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Abstract. Friction Stir Processing (FSP) is a novel solid state processing technique which can be used for microstructural modification of

surface layers in metallic materials. This paper analyzes the effects of FSP process parameters on spindle torque acting on the tool and on

the tool temperature. It has been shown that an increase in the rotational speed brings about a decrease in the torque and an increase of

temperature. For temperature estimation in the stir zone a numerical model was applied, while for predicting a relationship between the

spindle torque acting on the tool, rotational and travelling speeds and the down force, the artificial neural networks approach was employed.

Light and electron (scanning and transmission) microscopy investigation showed that the FSP process reduces porosity and produces a more

uniform distribution of second-phase particles.
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1. Introduction

Friction stir processing (FSP) is a relatively new method of

changing properties of a metal surface layer through severe

localized plastic deformation. FSP is based on the principle

of the friction stir welding technology which was patented

by Thomas et al. in 1991 [1]. A schematic diagram illustrat-

ing the FSP process is shown in Fig. 1a. FSP is a solid-state

process in which a specially designed rotating cylindrical tool,

consisting of a shoulder with an attached pin, is plunged into

the processed plate. The friction on the interface between the

shoulder and the processed workpiece generates heat which

softens the material, however, the temperature remains be-

low melting. The rotating pin stirs the material while the tool

travelling across the sample completes the process. During

the process the material undergoes severe plastic deformation

at elevated temperature. This results in the formation of a dy-

namically recrystallized fine grain structure. The basic concept

of FSP was discussed in Ref. [2]. The tool (Fig. 1b) serves

three primary functions: heating of the workpiece, stirring the

material in the processed zone and restraining the processed

metal beneath the tool shoulder. Heating of the workpiece is

due to friction between the rotating tool and the processed

surface as well as due to severe plastic deformation of the

workpiece [3].

a) b)

Fig. 1. Schematic drawing of a) friction stir processing process and b) tool
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The FSP process is primarily used for the modification

of microstructure in near-surface layers of processed metallic

components. In particular, the process may produce:

• fine grained structure [4],

• surface composite [5],

• microstructural modification of cast alloys [6],

• alloying with specific elements [7],

• improvement of welding joint quality [8].

The major advantages of FSP over other surface modifi-

cation methods may be summarized as follows [9]:

• FSP is a short-route, solid-state processing technique with

one step processing that provides microstructural refine-

ment, densification, and homogeneity;

• the microstructure and mechanical properties of the

processed zone can be accurately controlled by optimiz-

ing the tool design, FSP parameters as well as active cool-

ing/heating;

• the depth of the processed zone can be optionally adjust-

ed by changing the length of the tool pin, with the depth

being between several hundred micrometers and tens of

millimeters;

• FSP is regarded as a green and energy-efficient technology

since the heat input comes from friction and plastic de-

formation and no deleterious gases, radiation or noise are

emitted.

• FSP does not change the shape and size of the processed

components.

It is well established that the relationship between process

parameters and properties of the welded joints is an important

issue in FSW technology [10]. The properly selected para-

meters allow for production of high quality joints with pre-

defined properties. Similarly, the influence of parameters on

the desired properties in the FSP workpieces are is also im-

portant. The earlier investigation of the FSP process revealed

that the torque is more strongly influenced by the rotational

speed rather than by travelling speed. The relationship be-

tween the torque and volume per revolution can be described

as an exponential relationship [11]. The effect of travelling

speed on torque can be approximately modelled by a linear

function [12]. The model presented in Ref. [12] allows for

a detailed evaluation of the sensitivity of torque to changes

in rotational and travelling speed. Arbegast [13] showed that

the volume of flowing material increases when the rotational

speed increases. This results from processed material stick-

ing to the shoulder due to its excessive heating induced by

friction forces. Arora et al. [14] provided evidence that the

computed torque decreases with an increase in the rotational

speed. Such behavior was rationalized by the easier flow of

the material at higher temperatures and higher strain rates.

Various methods have been utilized to analyze the fric-

tion stir welding/processing. These include analytical methods

[15, 16], finite element analysis [17, 18], computational flu-

id dynamics [19], neural networks [20, 21] and experimental

techniques [2, 11].

The authors’ previous papers discussed the influence of

FSP parameters on torque, process temperature and penetra-

tion depth on the processing of Al-Si cast alloy [22, 23].

