cooling rates
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are not achieved during FSP, while high stresses are present. Therefore, the occurrence of martensite
may be explained by alloying with the tool metal. The oxidized martensitic regions contain tool
particles stirred during wear together with transfer layers into the processed metal. As a result of
diffusion, these particles dope the surrounding material with W, Al, Ni, and other atoms and induce
the formation of martensite.
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Figure 12 shows the results of quasi-static tensile tests for the SZ of specimens. The ultimate tensile
strength of the processed material first increased by ≈25% as compared to the base metal strength of
350 MPa. With tool wear, the tensile strength of the specimens decreased and reached 375 MPa after
traversing 2700 mm, which is by ≈7% higher than the base metal strength. A sharp decrease in strength
is observed at 500 mm distance corresponding to the formation of first macrodefects. The second
sharp drop at 2300 mm is also related to a drastic increase in the number of discontinuities. Therefore,
the strength reduction is associated primarily with the growth of defects during tool wear, which
leads to insufficient heating and poor stirring of the material. Despite the weld strength exceeds the
base alloy strength, this result is not satisfactory, because the presence of macrodefects makes the
weld performance unreliable under fatigue loading. The maximum elongation at fracture diminished
by a factor of 2. The processed material showed the plasticity level to be independent of the FSW
tool wear. The same was true for the stir zone microhardness numbers, which were 1.5 ± 0.1 GPa,
1.4 ± 0.1 GPa, and 1.6 ± 0.1 GPa for 20 mm, 500 mm, and 2700 mm processed length, respectively.
The base metal microhardness was 1.3 ± 0.1 GPa. Such a moderate hardening was the result of severe
plastic deformation during FSP.
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The formation of defects during tool wear can be avoided by changing the processing parameters,
e.g., the axial load. An increase in the load will lead to greater heat production, enhanced adhesion,
and therefore better stirring. Although this method is complicated, it may be a temporary solution.
The tool life can be extended by using liquid cooling on the back side of the tool to minimize the
contact melting and recrystallization effects. One more cause of softening is an increase in the amount
of oxides introduced into the SZ from the tool. This problem can be solved by blowing the tool with
argon after retracting it from titanium. The given solution requires a large consumption of argon, but it
can help avoiding the oxidation of titanium transferred on the friction surface of the tool.

4. Conclusions

This study explored the durability of a ZhS6U Ni-based superalloy tool in FSP of commercially
pure titanium and the effect of the tool wear on the weld quality. The total length of the weld produced
by the tool without failure comprised 2755 mm. The highest wear was observed at the base of the
pin which lost its conical shape during processing and a 1 mm deep circular depression formed in
the shoulder near the pin. Analysis of the adherent transfer layer on the tool retracted from titanium
revealed the presence of ZhS6U alloy constituents, which is indicative of diffusion during FSP. Thus,
the wear occurs by an adhesive mechanism. It was also found that the tool overheating during FSP
leads to the recrystallization of ZhS6U alloy. In particular, the size of dendritic arrays as well as the
primary and secondary dendrite arm spacings increased by a factor of 3. The size of heavy metal
carbides increased almost twice, while their volume fraction did not change. The size of γ’ cubes also
remained unchanged.

The tool wear resulted in macrostructural changes in the processed material. The SZ area was
reduced, while the number and size of macrodefects increased with the tool wear. The defects included
discontinuities caused by insufficient heating as well as oxide particles admixed. The oxides formed
on the tool after it was retracted from titanium and then were stirred into the workpiece during the
next pass. As a result of FSP, commercially pure titanium recrystallized. The solid solution grain size
decreased by a factor of ≈6.5, inducing significant hardening. The first FSP samples had tensile strength
of ≈435 MPa, which was 25% higher than that of the base metal (350 MPa). After traversing 2700 mm
the tensile strength decreased to 375 MPa due to the increased number and size of macrodefects.

In general, ZhS6U alloy proved to be suitable for making the FSP tool for titanium. However,
its use requires liquid cooling of the tool during FSP to avoid overheating. Argon shielding is also
needed to avoid oxidation of the adherent transfer layer on the extracted tool while it is cooled.
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