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Abstract
Friction stir processing (FSP) was used to modify the surface layer of the AZ91 magnesium alloy. The
treatment was carried out using a jet cooling nozzle, generating a stream of cold air and enabling
intensive cooling of the friction stir processed (FSPed) zone. Single-pass FSP was carried out using a tool
rotational speed of 500 rpm and travel speed of 30 mm/min. The treatment was conducted using a
truncated cone-shaped tool with a threaded side surface. Strong grain re�nement and microstructural
changes typical for FSP were found in all the samples. Very �ne, equiaxed recrystallized grains
dominated in the stirring zone. In the samples modi�ed with the jet cooling nozzle, greater grain
re�nement was obtained than in the case of naturally-cooled material. The average grain size in the
surface part of the stirring zone was 1.4 µm and 9 µm in the samples with air cooling and with natural
cooling, respectively. Both the naturally-cooled specimen and air-cooled specimen were characterized by
a distinctly higher hardness than the base material. The average Vickers hardness in the stirring zone was
91 HV0.1 in the FSPed sample with the air-cooling system and 85.5 HV0.1 with natural cooling,
respectively. The average Vickers hardness of the as-cast alloy was 64 HV0.1. Slightly higher wear
resistance of the FSPed samples using a jet cooling nozzle was found in relation to the naturally-cooled
sample. Based on the conducted research, high e�ciency of the jet cooling nozzle in cooling the modi�ed
zone during friction stir processing was found.

1 Introduction
Magnesium alloys are modern engineering materials that are used in many industries. The application
potential of magnesium alloys is primarily a consequence of its low speci�c gravity and excellent speci�c
strength, good machinability and recyclability. Magnesium and its alloys are the lightest metallic
materials as they are lower in weight by 40% compared to aluminum alloy and 78% to steel [1].
Unfortunately, the low hardness, resistance to abrasion and corrosion, which are typical of magnesium
alloys, reduce their application potential. The microstructure and properties of magnesium alloys can be
additionally shaped by means of a wide range of volumetric and surface treatments, including, e.g.
technologies using concentrated heat sources such as lasers [2-5] or GTAW technology [6]. One of the
latest solutions, which is becoming increasingly important in surface engineering, is the innovative
friction stir processing invented by Mishra et al. [7, 8]. It is a new solid-state surface modifying technique
that has been widely used for grain size re�nement. FSP technology is derived from the friction stir
welding (FSW) technology developed by Wayne Thomas from The Welding Institute in Cambridge [9].
Unlike FSW, FSP technology is not used to connect materials, but to shape the microstructure and
properties of the surface layer. As in FSW, the heat source in FSP technology is the friction of a special
non-consumable rotating tool on the surface of the modi�ed material. During the treatment process, the
rotating tool moves in the desired direction with a traverse speed and constant rotation. A schematic
diagram of FSP is shown in Fig. 1. During FSP, a portion of plastic material �ows from the advancing side
(AS) to the retreating side (RS) of the rotating tool [10]. The simultaneous interaction of heat and pressure
leads to dynamic recrystallization of the material in the stirring zone. The effect of friction machining is
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usually strong grain re�nement and material homogenization. FSP is one of the most e�cient methods
for grain re�nement, dispersion and partial dissolution of secondary phases in the matrix, which results in
enhanced mechanical and corrosion properties of the modi�ed material [11]. FSP technology can also be
used to repair cracks and voids in materials [12] or to produce composite surface layers. The reinforcing
phase is introduced into the metal matrix by means of the groove method [13], the multi-chamber method
[14], direct friction stir processing [15] and others. The microstructural effects in the layer modi�ed by the
FSP method depend on the main processing parameters, i.e. the speed of the working tool and the
rotational speed of the tool, but also the shape and dimensions of the pin and the shoulder. Modi�cation
of the surface layer of magnesium alloys using FSP technology has been the subject of many research
works and has been described in detail in the literature [16-20].

