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Abstract

The paper presents the results of experimental investigations of the heat generation and microstructure evolution during the
friction stir processing (FSP) of the SnSb11Cu6 alloy. The Triflute tool was used for modification; the process was carried
out using two rotational speeds of the tool: 280 and 560 RPM and a constant linear speed of 355 mm/min. Microstructure
studies were performed employing the techniques of light microscopy and scanning electron microscopy along with analysis
of the chemical composition of micro-areas. Additionally, the phase composition was investigated by means of the X-ray
diffraction method, and electron backscatter diffraction (EBSD) analysis and hardness testing were performed before and
after FSP modification. Furthermore, measurements of the temperature directly on the modified surface by means of a
thermal imaging camera and the temperature in the modified zone with a thermocouple system were performed. It was
proved that using FSP to modify the SnSbCu alloy promotes refinement and homogenization of the microstructure, as well
as improvement of the hardness. The hardness of the starting material was 24 HB, and after FSP, the hardness increased
and amounted to, respectively, 25 and 27 HB after processing at 280 and 560 RPM. The microstructure in the stir zone is
formed by the dynamic recrystallization (DRX) process and consists of almost equiaxed tin-rich matrix grains with a size of
approx. 5-30 um and fine particles of CusSns and SnSb phases. The temperature distribution in the FSP zone is not uniform
and changes in a gradient manner.
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1 Introduction is used to modify the microstructure in the surface layer of

the product, and not to connect metal elements. The process

The method of modifying the surface layer by friction stir
processing (FSP) was developed by Mishra et al. [1] based
on the basic principles of friction stir welding technology
[2, 3]. However, FSP, unlike friction stir welding (FSW),
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consists in heating and plasticizing the material as a result
of friction of the tool equipped with a shoulder, as well as a
pin embedded in the material and moving along the modified
surface of the element. The movement of the tool causes
heating, strong mixing, and compaction of the deformed
material.

The knowledge of the influence of the parameters
determines better control over FSP, and thus the final
microstructure of the processed material. In addition,
incorrectly selected process parameters can lead to rapid
tool wear, deformation of the modified element, as well as
damage to the clamping system. Therefore, it is important
to predict, monitor, and control the forces and torque in
particular [4]. The tool torque in FSP is influenced by many
factors, including those related to: (1) the tool: the angle
of inclination, pin geometry, material, shoulder profile,
shoulder-to-pin diameter ratio; (2) clamping system:
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clamping force, clamping geometry; (3) material: melting
point, properties, chemical composition; (4) devices:
clamping force, linear speed, rotational speed; (5) cooling
system: temperature, efficiency [5].

A too low tool rotational speed, too high traverse speed,
or insufficient clamping force can generate insufficient heat
due to poor mixing, resulting in poor material compaction
and a porous surface. At a low ratio of rotational speed to
linear speed, the heat input reduces the refinement of the
microstructure and increases the hardness. Increasing the
heat generation will result in greater refinement of the
microstructure, improving the properties of the material [6].
An increase in the rotational speed of the tool may result in a
change in the morphology and an increase in the refinement
of the secondary phases, causing a rise in hardness and a
reduction in abrasive wear, as evidenced by the results of
the research presented by Alidokht et al. [7]. A too high
tool rotational speed, too much tool clamping force, or too
low a traverse speed can all contribute to excessive material
removal, loss of uniformity, and excessive grain growth due
to excessive heat.

Another important parameter determining the
microstructure and properties of the processed material is
the type and shape of the tool. The main purpose of the
tool is to heat up the modified material. The plunging of
the pin into the material is possible primarily as a result of
heating and plasticization of the processed material due to
friction arising from contact with the pin. When the shoulder
contacts the surface of the modified element, it exerts
pressure on the treated surface, concentrates the plasticized
material around the pin, generates frictional heat, and causes
plastic deformation in a relatively thin layer (directly below
the surface of the shoulder). Another function of the tool
is to mix and move the material together. Moreover, the
rotating tool should prevent the flow of plasticized material
outside the processing zone [8].