However, in that case a tool without a pin was utilized in

the experiments. The research showed that the intensive shear

deformation of α (Al) dendrites and Al-Si eutectic during

FSP resulted in Si particles evenly distributed in α (Al) ma-

trix achieving a high degree of microstructure homogeneity.

A similar finding was reported in Ref. [24, 25]. The improve-

ment of microstructural, mechanical and tribological charac-

teristics of cast Al alloys using friction stir processing was

well documented [25]. Also, the effects of different tool pin

profiles on microstructure and mechanical properties of FSP

of cast aluminium alloys were analyzed [26]. The practical

application of the friction stir processing technique to cast

aluminium alloys in industry was reported in Ref. [27]. The

most recent study of FSP applied to Al-Si cast alloys con-

centrated on the numerical simulation of the process [28].

Another investigation dealt with the influence of multi-pass

friction stir processing on the microstructural and mechanical

properties of the modified material [29]. An interesting issue

concerning FSP is the fabrication of aluminium matrix com-

posites reinforced by different contents of multi-walled carbon

nanotubes (MWCNTs) [30]. Friction stir processing in cryo-

genic temperatures was successfully used to produce ultrafine

grains in a magnesium alloy [31]. The number of the major

achievements in the field of FSP technology is well presented

in the review paper of Ma [4].

Despite this intensive research, the details of the process

are not fully understood. The presented work is aimed at pro-

viding new insight into understanding the phenomena occur-

ring during friction stir processing of cast aluminum alloys.

The main goal of the current research is to determine the

influence of the process parameters (rotational and travelling

speeds) on spindle torque, temperature and microstructure of

the stir zone in a cast Al-Si alloy.

2. Experimental procedure

Friction Stir Processing experiments were conducted on a ver-

tical milling machine (FYF 32JU2) at the Instytut Spawalnict-

wa (Institute of Welding) – Fig. 2. The investigated material

was an AlSi9Mg cast aluminium alloy in the form of 6 mm

thick workpieces. The chemical composition of investigated

alloy was determined by a BAIRD DV6 spark emission spec-

trometer (Table 1).

Table 1

Chemical composition of the AlSi9Mg cast aluminium alloy

Si Fe Cu Mn Mg Cr Ni Zn Pb Sn Ti V Ca Na Zr Sr

9.21 0.366 0.223 0.301 0.416 0.010 0.009 0.132 0.020 0.0038 0.017 0.0073 0.0014 0.0002 0.0065 0.0027
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Fig. 2. Experimental setup

A tool with a shoulder of 22 mm in diameter with a thread-

ed cylindrical 8 mm in diameter pin was used in experiments

(Fig. 3). The tool was made of high-speed steel (HS6-5-2).

The following Friction Stir Processing parameters were ap-

plied: tilt angle 1,5˚, travelling speed in the range of 112-1200

mm/min and rotational speed within the range of 112-1800

rpm. The lengths of the processed areas were comparable,

about 180 mm. The surface of the plates was not cleaned

before processing.

Fig. 3. FSP tool

The torque was measured by a LowSTIR device. The

acronym LOWSTIR stands for LOW cost unit for measure-

ments of friction STIR welding parameters. The LOWSTIR

system can measure down force and travelling forces as well

as the spindle torque. The measurement of these entities helps

to monitor the FSP process. The signals were recorded at a

sampling rate of 100 Hz. The temperature of the tool was

recorded by the TermSTIR head near the shoulder surface.

The microstructure was examined by the light (LM), scan-

ning electron (SEM) and transmission electron microscopies

(TEM). A Leica MEF4M light microscope, Hitachi S-3500N

scanning electron microscope and JEOL JEM 200CX trans-

mission electron microscopes were used for this purpose.

Both electron microscopes were equipped with energy dis-

persive spectrometers (EDS) for chemical analysis. Quantita-

tive analysis in the TEM was performed by a Cliff-Lorimer

standardless method for thin sections. For light microscopy

the samples were mechanically ground, polished and subse-

quently chemically etched in the Keller’s reagent. For SEM

the samples were electropolished in a solution of perchloric

acid and ethanol (1:5) at 10 V and 12◦C for one minute and

observed without etching. Specimens for the TEM examina-

tion were sliced from the cross sections of plate and ground

to about 50 µm in thickness. Then, 3 mm discs were punched

out. The disks were mechanically dimpled, and finally, the thin

foils were prepared by the double jet electropolishing method

on a Struers Tenupol polisher.