The degree of grain re�nement in the material treated with FSP or FSW results primarily from the speed of
cooling the modi�ed zone; therefore, attempts are being made to retro�t devices with an additional
cooling system for the material modi�ed during processing. Simultaneous cooling of the specimen
during FSP is a new approach to further improve the microstructure and properties of materials [21]. The
most commonly used cooling medium is water [1, 23-26], rarely CO2 [22, 24], liquid nitrogen [1, 27, 28] or
compressed air [22, 29]. To achieve accelerated cooling of the material surface layer, various
constructional or methodological solutions are used. Most often it is by immersing the rotating tool and
the workpiece in a cooling agent or spraying a cooling agent on the tool-workpiece interface [10, 30, 31]. It
is generally stated that the use of additional cooling improves the mechanical properties of modi�ed
materials as a result of very high grain re�nement and homogenization of the material structure. For
instance, Ramaiyan et. al. [1] investigated the effect of cooling on the microstructure and properties of a
friction stir processed AZ31B Mg alloy. Three different cooling methods were used, namely air, water and
cryogenic (liquid nitrogen) cooling. The authors reported that the cryogenic treated friction stir processed
samples exhibit �ne grain structures and hence offer better mechanical properties than the air- and water-
cooled processed samples. The effects of cooling during friction stir processing on the microstructure
and properties of the AZ31 magnesium alloy was also investigated by Heidarpour et. al. [23]. The cooling
substance was water at 10°C, which ran through grooves embedded within the copper die on which the
friction stir processed specimen was placed. It was found that the cooling process during FSP led to �ner
and more homogenized grains because of the suppression of grain growth and as a result, the hardness
and tensile strength were improved. In turn, in [27] pre-cooling was achieved by spraying cryogenic liquid
nitrogen on the FSP stand with the mounted workpiece. Liquid nitrogen was sprayed over the area to be
cooled until the temperature of the setup reached the target value of -10°C. This resulted in the
temperature at the start of the process being around 0°C. A �ner and more homogenous microstructure
was observed for the pre-cooled samples when compared with the samples processed at room
temperature. The authors also found that pre-cooling of the samples reduced the ductility, which
improved the surface quality of these samples. Patel et. al. [22] subjected the AA7075 high strength alloy
to normal and hybrid FSP with different cooling medium such as compressed air, water, and CO2 to
achieve different cooling rates during the process. The authors found that the microstructures of all the
samples were characterized by �ne equiaxed grains in the stirring zone, but the greatest elongation of the
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samples was achieved for the CO2 cooled sample due to the lowest heat input during FSP. In turn, in [32]
friction stir processing of the AZ31B  magnesium alloy was performed using an internally cooled FSP
tool. The authors found that the applied solution allowed effective temperature control during processing,
which leads to improvement of the mechanical properties through effective grain re�nement and has a
positive effect on the tool life. Ai et al. [10] used friction stir processing to modify the microstructure of
the A356 cast aluminum alloy under air-cooling and water-cooling conditions. During the water-cooled
FSP process, water was directly sprayed toward the processed zone behind the movement of the tool. It
was found that the grains in the water-cooled sample were much smaller compared to the air-cooled FSP
specimen. The authors further stated that the tensile strength and elongation are much higher for the
water-cooled FSP specimen. In [28] a TIG welded AZ31 magnesium alloy joint was subjected to two-pass
rapid cooling friction stir processing. It was found that two-pass rapid-cooling FSP causes signi�cant
dissolution of the coarse eutectic β-Mg17Al12 phase into the matrix and notable grain re�nement in the
stir zone. A good combination of ultra-high tensile strength and large elongation of the stir zone were also
found.

The cited examples show that an increased cooling rate is obtained by using various apparatus and
methodological solutions. Some of these methods, though, are troublesome in industrial use. For
example, a major disadvantage of using water as a coolant is the need to remove it from the working
area and manage it during and after treatment. Moreover, water is a corrosive agent; hence its choice as a
cooling medium in FSP treatment must be carefully considered, especially when treating materials
particularly susceptible to corrosion in an aqueous environment. In turn, liquid nitrogen in contact with the
material at a higher temperature evaporates very intensively, leading to the formation of a gas layer with
insulating properties, which reduces the intensity of cooling. Therefore, it becomes advisable to search for
such solutions that can be used in industrial conditions, without introducing signi�cant structural and
apparatus changes. As part of this work, FSP was carried out using a jet cooling nozzle. The cooling
medium in this case was air cooled to a temperature of about -11°C, applied with a jet cooling nozzle.
There is no information in the literature on the use of a jet cooling nozzle in friction stir processing. The
advantage of the solution used in this study over compressed air cooling results mainly from the much
lower air temperature generated by the jet cooling nozzle. The jet cooling nozzle makes it possible to
effectively lower the air temperature even by several dozen degrees in relation to the temperature of the
air �owing into the nozzle. It should be assumed that thanks to the strongly cooled air stream generated
by the jet cooling nozzle, it will be possible to obtain more favorable changes in the microstructure of the
material, which will then translate into an increase in hardness and/or resistance to abrasion. Are the
assumptions correct and will the changes in the microstructure and properties of the magnesium alloy
justify the use of a jet cooling nozzle in FSP? The authors' aim was to answer the above questions and
experimentally verify the thesis. The intention of the authors of the work was also to apply and
implement in FSP a cooling system offered as additional equipment for machine tools. The proposed
solution is possible to be used in practice without the need for complex and expensive adaptation works
or modi�cation of the workstation. The treatment is carried out in dry conditions; hence there is no
problem with removing liquid coolant from the processing site. As part of this work, assessment of the
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impact of friction stir processing carried out using a jet cooling nozzle on the microstructure and
properties of the AZ91 magnesium alloy was undertaken.