The research on FSW and material modification by FSP
was aimed, among others, at modelling the material flow
behaviour, temperature distribution, and microstructure
evolution in the process zone. The first work of Shercliff and
Colegrove [9] focused only on the temperature distribution
during friction welding and its potential influence on the
weld microstructure in addition to the kinetics of precipitate
formation. Scientists are now trying to model both the
complex behaviour of material flow and the temperature
characteristics of mixing processes. Weglowski et al. [10]
made a significant contribution to expanding the knowledge
on issues related to the numerical modelling of thermal
processes during FSP treatment. The authors noted that the
initially developed thermal models for the FSW process need
to be adjusted for FSP, because the range of rotational speeds
and linear velocities used in FSP may be wider than in the
FSW process. It is worth mentioning that during surface
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treatment with the FSP method, the melting point of the
modified materials is not exceeded (the temperature in FSP
and/or FSW is 70-90% of the melting point of the modified
material) [11]. Nevertheless, owing to the fact that both the
pin and the tool shoulder are involved in the heat generation
process, the temperature distribution in the process zone is
uneven. The highest temperature occurs on the upper surface
of the modified zone. In the depths of the material, only the
pin generates heat, which maintains a lower temperature in
the treatment zones distant from the surface. The results
presented by Hamilton et al. [11, 12] prove that the
temperature profile is oblique towards the advancing side
and leading (initial) edge. In addition, the modified area on
the advancing side is usually the hotter side of the process
zone and is characterised by a higher stress level compared
to the retreating side in the modified material [13], which
is influenced by the consistent direction of rotation and
tool travel on the advancing side, while on the retreating
side, these directions are opposite. In the case of a constant
linear speed, with the increment in the rotational speed, the
temperature distribution becomes more symmetrical, and the
point of maximum temperature moves from the advancing
side towards the retreating side [12].

The selection of optimal process parameters is a key
element to obtain the desired surface quality, microstructure
and properties. On the other hand, the wrong combination of
parameters results in improper homogeneity of the material,
and consequently, low strength and plasticity. The use of
the FSP method to modify the microstructure allows its
significant refinement. Many examples of grain refinement
as a result of FSP modification are cited in the works
presented by, among others, Ma et al. [14], Weglowski et al.
[15], and Heidarzadeh et al. [16]; nonetheless, there are no
models correlating the tool geometry and process parameters
with the final grain size observed in the material after FSP
treatment. This is a serious challenge because of the variable
thermomechanical conditions and different mechanisms
of microstructure evolution. The use of FSP to improve
the coarse-grained microstructure of castings in selected
areas that are exposed to cyclic stress may contribute to
increasing the fatigue resistance. The application of FSP to
casting alloys results in homogenization and refinement of
the microstructure, the removal of porosity, improvement in
the mechanical properties, and increased fatigue strength.
Furthermore, in materials after FSP an increase in abrasive
wear resistance was found. Nakata et al. [17] investigated
the influence of the multi-pass FSP technique on the
mechanical properties of a die cast ADC12 aluminium
alloy. The obtained results proved that the hardness after
modification is about 20 HV higher than that of the base
metal. Additionally, the stirring action reduced the porosity
and refined large second-phase particles, reducing both their
average size and aspect ratios, which have a positive effect on
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the tensile strength. Sharma et al. [18] studied the effect of
friction stirring on the fatigue behaviour of the A356 alloy.
The modification by FSP resulted in significant refinement
and uniform distribution of the Si particles in the aluminium
matrix, as well as the elimination of porosity. This results
in improvement of the fatigue stress threshold > 80% in the
stirring area of the FSP sample.