The experimental results were compared with the numeri-

cal model. To find a dependence combining the spindle torque

acting on the tool with the rotational speed, travelling speed

and the down force, artificial neural networks were applied.

3. Results and discussion

3.1. Measurements. The mean value of the spindle torque,

down and travelling forces measured by LOWSTIR were cal-

culated from 100 points in the area of the fully stabilized

FSP process – Fig. 4. The influence of rotational and travel-

ling speeds on the spindle torque is shown in Figs. 5, 6 and 7,

and on tool temperature in Figs. 8 and 9, respectively. All re-

sults presented in Figs. 5–9 were calculated as mean values

of three measurements.

Fig. 4. Torque, travelling and down forces signals recorded during

FSP process, (ω = 560 rpm, v = 224 mm/min)

Fig. 5. Influence of rotational speed on the spindle torque (for se-

lected data)
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Fig. 6. Influence of travelling speed on the spindle torque (for se-

lected data)

Figure 5 shows that the spindle torque strongly depends

on the rotational speed of the FSP tool. This is because the

rotational speed stimulates the process temperature (Fig. 8)

within the FSP volume (modified material). The temperature

linearly increases with the increase in the rotational speed.

Hence, the friction coefficient also decreases. Higher temper-

ature brings about a decrease in the material resistance for

travelling the tool. It would be expected that this makes the

torque smaller. However, as is illustrated in Fig. 6, the torque

is less affected by the change in the travelling speed. The

decreasing torque with the decreasing travelling speed at con-

stant rotational speed was reported in Ref. [5]. Such behavior

can be rationalized when assuming that for a constant rota-

tional speed and decreasing travelling speed, the volume of

material being processed per each tool revolution decreases,

hence the heat is generated in a smaller volume, and this,

in turn, may lead to raising the temperature and lessening

the flow stress. The modest influence of travelling speed on

the torque (Fig. 6) is likely caused by a weaker relationship

between the travelling speed and temperature compared to

the influence of the rotational speed on temperature. This is

demonstrated by the equations’ slopes in Figs. 8 and 9. It is

worth noting that during the experiments the down force was

almost constant and underwent only negligible fluctuations.

Fig. 7. Influence of rotational and travelling speeds on the spindle

torque

Fig. 8. Influence of rotational speed on temperature of the tool (for

selected data)

Fig. 9. Influence of travelling speed on temperature of the tool (for

selected data)

3.2. Artificial neural networks. Artificial neural networks

(ANN) were applied for finding a relation between the torque

acting on the tool, the rotational speed in a wider range (112–

1800 rpm), the travelling speed in the range of 112–1120

mm/min and the down force. A neural network consists of

an interconnected group of artificial neurons, and it processes

information using a connectionist approach to computation.

Neural networks are similar to biological neural networks in

that functions are performed collectively and in parallel by the

units, rather than there being a clear delineation of subtasks to

which various units are assigned. The basic unit in the ANN

is a neuron. Neurons are connected to each other by links

known as synapses; associated with each synapse there is a

weight factor [20]. Details on the neural network modelling

approach are given elsewhere [32].

In this work, the neural net was built by means of an

automatic net creator from the neural network software (Sta-

tistica). Rotational and travelling speeds and the down force

were introduced as the input to the neural network. The auto-

matic creator tested successively 200 nets, while the quantity

of the learning subset was 70%, validation subset – 15% and

testing subset – 15%. To learn, a BFGS (Broyden-Fletcher-

Goldfarb-Shanno) algorithm was used and the best result was

obtained in the 164th learning cycle. In hidden and output lay-

ers, the activation function was a logistic function. As a result,

the three-layer perceptron net type 3:2–4:1 was chosen. The
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system had three layers: input, hidden and output layer. The

input layer consisted of all input factors. Information from the

input layer was then processed in the course of one hidden

layer. Subsequently, the output vector was computed in the

final (output) layer. A schematic description of the layers is

shown in Fig. 10.

Fig. 10. Architecture of the optimal multilayer perceptron net, char-

acterized by one hidden layer with 4 neurons

Fig. 11. Results of calculation of torque by the neural networks 3-4-1,

learning subset

Fig. 12. Results of calculation of torque by the neural networks 3-4-1,

learning, validation and testing subsets

The results of calculations with the linear function defin-

ing the relationship between the actual and calculated values

of torque for the learning subset and for learning, validation

and testing subsets are shown in Figs. 11 and 12, respectively.