2 Materials And Experiment Procedures
The research material was commercially available AZ91 magnesium alloy. The chemical composition of
the AZ91 Mg alloy is shown in Table 1. Cuboid samples 100´80´15 mm were made from the cast. FSP
was carried out using a vertical CNC milling machine (AVIA FNE 50) enabling stepless adjustment of
longitudinal (X), transverse (Y) and vertical (Z) travel, as well as angular tilt of the head [33]. The CNC
milling machine was equipped with a jet cooling nozzle fed with compressed air. The construction of the
nozzle and its operating principles are shown in Fig. 2.

Table 1 Chemical composition of the AZ91 alloy

Alloy Content of element, wt%

Al Zn Mn Si Cu Fe Mg

AZ91 8.5 0.7 0.32 0.01 0.001 0.001 rest

 

The operation of the jet cooling nozzle is based on the principle of the jet (swirl) tube. The compressed air
after being fed to the jet tube is converted into two streams, i.e. a stream of cold air at one end of the tube
and a stream of hot air at the other end. The source of energy in the jet tube is only compressed air;
therefore the tubes do not require an electrical power supply, which greatly simpli�es their installation.
The temperature obtained at the mouth of the nozzle depends on the air pressure used as well as the
temperature of the air supplied to the nozzle and may be lower by up to 50°C in relation to the ambient
temperature. The nozzle enables spot cooling and is often additional equipment for machining tools.
This means that access to the technology is not limited by hardware aspects because in this case we are
dealing with a design solution dedicated to use in machining tools. FSP was carried out using a tool
consisting of a shoulder with a diameter of 18 mm and a truncated cone-shaped pin with a length of 4.9
mm and a diameter of 6 mm and 4 mm (the base and the top of the cone, respectively). The tool was
made of X37CrMoV5-1 (H11) tool steel for hot work subjected to heat treatment (hardening and
tempering). The hardness of the tool was about 51 ±1 HRC. The tilt angle of the tool was 2°. Tool travel
took place after the time t = 2 seconds, measured from the moment of fully penetrating the tool into the
modi�ed material. This time was necessary to plasticize the magnesium alloy. The FSP stand and used
tool are shown in Fig. 3a and 3b.

Single-pass FSP was carried out using a tool rotational speed of 500 rpm and traverse speed of 30
mm/min. The rate of penetration of the pin into the material was 6 mm/min. The air pressure supplied to
the cooling nozzle was 8 bar. Highly cooled air was supplied to the friction-modi�ed zone by means of an
articulated connector terminated with an auxiliary nozzle with an internal diameter of 3 mm. The nozzle
has an inclination of approximately 45° in relation to the sample surface. The tip of the auxiliary nozzle
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supplying cooled air was about 25 mm from the end of the tool pin (Fig. 3c). The cooled air temperature
at the outlet of the auxiliary nozzle was -11°C. The nozzle was integrated with the milling machine so that
its position was unchanged throughout the processing. The nozzle supplying cooled air was positioned in
such a way that the cold air primarily affects the already plasticized material and has the least impact on
the course of the alloy plasticization process. Cooling the modi�ed material before plasticizing may delay
the plasticizing of the material and force a change in the processing parameters. Ammouri et al. [27]
found that the thrust force and torque values of pre-cooled samples were 5% higher than those of room
temperature samples due to material hardening induced by the cooling effect. Therefore, as part of this
work, the stream of cooled air was directed at the material just behind the moving tool.