The results of the studies by Ma et al. published in [19]
proved that modification by FSP carried out on the A356
aluminium alloy and AZ91 magnesium alloy resulted in a
increase in the mechanical properties by the breaking up of
coarse dendrites and secondary phases and refinement of
matrix grains, as well as the dissolution of precipitates and
elimination of porosity. Additionally, the authors noted that
this treatment method is ideal for foundry alloys containing
coarse particles of secondary phases. Similar results of
microstructure studies after FSP of the casting surface of the
A356 alloy were also obtained by Reddy and Rao [20]. The
refinement and change of the morphology of thick acicular
Si particles, as well as their even distribution in the matrix
contributed to an increase in hardness and a reduction in the
coefficient of friction and a decrease in abrasive wear of the
investigated alloy under technically dry friction conditions.
In addition, Alidokht et al. [7] proved that an increase in the
rotational speed of the tool during FSP modification resulted
in a rise in the wear resistance in dry friction conditions.
This phenomenon results from the refinement of the
microstructure, and more precisely the load-bearing effect
of fine and almost spherical Si particles after FSP, which
significantly reduces the shear stresses. By means of FSP,
it is possible to eliminate agglomerates of the reinforcing
phase in composite materials, which has a beneficial
effect on the mechanical properties of these materials.
The authors of [21] investigated the influence of SiC
particles with the number of passes on the microstructural,
mechanical and tribological behaviour of AA6082/SiCp
composites. The results obtained by the authors indicated
that the wear rate of a three-pass FSP AA6082/SiCp
composite exhibited a 1.5-times lower wear rate than that
of AA6082. This phenomenon is explained by the authors
by the homogeneous distribution of the refined reinforcing
SiCp that acted as a barrier to material removal during
sliding. Additionally, the increase in the number of passes
eliminated the cluster formations of the SiCp reinforcing
phase and also reduced the particle size from micro to nano,
which have a positive effect on the mechanical properties.
Parikh et al. [22] focused on the effect of FSP parameters
on the microstructure and selected properties of stir cast
aluminium-based metal matrix composites. The results prove
that performing FSP on as-cast composites has a beneficial
effect on their microstructure and microhardness. The most
favourable process parameters were a rotational speed of
270 RPM with a transverse speed of 78 mm/min. Recent

literature reports also indicate the use of the FSP method
to produce nanocomposites based on ultrafine-grained
(UFG) and coarse-grained (CG) commercially pure Al as
the matrix and Al,O; nanoparticles as the reinforcement
[23]. The main conclusion is that it is possible to prevent
grain growth in the stir zone of a UFG material while at
the same time improving the mechanical properties of the
material by means of reinforcement with nanoparticles. An
interesting example of the application of the FSP process
to manufacture composite materials is bobbin tool-friction
stir processing (BT-FSP). The authors of [24] produced an
AA1050/silica fume (SF) composite by this method. In this
case as well, enhanced mechanical properties were obtained
thanks to the addition of a reinforcing phase; the presence of
the SF particles also prevented grain growth in the stirring
zone.

Tin Babbits, which are the subject of this study, are
classified as casting alloys; their microstructure is most often
in the three-phase form: «, p, n, where: a is a solution of
antimony and copper in tin, constituting a soft and ductile
matrix; f3 is angular crystals of the SnSb phase; 1 is acicular
precipitates of the CugSny phase. The properties of bearing
alloys are highly dependent on the chemical and structural
composition. They are used primarily in the energy and
electromechanical industries for casting bushings due to,
among others, their good tribological properties, resistance
to load changes, and good corrosion resistance [25, 26]. In
the literature on tin Babbits, information can be found on
modification of the microstructure/surface of these alloys
to improve the functional properties, in particular the
tribological properties. The decisive factor in improving the
performance properties of bearing alloys is the refinement
and even distribution of hard bearing phases in the soft
matrix. Previous research on bearing alloys has focused
mainly on improving their mechanical and tribological
properties and included, among others: (1) modification
of the microstructure using alloying additives [27, 28],
improving heat and thermo-plastic treatment processes [29],
controlling the rate of crystallization [30, 31] by the choice
of manufacturing technology or (2) surface treatment by
various techniques [32, 33]. In addition, the scientific base
of publications on microstructure refinement as a result of
FSP is systematically growing with regard to an increasing
number of materials, including casting alloys.

In the literature on bearing alloys, there is no information
on attempts to implement FSP to change/modify the phase
morphology and possible improvement of the mechanical
properties, in particular the tribological properties of
these alloys. The authors of the study conducted research
on improvement of the properties of these alloys by
heat treatment. Bearing in mind the results of the works
presented by the authors on the modification of casting
alloys by means of FSP, as well as trends in the design of
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the microstructure and properties of bearing alloys, the
authors of this paper attempted to use the FSP method to
modify the microstructure of the tin Babbitt. The results
of the research in this area have been partially published
by Authors in [34-36] and they prove the refinement of
the microstructure, including hard intermetallic phases,
as well as the improvement in the mechanical properties,
in particular the abrasion resistance of these alloys. The
research results presented in the article focus on temperature
changes during the process with the Triflute pin.