These charts give insight into exactly how the network out-

put reflects the actual value of the output variable. The linear

character of the graphs (y = x) facilitates the observation.

However, the points do not lie exactly on the line y = x.

The reason for this “non-compliance” is that the noisy data

prevent the network to fitting them properly. Figure 12 shows

two points that lie apart from the straight line y = x. This

derives from the network learning step performed for values

of torque below 220 Nm and a smaller set of test.

3.3. Thermal model. The thermal model was adapted from

the friction stir welding thermal model developed by Hamil-

ton et al. [17]. The adaptation for friction stir processing was

performed by utilizing Comsol multi-physics software. As an

initial simplification to the model, only heat generation due to

friction between the tool and the workpiece was considered,

i.e. heat generation due to plastic deformation was not taken

into account. Based upon these conditions, the heat generation

at any tool/workpiece interface, q, may be expressed as [17]:

q = δEµPN (ωr − υx sin θ) , (1)

where δE is an energy-based slip factor, µ is the coefficient

of friction between the tool and the workpiece, PN is the

normal pressure relative to the tool face, ω is the angular ve-

locity of the tool, r is the radial distance measured from the

tool center, vx is the tool velocity and θ is the radial angle

measured about the tool axis. The physical constants applied

during numerical modelling are given in Table 2.

Table 2

Physical constants applied during numerical modelling

Constant Value

Density 2670 [kg/m3]

Heat capacity 963 [J/kgK]

Thermal conductivity 138 [W/mK]

Solidus temperature 835.8 [K]

Yield strength 276 [MPa]

Young’s Module 70 [GPa]

Thermal diffusivity 5.37·10−5 [m2/s]

For the tool applied in the present investigation (Fig. 13),

there are three heat generating interfaces: the tool shoul-

der/workpiece interface, the pin bottom/workpiece interface

and the pin side/workpiece interface, as defined in Fig. 14. Un-

der typical friction stir welding conditions, the normal force

on the pin side, the “Travelling Force”, is much smaller than

the normal force applied to the pin shoulder and pin bottom,

the “Down Force”, such that heat generation along the pin

side is often ignored. For FSP, however, the normal pressure

on the pin side in Eq. (1) is significant – between 20–50%

of the magnitude of the normal pressure applied to the tool

shoulder. This is especially true at the higher tool velocities,

such as 900 mm/min and 1120 mm/min. Based on these in-

terfacial conditions, three heat fluxes are assigned to the FSP

tool, as shown in Fig. 14: qshoulder, qpinbottom and qpinside.

Fig. 13. Schematic of the FSP tool indicating heat generating sur-

faces
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Fig. 14. Schematic representation of the FSP tool indicating heat

generating surfaces

The higher FSP tool velocities present another distinction

from the FSW process. Typical tool velocities during FSW

render the vx sin θ term in Eq. (1) negligible compared to the

ωr term. However, for many FSP tool velocities, the vx sin θ

term cannot be ignored. Therefore, Eq. (1) was evaluated with

θ = 90◦, and the heat generation was averaged over the sur-

face area of each tool/workpiece interface to yield the follow-

ing expressions for the tool heat fluxes:

qpinbottom =

∫

rpin
∫

0

δEµPN (ωr − vx) rdrdθ

πr2

pin

= δEµPN

(

2

3
ωrpin − vx

)

,

(2)

qshoulder =

∫

rshoulder
∫

rpin

δEµPN (ωr − vx) rdrdθ

πr2

shoulder − πr2

pin

= δEµPN

(

2

3
ω

r3

shoulder − r3

pin

r2

shoulder − r2

pin

− vx

)

,

(3)

qpinside =
δEµPN (ωrpin − vx)

2πrpinhpin

, (4)

where rpin is the radius of the tool pin, rshoulder is the radius

of the tool shoulder and hpin is the height of the tool pin. The

FSP process stabilizes after approximately 10-20 seconds of

runtime. Prior to stabilization, the applied forces (as well as

the torque) increase approximately linearly during the ramp-

ing period. Since the heat fluxes are directly proportional to

the normal forces, a linear ramp for the heat flux was incor-

porated into the thermal model for runtimes less than or equal

to 10 seconds (t ≤ 10). Beyond 10 seconds, i.e. after stabi-

lization, the full heat fluxes from Eqs. (2)–(4), were utilized.