In order to evaluate the effect of friction stir processing on the microstructure and properties,
metallographic specimens were prepared from a transverse cross-section of the bands. The tests covered
both the magnesium alloy after processing with additional air cooling and for comparison purposes
material modi�ed without a cooling system. The obtained samples were subjected to macroscopic
examination using an Olympus SZ61 stereoscopic microscope and microscopic examination using an
Olympus GX41 light microscope and a JEOL JSM-6610LV scanning electron microscope. The transverse
sections of the specimens were prepared by standard metallographic techniques. The specimens were
grounded, polished and etched. To determine the grain size, a measurement technique was used based
on determination of the number of grains per unit area (Jeffries method). EDS tests were also carried out
using an EDS Oxford Instruments X-ray microanalyzer, cooperating with a scanning electron microscope.
EDX research was primarily aimed at tracing possible changes in the chemical composition of the
magnesium alloy caused by processing and identifying individual structural components in the material.
The material in its initial state and after friction modi�cation was then subjected to comparative
hardness measurements. The hardness measurements were conducted on cross-sections of the friction
stir processed zone using a Shimadzu HMV-G20 microhardness gauge with loads of 980.7 mN applied
for 10 s. The tribological properties were measured using a T01-M pin-on-disc type laboratory tribometer
under unlubricated sliding contact against a rotating steel ring (HRC 58-63). The samples were in the
form of a pin with a diameter of 4 mm and were stationary during the tribological test. The pin was made
of a material located in the central part of the band. The stand for the tribological tests is shown in Fig. 4.
Prior to the tribological tests, the friction node components were degreased in ethanol. In order to
eliminate the in�uence of the running-in process of the sample, which took place in the initial phase of
the test, the samples for the tribological tests were subjected to mechanical pre-treatment. This treatment
consisted in grinding the thin surface layers with abrasive paper having a gradation of 600, to
differentiate the surface roughness of individual samples. The wear tests were carried out at room
temperature (22°C ± 1°C) and at the constant normal load of 30 N. The total wear distance was 1500 m,
and the test duration was 106 minutes. The linear material loss was recorded automatically against time
by the tester software. The friction coe�cient was calculated from the ratio of the friction force to the
normal load.

3 Results And Discussion
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3.1 Macroscopic investigations

The macroscopic studies revealed signi�cant changes in the geometric structure of the sample surface
caused by the treatment. As a result of treatment, characteristic circular grooves were formed on the
surface illustrating the way and direction of plasticized material displacement when the material was
affected by the tool. Macro defects such as galling, tool dragging, or voids were not found in the
frictionally modi�ed samples. The material was solid along the entire length of the band. This fact proves
that despite the intensive cooling of the material, the alloy was su�ciently plasticized to �ll the space
behind the travelling pin. The dimensions of the zone of microstructural changes approximated the
dimensions of the employed working tool. The band width was about 18 mm and was approximately
equal to the diameter of the shoulder, while the depth of microstructural changes corresponded
approximately to the length of the pin. The measurement of the width and depth of the zone of
microstructural changes was carried out on etched transverse specimens using measuring tools provided
with the microscope software. The depth was determined in the central part of the modi�ed zone. Three
independent measurements were made, and the average value was calculated. In the case of measuring
the width of the friction modi�ed zone, the measurement was made directly at the sample surface. The
depth of microstructural changes induced by the FSP treatment was analogous in both the analyzed
samples, i.e. about 5 ± 0.2 mm; therefore it corresponded to the tool pin length. The zone of
microstructural changes is shown in Fig. 5. Ammouri et al. [27] report that in the case of pre-cooled
samples, there is improvement in the surface �nish in comparison to FSPed samples without pre-cooling
as a result of decreased ductility of the pre-cooled samples. Comparative analysis of the surface
condition of the sample processed with a jet cooling nozzle and the naturally-cooled sample, carried out
as part of this work did not show, however, any noticeable differences in the geometric structure of the
sample surface and the surface quality itself.