2 Materials and methods

The material to be studied was the tin-based casting alloy
SnSb11Cu6. The alloy was poured into cast iron moulds and
then cooled in air. The chemical composition of the studied
alloy is presented in Table 1. The yield point of the alloy is:
Rp0.2 =61 MPa, tensile strength R, =88 MPa, and elongation
A =6% (at the temperature of 20 °C) [37].

Table 1 Chemical composition of investigated alloy, wt%

Alloy grade Chemical composition, wt%

SnSb11Cu6 Sn Sb Cu Pb
82.1 11.1 6.5 0.3

Fig. 1 Triflute tool. a Triflute
tool used for modification, b
tool dimensions, and ¢ photo of
samples after FSP modification
process

FSP modification was carried out on a welding stand
built on an FYF32JU2 vertical milling machine. The process
was carried out using a Triflute pin (Fig. 1a, b). Among
others, the grooves on the pin increase the heat generated
by increasing the contact surface between the pin and the
workpiece, resulting in a more efficient process. The tool
is made of high-speed steel HS 6-5-2. FSP was conducted
using two rotational speeds of the tool: 280 and 560 RPM
and a constant linear speed of 355 mm/min.

The surface of the face after FSP modification showed
traces of tool progress in the form of "semicircles",
characteristic for this method of machining (Fig. 1c). The
distance between the semicircles decreases as the rotational
speed of the tool increases. Under modification conditions
at the higher rotational speed of 560 RPM, discontinuities
occurred on the surface, but they were located only on the
surface layer, and it is easy to remove, which allows the
exposure of a material with very good properties compared
to the reference material.

Examination of the microstructure of the samples before
and after FSP modification was performed by means of
light microscopy (OLYMPUS GX51 microscope) and
scanning electron microscopy along with EDS analysis
of the chemical composition in micro-areas (Hitachi SU
70 microscope). Additionally, the phase composition was
analysed utilising a BRUKER X-ray diffractometer with
a Co Ka=0.179 nm (1.79 10\) cobalt lamp. Data were
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compiled using the Powder Diffraction File database
developed and published by ICDD (The International
Centre for Diffraction Data). Hardness measurements
were made by means of the Brinell method according to
the PN-EN ISO 6506-1 standard with a hardness tester
by Innovatest; a tungsten carbide ball with a diameter of
2.5 mm and a load of 31.25 kG were employed.

Analyses using the electron backscatter diffraction
(EBSD) method were carried utilising a Hitachi S-3400N
scanning electron microscope and detector with dedicated
software made by HKL. An accelerating voltage of 20 kV
was used for the tests. The sample was tilted at an angle
of 70° at a distance of approximately 20 mm from the
column. The electron backscatter diffraction analysis was
performed to obtain maps of the crystal lattice orientation
distribution on the surface of the test sample with a 0.5 um
step at the magnification of 200 x and 0.15 um step at
the magnification of 1000 X. The colours of the solved
orientations were assigned according to the basic IPF
triangle notation. The results are presented in the form of
a map of the crystallographic orientation distribution on
the sample surface.

Additionally, measurements of the temperature directly
on the modified surface by means of a thermal imaging
camera and the temperature in the modified zone with a
thermocouple system (placed in selected areas of the stir
zone) were performed. The k-type thermocouples were
located 7 and 15 mm from the centre of the FSP zone, at
a depth of 2.7 and 2.3 mm, respectively. Figure 2 shows
the location of the 12 thermocouples in the process zone.
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Fig.2 Diagram of thermocouple distribution in sample modified by
FSP