To reduce the amount of computational time, each simulation

represents 30 seconds of friction processing runtime. Repre-

sentative temperature distributions predicted by the thermal

model are shown in Fig. 15.

Figure 16 presents the predicted highest welding temper-

ature as a function of processing time for six different tool

velocities and associated rotation speeds applied in this in-

vestigation. The maximum welding temperature occurs at the

surface within the shoulder/workpiece interface approximate-

ly 7.5 mm toward the leading edge, as measured from the tool

center. The predicted temperatures follow the same trend and

show the same relative magnitude as the experimental data.

It should be noted that the thermal model does not accurately

predict the temperature distribution at 560 RPM for any tool

velocity except 1120 mm/min. However, the experimental da-

ta at 560 RPM for these tool velocities show higher temper-

atures than those generated at 900, 1400 and 1800 RPM –

a result that seems somewhat counterintuitive. The thermal

model tends to under-predict the processing temperature for

tool velocities slower than 710 mm/min and to over-predict

the temperature for tool velocities greater than 710 mm/min.

Since the model does not presently capture heat generation

due to plastic deformation, temperature under-prediction at

the slower tool velocities occurs. If the flow stress of the

workpiece remains relatively high during processing, plastic

deformation can significantly contribute to the total heat gen-

eration.

Fig. 15. Representative temperature distribution images from the thermal model
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Fig. 16. Temperature profile as a function of time for the six tool velocities

Not all of the processing conditions were modelled due

to limitations associated with the slip factor in the heat flux

equations. As previously mentioned and as fully developed

in Ref. [17], the slip factor is derived from the torque-based

processing energy in relation to a maximum processing energy

based on material properties. If the processing energy (again,

calculated based on the theoretical torque) was to exceed the

maximum energy, then the current definition of the slip factor

breaks down and fails to capture the actual slip conditions

of the process. In this investigation, higher values of rotation

speed and/or tool velocity yielded processing energies in ex-

cess of the theoretical maximum energy. For example, all six

trials at 1800 RPM and five out of six trials at 1400 RPM pro-

duced such energy conditions. For these trials, the measured

torque is generally less than 25% of the calculated torque

(based on the equation presented in [17]), suggesting that the

extent of slip is greater during FSP than captured by the cur-

rent formulation of slip. Also, though Eq. (1) captures the

effect of tool velocity in the (ωr − vx) term, the equation

assumes that the heat generating surfaces of the tool are in

perfect contact with the workpiece. At travel speeds typical

to friction stir welding, such as 127 mm/min, this assumption

is undoubtedly valid. As the travel speed increases to values

like those used in this investigation, such as 900 mm/min or

1120 mm/min, the efficiency of heat transfer from the tool

to the workpiece could be reduced by the influence of these

speeds on the tool/workpiece interfaces.

3.4. Metallography. The microstructures of the as-cast alu-

minium alloy AlSi9Mg are shown in Figs. 17 and 18. The

micrographs illustrate the typical dendritic solidification mi-

crostructure with a network of large plate- or needle-shaped

Si particles in a continuous aluminum matrix. Intermetallic

phases were also revealed in the as-cast microstructure. The

utilization of Z-contrast produced by back scattered electrons

in the SEM made it possible to easily distinguish intermetallic

particles from Si ones. The white particles are intermetallics

since they are composed of heavy elements with large atomic
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number Z (Fig. 18). According to the literature data and the

chemical compositions measured by EDS, the intermetallic

particles most likely belong to the Al15(Fe,Mn)3Si2, AlFe-

Si or Al(FeMn)Si phases [33, 34]. The places analyzed by

EDS and corresponding energy dispersive spectra are shown

in Figs. 19 and 20, respectively.

Fig. 17. Microstructure of AlSi9Mg as-cast aluminium alloy, without

etching, LM

Fig. 18. Microstructure of AlSi9Mg cast aluminium alloy, without

etching, SEM

The microstructures of samples subjected to FSP are

shown in Figs. 21 and 22. The stirring action fractured large

second-phase particles reducing both their average size and

aspect ratios. Simultaneously, the distribution of the second-

phase particles became uniform throughout the processed vol-

ume. A low magnification image of the processed area is

shown in Fig. 21a, while Figs. 21b and 21c present mi-

crostructures of the characteristic processed regions. The mi-

crostructure at the boundary of the stir zone and the AlSi9Mg

as-cast material is shown in Fig. 21b, while the microstruc-

ture within the stir zone is illustrated in Fig. 21c. It is evident

that relatively large shrinkage porosity occurring in the as-

cast alloy was removed by friction stir processing. Virtually

all traces of dendritic solidification microstructure were elim-

inated throughout the stir zones.