3.2 Microstructure evolution

3.2.1 Microstructural investigations of AZ91 magnesium alloy in initial state

The microstructure of the magnesium alloy in its initial state is shown in Fig. 6. The presence of large
dendritic grains of the α-Mg phase, a+b mixture and coarse secondary eutectic b-Mg17Al12 phase
distributed at the grain boundaries were found in the material. The grain size of the a-Mg ranged from 30
to 200 μm with an average grain size of 115 μm. The massive eutectic b-Mg17Al12 phase was located at
the dendritic grains of the α-Mg solid solution and formed a �ne network throughout the microstructure.
The individual structural components are shown in Fig. 6b. In the microstructure of the material, the
presence of a few precipitates of the AlxMny manganese phase was also found. These precipitates were
mostly polyhedral in shape and were located in the entire volume of the material. The results of EDS
analyses for the eutectic b-Mg17Al12 precipitates, a+b mixture, manganese phase and α-Mg solid solution
are presented in Fig. 7-10. The microareas subjected to EDS analysis are marked in the �gures with a
white rectangle.
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3.2.2 Microstructural investigations of FSPed AZ91 magnesium alloy

The microstructural tests of the FSPed samples revealed the presence of three characteristic zones in the
surface layer of the samples, namely the stirring zone (SZ), the thermo-mechanically affected zone
(TMAZ) and the narrow heat-affected zone (HAZ) adjacent to the base material (BM). The characteristic
zonal structure in the modi�ed layer was present in all the analyzed samples, regardless of the cooling
method used. In the stirring zone, the presence of grains of a more equiaxial shape in relation to the grain
morphology found in TMAZ was observed. The presence of equiaxed and very �ne grains in SZ should be
explained �rst of all by the dynamic recrystallization (DRX) of the material due to the combined effect of
high temperature and severe plastic deformation. Dynamic recrystallization is a predominant mechanism
for grain re�nement in FSPed alloys [34]. The changes in the microstructure of the alloy found during the
microscopic examinations prove that the recrystallization temperature, which in the case of magnesium
alloys is 0.5-0.7 Tm (250-400 °C) [35], was reached during FSP. The effect of strong grain re�nement in
SZ is primarily due to dynamic recrystallization of the material, but may also be a consequence of the
Zener pinning effect caused by �ne b-Mg17Al12 precipitations. During FSP, the lamellar precipitations of
the b-Mg17Al12 phase discontinuously precipitated near the eutectic b-Mg17Al12 phases that are intensely
re�ned and located at the boundaries of the newly formed grains, effectively hinder the mobility of grain
boundaries  and, as a result, limit the growth of these grains thanks to the Zener pinning mechanism [36].
It is worth noting that also coarse eutectic networks can break during FSP into �ne particles. Particle
re�nement leads to an increase the number of grain boundaries in the material and this attribute dictates
the range of the pinning effect on grain growth [37]. The recrystallization depends strongly on the size
and dispersion of the particles; therefore whether they will accelerate or hinder the recrystallization
depends on their size. Coarse particles and non-dissolved particles accelerate recrystallization, while �ne
dispersoids can hinder recrystallization as they can suppress the growth of DRXed grains during the early
stage [38-40]. To sum up, the grain re�nement effect obtained in AZ91 alloy after FSP is a consequence
of dynamic recrystallization, but also the Zener pinning effect of the �ne b-Mg17Al12 particles. Preventing
the grain growth through the Zener pinning mechanism has been observed in many studies. For example,
Moharami et al. [41] studied friction stir processed Al-Mg2Si composites and they found that FSP plays a
signi�cant role in the re�nement and dispersion of the primary and eutectic Mg2Si particles in the matrix.
They reported that the micron-sized Mg2Si particles avoided the excessive mobility of grain boundaries
and prevented grain growth through the Zener pinning mechanism. Moharami et al. [42] also found that
the progressive decrease in the average grain sizes of the material is adjudged to be facilitated by
particle-induced pinning as the FSP pass progresses.