3 Results and discussion

The results of examining the microstructure of the as-cast
SnSb11Cub6 alloy (before the modification of the FSP) are
presented in Fig. 3, while Figs. 4 and 5 show pictures of
the microstructure after modification of the surface layer
by FSP with a Triflute pin. Moreover, Fig. 6 presents the
results of the X-ray phase analysis of the alloy before
and after FSP modification. The microstructure of the
investigated alloy before modification consists of large
diamond-shaped and cubic precipitates with a size in the
range of 50-400 um and the stoichiometry corresponding
to the SnSb phase (Fig. 3b, point 1). Furthermore, there
are numerous acicular and globular-shaped precipitates in
the alloy microstructure with CuySn; phase stoichiometry
(Fig. 3b, pts. 3 and 4). Observations of the alloy
microstructure after FSP modification depending on
the rotational speed of the tool (Figs. 4, 5) revealed no
discontinuities or pores, nor a distinct characteristic
nucleus. The shape and structure of SZ changed as the
rotational speed of the Triflute increased. The depth of SZ
hardly changes with the increment in the rotational speed
and amounts to approx. 7 mm for each variant. Likewise,
the width of this zone, measured at the middle and lower
levels, is constant at approx. 10 mm. Only the width of the
zone in the upper level changes, which is influenced by
the effect of the tool shoulder. For SZ after FSP treatment
at 280 RPM, the width measured at the top of the zone is
15 mm, while for the FSP sample with 560 RPM rotational
speed, there is hardly any visible effect of the shoulder on
the microstructure; the measured width of the stir zone is
10 mm. In the microstructure of the alloy modified at the
speed of 280 RPM, no clear boundary was noticed on the
advancing side or on the retreating side (Fig. 4), whereas
in the material processed at the rotational speed of 560
RPM, there is a clear boundary that separates the area of
fine grains from the area of larger grains (Fig. 5). A similar
phenomenon occurs in the lower transition zone. The
occurrence of a clear boundary between the treated zone
and the initial material is not a desirable phenomenon, as
it may contribute to the formation of various defects in the
material, such as spalling.

The results of the microstructure observations presented
in Figs. 4 and 5 indicate a change in the morphology of
the phases present in the studied alloy after FSP. Both
SnSb and CugSns precipitates were significantly refined,
and the shape changed to a more regular, close to globular
one. It was found that the acicular form of the CugSny
phase was completely eliminated in favour of the globular
shape. Strong refinement of the tin-rich matrix was also
noted in the FSP-modified area. In this case, fine and
equiaxed recrystallized tin-rich grains of approx. 5-30 um
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Fig.3 Microstructure of SnSbCu alloy in initial state after casting: a
micrograph taken using light microscope, b microstructure and point
analysis results; c—e EBSD analysis results of initial sample, mag.

in size were formed in the stir zone. The results of the
X-ray phase analysis (Fig. 6) did not reveal the formation
of new phases after the FSP treatment, but it can be
seen that some of the Pb peaks and the CuySns phases
are more intense, which confirms the refinement of this
phase during the FSP treatment. Reduction of the size of
the microstructure components of the investigated alloy,
as well as their homogenization, are favourable from the
point of view of the mechanical properties, including the
tribological properties, which is confirmed by the authors'
previous research [34, 35].

The parameters of FSP have a decisive influence on the
quality of the produced microstructure [38, 39]. The state
of knowledge regarding the phenomena occurring during
FSP is not yet fully known, which makes it difficult to
select optimal parameters for various alloys. The research
presented in the paper shows a change in the structure of
the FSP zone with the increase in the rotational speed of
the tool.

The results of the research by Hamilton et al. [11, 12]
prove that the temperature distribution in the FSP process
zone is not uniform and changes in a gradient manner. The
highest temperature occurs on the upper surface of the
process zone, which is related to the heat generated by the
tool shoulder. The obtained results of measurements by
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200x (c—based orientation+ pattern quality map (IPF), d—band
contrast (BC), d—band contrast and lattice coordinate (LC)

means of a thermal imaging camera and thermocouples
confirmed the inhomogeneous temperature distribution in
the process zone (Figs. 7, 8; Table 2).

Temperature measurements utilising the thermal imaging
camera proved that an increase in the rotational speed
causes growth in the temperature on the alloy surface. It
is especially visible on the retreating side, where at the
tool rotational speed of 280 RPM, the average temperature
measured on the surface was approx. 208 °C, while for
machining at 560 RPM, the temperature increased to 236 °C
(Table 2). It is worth noting that at the lower rotational
speed, the advancing side was warmer than the retreating
side; the opposite was true for 560 RPM. Likewise, the
thermocouple measurements revealed higher temperatures
on the retreating side compared to the advancing side at
higher rotational speeds. When employing the low rotational
speed of the tool (280 RPM), the temperature distribution is
very similar on both sides and is in the range of 80—100 °C in
HAZ (Fig. 8a) and 90-105 °C in TMAZ (under the shoulder,
Fig. 8b). For the modification with the rotational speed of
560 RPM, the recorded temperature values in HAZ rose
slightly on the retreating side, reaching a value in the range
of 90-110 °C (Fig. 8c), while in TMAZ, the temperature
increment is clear; the highest temperature was measured
by thermocouple No. 11—approx. 160 °C, and then, there
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< retreating side advancing side