In contrast to SZ, the microstructure in TMAZ was affected by thermal cycling and mechanical stirring,
leading to grain deformation and partial recrystallization [43]. The key issue in assessing the e�ciency of
the cooling system used was the grain size assessment. Measurement of the grain size in the samples
treated with the jet cooling nozzle and in the modi�ed samples without additional cooling showed that
the higher cooling rate obtained as a result of using the jet cooling nozzle more effectively prevents
coarsening of the grains in SZ. These results are consistent, among others, with the observations of other
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authors [27, 30]. Detailed microstructural analysis of individual samples showed that the differences in
grain size are particularly pronounced in the surface zone to a depth of about 1 mm from the surface.
These differences are clearly visible in Fig. 11. The grain size in the surface layer of the alloy treated with
a jet cooling nozzle was in the range of 1 to 2 μm, and the average value in this case was only 1.4 μm. In
the modi�ed sample without additional cooling, the grain size was in the range from 3 to 16 μm, and the
average grain size was 9 μm; hence it was over six times larger. What is more, in the narrow surface zone
(about 50 μm thick) of the naturally-cooled FSPed sample, an even smaller degree of grain re�nement
was found as the grain size was in the range from 7 to 20 μm, and the average grain size was only 15
μm. As we moved away from the friction modi�ed surface, the differences in the grain size in individual
samples were still noticed but were not so signi�cant. Fig. 12 shows the microstructure of the
magnesium alloy occurring at a distance of about 1.2 mm from the surface. In the sample modi�ed with
additional cooling, the grain size was in the range from 4 to 15 μm (the average grain size was about 8
μm), and in the naturally-cooled FSPed sample the grain size was in the range from 7 to 20 μm (the
average grain size was 12 μm). Therefore, as can be seen the grain size in both samples increased in
relation to the grain size present in the surface area, while in the case of the sample modi�ed without
additional cooling, the changes in the grain size were de�nitely smaller. The next �gure, i.e. Fig. 13, shows
examples of the microstructures present in the central part of the mixing zone, i.e. at a distance of about
2.5 mm from the surface. Differences in the grain size between the samples cooled in different ways were
still noticeable; however, these differences were much smaller than in the case of the areas located closer
to the surface. It seems obvious to combine the differences in grain size with the cooling rate of the
material. Thanks to the use of the jet cooling nozzle, the cooling rate was clearly higher, which resulted in
much greater grain re�nement in the material, especially in the surface area. No presence of tunnels or
voids in the stir zone was found in any of the samples. In all the FSPed samples, however, the presence of
characteristic onion rings, consisting of concentric, elliptical rings was found.

The surface layer of the AZ91 alloy after friction modi�cation was subjected to EDS tests. Three
microareas located at different distances from the surface, i.e. in the surface zone, in the central part of
the stirring zone and in the lower part of the stirring zone were subjected to EDS analysis. The EDS
investigation was intended to illustrate the possible differences in the chemical composition of the
magnesium alloy in different places in the zone of microstructural changes. The results of EDS analysis
of the sample subjected to friction modi�cation using a jet cooling nozzle are shown in Fig. 14. No
signi�cant differences in the chemical composition of the alloy were found at different places in the
stirring zone; the material was characterized by high chemical homogeneity. Similar effects were reported
for the naturally-cooled FSPed sample.

3.3 Hardness measurements

Hardness measurement is one of the basic research methods enabling very fast practical veri�cation of
the correctness of the formulated assumptions and the applied processing parameters, and tell a great
deal about the nature of microstructural changes taking place in the material.
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The Vickers hardness distributions across the FSPed zones are shown in Fig. 15. The average Vickers
hardness in SZ was 91 HV0.1 in the FSPed sample with the air-cooling system and 85.5 HV0.1 with
natural cooling, respectively. The average hardness of BM was about only 64 HV0.1 due to its coarse
dendritic structure. The hardness of the air-cooled FSPed sample was the highest in the surface zone and
ranged from 90 HV0.1 to 100 HV0.1. At a distance of about 1 mm from the surface, the hardness of the
material decreased and was in the range of 85-94 HV0.1. In the case of the naturally-cooled FSPed
samples a lower hardness was obtained; these differences were especially visible in the case of the
narrow surface zone. In this zone the hardness of the material was in the range of 70 HV0.1 to 87 HV0.1,
and in the rest of the zone of microstructural changes the hardness of the material was in the range of 80
HV0.1 to 92 HV0.1. The lower hardness in the surface zone noted in the case of the naturally-cooled
samples is undoubtedly the effect of the higher temperature to which the material was heated during
processing and the longer cooling time. These factors determine the grain size after FSP. It is worth
emphasizing at this point that the main source of heat during FSP is primarily the friction of the shoulder
against the surface. The authors of [44] report that even 80 to 90% of the heat generated during the
friction of the tool against the surface is created as a result of friction of the shoulder. The pin has a
signi�cantly lower share in generating heat in the modi�ed material. The use of cooling the material by
means of a jet cooling nozzle means that the effect of heat on the material in the subsurface layer is
signi�cantly reduced. Based on the performed observations, it was found that the hardness of the
material decreases with increasing grain size and this relationship is in agreement with the Hall-Petch
relationship. It should be assumed that the increase in hardness was a consequence, however, not only of
very strong grain re�nement, but also strengthening of the solid solution as a result of dissolution of the
b-Mg17Al12 phase into the magnesium matrix. Fine particles can also precipitate from the supersaturated
magnesium matrix during FSP [45].

3.4 Wear resistance tests

Tribological tests were carried out on the material in its initial state and after FSP. The "linear loss - test
duration" characteristics prepared for the friction modi�ed samples and the starting material are shown in
Figure 16. In all the analyzed cases, a positive effect of FSP on the wear resistance of the magnesium
alloy was noted, which was expressed by the lower linear loss of the tested sample recorded as a
function of the test duration. Nevertheless, it should be noted that the improvement in the wear resistance
of the naturally-cooled FSPed sample or the air-cooled FSPed sample compared to the starting material
was not signi�cant. Heidarpour et. al. [23] explain that the higher wear resistance of the FSPed AZ31
magnesium alloy samples than the base material is attributed to the more intense grain re�nement. In
contrast, Asadi et. al. [30] found that there is no signi�cant difference in the wear resistance of FSPed
AZ91 magnesium alloy samples produced using different process parameters and characterized by
different grain sizes.

The amounts of linear loss of material grow with an increase in the sliding time in all the tested samples.
All the surfaces after FSP treatment showed lower coe�cients of friction in comparison with the as-
received material, though those differences were not signi�cant. The average value of the coe�cient for
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friction for the air-cooled FSPed samples was about 0.72, and for the naturally-cooled FSPed sample and
for the as-cast magnesium alloy it was about 0.76 and 0.78, respectively. Figure 17 shows the graphs of
the coe�cient of friction as a function of the sliding time. The differences in the values of the coe�cients
of friction of individual samples result primarily from their different hardness because as the material
hardness increases, the contact surface with the counter-sample usually decreases, which results in a
reduction in the value of the coe�cient of friction [46]. The hardness of the material is a consequence of
the degree of grain re�nement; hence the lower coe�cient of friction in the case of the FSPed samples
can be attributed to the strong grain re�nement. When analyzing the changes in the value of the
coe�cient of friction as a function of the sliding time, it can be noticed that the amplitude of changes in
the value of the coe�cient of friction (oscillations around the mean value) for individual samples was
very similar and only in the case of the as-cast material did the mean value of the coe�cient of friction
increase in the initial phase test (0-700 s), followed by its stabilization. The increase in the value of the
coe�cient of friction with the sliding time/sliding distance, is often explained by the hardening of the
material during the test or the deposition of hard contaminants [47]. In the case of the samples subjected
to FSP, there was no change in the mean value of the coe�cient of friction with passage of the test time;
the mean value of the coe�cient of friction remained constant throughout the test.

The linear material loss (displacement) for the air-cooled FSPed sample was 797 mm (mass loss: 18.09
mg), and for the as-cast sample it was 867 mm (mass loss: 19.68 mg). The linear material loss
(displacement) for the naturally-cooled FSPed sample was 850 mm (mass loss: 19.295 mg). The
obtained results prove that the samples modi�ed with the use of jet nozzle cooling are characterized by a
wear intensity comparable to that of the naturally-cooled samples, but it is worth noting that this wear is
still lower than in the case of the naturally-cooled FSPed samples.