Fig.4 Microstructure of SnSbCu alloy after FSP modification at 280 RPM; EBSD analysis results from marked places are included in the figure

is a sharp drop in temperature to 100 °C (after approx. 3s),  element, exerts pressure on the treated surface, generates
after which the material cools down more slowly (Fig. 8d). heat as a result of friction, and causes plastic deformation in

The main contributor to the generation of heat is the  a relatively thin layer (directly under the shoulder surface).
friction between the tool and the material being modified. = As the rotational speed increases, the share of thermal
The shoulder, in contact with the surface of the modified  energy from the shoulder decreases in favour of the energy
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retreating side advancing side

)
35

Fig.5 Microstructure of SnSbCu alloy after FSP modification at 560 RPM; EBSD analysis results from marked places are included in the figure

supplied from the pin. The results of numerical simulations  consistent direction of rotation and travel of the tool on the
presented by the authors of [12, 13] indicate that the  advancing side, while on the retreating side, these directions
advancing side is usually the hotter side of the FSP zone, as  are the opposite. In the case of a constant linear speed, as
a consequence of the higher level of stress in relation to the  the rotational speed increases, the maximum temperature
retreating side in the modified material. This is related to the ~ distribution moves from the advancing side towards the

@ Springer



Archives of Civil and Mechanical Engineering (2022) 22:202

Page90of13 202

Intensity

30 40 50 60 70 80 90 100

Fig.6 X-ray diffraction pattern of SnSbCu alloy for initial material
and after FSP modification

retreating side, which may explain the higher temperature
on the retreating side in the studied material, during FSP
carried out at the rotational speed of 560 RPM.

The results recorded by the thermocouples proved that
the T, of the SnSbCu alloy was not exceeded in the process
zone; because the range of 0.4-0.7 T, was reached in the
TMAZ zone, a temperature of > 0.7 T, can be expected in
SZ. FSP generates a significant increase in temperature due
to frictional forces, intense plastic deformation, and material
flow caused by the movement of the tool, thus promoting
dynamic recrystallization (DRX) in the stir zone (SZ).
The research results presented by Zainulabdeen et al. [40]
prove the dynamic recrystallization of bearing alloys on a
tin matrix during downward extrusion. In turn, Sadykov
[25] writes that recrystallization will take place at room
temperature after inflicting 20% cold deformation. Owing
to the favourable conditions for dynamic recrystallization
in SZ, re-precipitation of the second phase may take place
during cooling—after the passage of the tool. In addition,

5001500
450
400
350
300
250
200
150
100

SON-116.1
16.1

[<1+P1]

(a)

it was observed that some of the SnSb phase precipitates
have cracks on the surface, which indicates their breaking
(mechanically) into smaller particles by the Triflute tool
during friction stir processing. Moreover, the increase in the
rotational speed of the tool favoured a more even distribution
of SnSb and CugSns phases in relation to the distribution
in the starting material. Additionally, the presented
thermovision results suggest that the temperature may be
exceeded, the studied alloys may melt, and local melting
points may appear on the material surface, especially
along the central axis of the process zone, where both the
pin and the shoulder contribute to heat generation, and the
temperature reached the average value of approx. 290 °C
(Table 2).

The melting range of the tested SnSbCu alloy is within
the temperature range of 240-370 °C [41]. Figure 9 shows
the DTA curves of the melting and solidification processes
of the investigated alloy, while the solidus and liquidus
temperatures determined in the DTA test are presented in
Table 3. The cooling curves of the examined alloy show
three distinct peaks at the reaction temperature, successively:
376, 262, and 234 °C. During cooling, the first peak is
associated with the n phase crystal precipitate (CugSns) at
376 °C, the second one with f phase (SnSb) crystallization
at 262 °C, and the third one corresponds to the solid solution
o phase precipitate (Sn)—the matrix at 234 °C. In turn, the
heating curves revealed additionally small peaks at the
temperatures of about 350 °C and 416 °C. The occurrence
of these peaks may be related to the changes taking place in
the solid phase and the appearance of an additional phases &
(350 °C) and € (415 °C) [42]. The results of the X-ray phase
analysis do not confirm this; however, it may be related to
the too small proportion of these phases in the alloy.