Table 2 Tribological test parameters
Load  30 N
Total sliding distance 1500 m
Rotational speed of
disk

150 rpm

Test duration 106 min (6360 s)
Pin dimensions Diameter: 4 mm; Length: 15 mm
Disk  Diameter: 42 mm

Type of material: bearing steel - EN 100Cr6 (E52100 according to
AISI)

 
The samples after the tribological tests were then subjected to microscopic examination to identify the
wear mechanism. Figures 18a-d show the worn surface of the samples. In all the samples the presence of
parallel and continuous grooves was found, resulting from micro-cutting and micro-plowing of the
material, indicating the abrasive wear of the material. No signi�cant metallographic differences in the
geometric structure of surface can be observed between the analyzed samples. The SEM studies did not
show that the wear-induced grooves were reduced or changed after FSP with air cooling. The reasons for
the formation of grooves were both unevenness on the surface of the steel counter-sample, and also the
presence of wear particles in the contact region. As a rule, wear particles are strongly oxidized, which
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makes them harder than magnesium alloy and causes plowing or cutting of the soft surface of the
magnesium alloy [48]. It worth adding that due to the strong a�nity of magnesium for oxygen, the
oxidation of magnesium may intensify during tribological test. As shown by the authors of [49], the worn
surfaces are usually covered with a thin oxide-rich tribolayer. Since the oxidized places are more brittle
than the metallic substrate, they can more easily detach from the substrate and then participate in micro-
cutting and micro-plowing of the material.

5 Conclusions
In the present study, the cast AZ91 magnesium alloy was subjected to FSP. The material was air-cooled
using a jet cooling nozzle. The effect of air-cooling on the microstructure and properties was investigated.
The results of the study can be summarized as follows:

1. Friction stir processing leads to strong re�nement of the AZ91 magnesium alloy grains and partial
solution of the secondary precipitations of the β-phase into the magnesium matrix. The presence of
very �ne equiaxed grains in SZ is a result of dynamic recrystallization of the material.

2. FSP treatment with simultaneous sample cooling using a jet cooling nozzle has a positive effect on
the microstructure and properties of the surface layer.

3. The use of a jet cooling nozzle allows a greater grain re�nement to be obtained, especially in the
surface area. The average grain size in the surface part of the mixing zone was 1.4 μm and 9 μm in
the FSPed sample with the cooling system and without cooling, respectively. A higher cooling rate
effectively prevents coarsening of the grains in the stirring zone.

4. Favorable changes in the microstructure of the AZ91 alloy caused by FSP lead to a signi�cant
increase in hardness and improvement in the wear resistance of the magnesium alloy, the increase
being greater in the case of the material treated with intensive cooling by means of a jet cooling
nozzle.

5. Friction stir processing with simultaneous cooling of the modi�ed material by means of a jet cooling
nozzle allows elimination of the heating effect accompanying the treatment, which is particularly
important in the case of multi-band treatment.

�. The proposed cooling solution is possible to be used in practice without the need for complex and
expensive adaptation works or modi�cation of the workstation, and the treatment is carried out in dry
conditions; hence there is no problem with removing liquid coolant from the processing site.

7. The tests showed the high e�ciency of the jet cooling nozzle in cooling the friction modi�ed zone.
This solution can therefore be an alternative to other methods and solutions used in FSP technology
and opens up new possibilities in the production of FSPed materials.
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Figure 1

Schematic illustration of FSP

Figure 2

Jet cooling nozzle
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Figure 3

FSP stand (a), tool (b) and auxiliary nozzle setting (c)
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Figure 4

Tribotester T-01M
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Figure 5

Surface layer of air-cooled FSPed sample. Cross-section. Etched

Figure 6
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Magnesium microstructure in as-cast state

Figure 7

Result of EDS analysis of a-Mg solid solution

Figure 8

Result of EDS analysis of eutectic b-phase
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Figure 9

Result of EDS analysis of a+b mixture

Figure 10

Result of EDS analysis of manganese phase

Figure 11

Degree of microstructure re�nement near surface, a) air-cooled sample, b) naturally-cooled sample
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Figure 12

Degree of microstructure re�nement at distance of about 1.2 mm from surface, a) air-cooled sample, b)
naturally-cooled sample

Figure 13

Degree of microstructure re�nement at distance of about 2.5 mm from surface, a) air-cooled sample, b)
naturally-cooled sample
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Figure 14

Results of EDS analysis: a) upper side of SZ, b) central part of SZ, c) lower part of SZ
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Figure 15

Hardness measurement results
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Figure 16

Results of tribological tests
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Figure 17

Variations in coe�cient of friction versus sliding time of as-cast sample (a), naturally-cooled FSPed
sample (b) and air-cooled FSPed sample (c) under applied load of 30 N
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Figure 18

Worn surface morphologies of as-cast sample (a), naturally-cooled FSPed sample (b), air-cooled FSPed
sample (c,d)