The refinement of the precipitates and their even
distribution in the matrix translated into an increase in the

(b)

500

60.6

(<11 ][I

Fig.7 Thermogram of modified SnSbCu alloy surface in FSP process; a 280 RPM and b 560 RPM
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Fig.8 Material temperature in (a) 160 (b) 160
process zone measured during 280 RPM 280 RPM
FSP of SnSbCu alloy at differ- 140 - 140 A
ent rotational speeds of Triflute
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Table2 Average temperature values measured on SnSbCu alloy face DTA/(uV/mg)
measured during tool pass in FSP process exo X
0.3 2 deg/min)
Temperature T, °C ’ T
0.21
Variant 280 RPM 560 RPM 0.1- 212.2°c| |2341°C
' 262.2°C 375.9°C
Advancing side (pt. 1) 220+18 226+23 0.0- My,
Middle of process zone (pt. 2) 289+29 290+19 0'1 e 7275.9°c___348.6°C 379.9°C
Retreating (pt. 3) 208+ 14 236+ 14 e 2343°C 275.7°C 416.3°C
-0.21 385.3°C
-0.31
. . . . -0.41 48.6° 0
Brinell hardness in the case of the investigated alloy. The 04 24867 Y 2a86°C

hardness of the alloy after modification by FSP at the speed 0.5

of 560 RPM increased by 12% compared to the starting

material and was, respectively, 24 HB for the starting
material, 25 HB for the material after the processing at 280
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Table 3 Melting range of investigated alloy determined using DTA
heating and cooling curves

Solidus Liquidus

Heating, T,  Cooling, T, 4. Heating, T,  Cooling, T4
O O (§®) Q)

2343 234.1 416.3 3759

RPM, and 27 HB for the material after the processing at
560 RPM. The increase in hardness after FSP treatment
is mainly determined by the refinement of the precipitates
present in the alloy, and the SnSb phase precipitate is of
particular importance. It is equally important to homogenize
the microstructure. The large precipitates in this phase are
characterised by brittle fracture. The finer the particles,
the more difficult their brittle fracture becomes and the
ductile fracture proportion increases. As a result of the FSP
treatment of the alloy, the average particle area of both the
SnSb and Cu,Sns phases is ten times smaller compared
to the size of these precipitates in the cast alloy, and the
distance between the precipitates also decreased [34].

4 Conclusions

On the basis of the conducted experimental research, the
following conclusions were formulated:

1. The use FSP for the surface treatment of the SnSbCu
alloy results in significant grain refinement and hard
phases. The microstructure in the stir zone is shaped
by the dynamic recrystallization (DRX) process and
consists of almost equiaxed tin-rich matrix grains with
a size of approx. 5-30 pm and fine particles of SnSb
phases and CugSns.

2. The temperature distribution in the FSP zone is not
uniform and changes in a gradient manner. The highest
temperature is at the top of the process zone, which is
related to the heat generated by the tool shoulder. Also,
an increase in the rotational speed of the tool causes
an increase in the temperature on the alloy surface.
With the tool rotational speed of 280 RPM, the average
temperature measured on the surface of the alloy was
approx. 208 °C, while for machining at 560 RPM, the
temperature increased to 236 °C.

3. The tool in the FSP process causes the advantageous
breakdown of the SnSb phase precipitates into smaller
particles and an even distribution of SnSb and CuSn;
phases in relation to the initial material.

4. The refinement of the precipitates and their uniform
distribution in the matrix of the modified tin alloy
increased the Brinell hardness in relation to the initial

material (24 HB), respectively, 25 HB for the tool
rotational speed of 280 RPM and 27 HB for the tool
rotational speed of 560 RPM.

5. The cooling curves show three distinct peaks at the
reaction temperature, successively at 376, 262, and
234 °C. During cooling, the first peak is associated with
the n phase crystal precipitate (CugSns) at 376 °C, and
the second with crystallization of the f§ phase (SnSb) at
262 °C, while the third one corresponds to the o phase
(Sn) solid solution precipitate at the temperature of
234 °C.
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