Fig. 19. Placement of point for chemical analysis (processed mater-

ial)

The TEM examination revealed the presence of a large

number of particles of substantially different sizes – from a

few to a few hundred nanometers (Figs. 23, 24). Next to large

Si particles, small particles (precipitates) were also present.

Also, some Si particles had sharp edges, but some exhibited

more or less rounded shapes. On the other hand, the majority

of small particles were round and showed different contrast

compared to the Si particles (Fig. 24). These particles are most

likely precipitates that nucleate and grow due to thermal cy-

cles applied to the processed material. During FSP, the work-

piece experiences high temperature. Though the temperature

is below the liquidus, it is high enough to dissolve low melting

point components that re-precipitate upon cooling. The EDS

analysis showed that such precipitates were enriched with Fe,

Mn and Cu elements. The chemical analysis by EDS (ran-

domly selected particles – Table 3) confirmed the presence

of two types of particles – silicon and intermetallic phases

containing Fe, Mn and Cu. It should be noted that there is no

explicit relationship between the chemical composition of the

particles and their size. The TEM analysis revealed a number

of particles with straight edges and irregular shapes. These

particles are likely a result of the fragmentation of large, brit-

tle particles observed in SEM (Fig. 22). Many small particles

have a spheroidal shape. This suggests that they were formed

by diffusion processes (coagulation, secondary precipitation)

activated by the heating-cooling cycle.

900 Bull. Pol. Ac.: Tech. 61(4) 2013



Experimental investigation and modelling of Friction Stir Processing...

Fig. 20. Energy dispersive spectra in processed material

Fig. 21. Microstructures of the processed material (ω=560 rpm, v=560 mm/min), LM, a) entire processing zone, b) boundary of the stir

zone and as-cast material, c) center of the stir zone
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Fig. 22. Microstructure of the processed zone (ω = 560 rpm,

v = 560 mm/min), SEM

The other feature revealed by TEM was the presence of

a large number of subboundaries as well as a fairly high dis-

location density (Fig. 23, 25) introduced into the processed

material. Since aluminum has a high stacking fault energy,

the dislocations are tangled rather than confined to their slip

planes. The presence of dislocations suggests that recrystal-

lization was not complete and that it had a more dynamic

nature than static character. In addition, the microstructure

consists of small subgrains, confirming intense dynamic re-

covery occurring during FSP. The refinement of microstruc-

ture during FSP is an inherent feature of the process. It is

usually considered as a result of dynamic recrystallization ac-

companying FSP [35]. It is commonly accepted that the ho-

mogenized and refined microstructure along with the reduced

porosity results in improved mechanical properties [36, 37].

Fig. 23. Large Si particles (white) and high dislocation density in Al

matrix, TEM

Fig. 24. Variety of particles in the processed material

Table 3

Results of the chemical analysis by EDS (randomly selected particls)

No
Chemical composition, % wt.

Al Si Mn Fe Cu Mg

1 52 19 4 19 6 –

2 50 11 5 26 8 –

3 3 97 – – – –

4 65 35 – – – –

5 22 78 – – – –

6 62 18 1 5 5 9

7 54 38 – – 8 –

Fig. 25. Dislocation and subboundaries in the processed material,

TEM

4. Summary and conclusions

This research analyzed the relationship between FSP para-

meters, torque, tool temperature and microstructure. The ex-

perimental data were compared to predictions from numerical

modelling. It was found that an increase in the rotational speed

decreases the spindle torque. It is rationalized that the higher

process temperature at higher speeds eases the material flow.

On the other hand, the increase in surface temperature makes

the friction coefficient smaller. The same phenomena occurred

in conventional friction stir welding where the increase in the

rotational speed decreases the volume of mixed material. The

inverse phenomena can be observed upon changes in travel-

ling speed. An increase in the travelling speed decreases the

temperature and increases the torque acting on the tool. This

is due to the fact that an increase in the travelling speed rais-

es the resistance of processed materials, and a much larger

volume of material is mixed per tool revolution.

It was also found that the best regression results for de-

terming the influence of rotational and travelling speed, as

well as down force, on the torque, for the analysed case, can

be obtained by using the three-layer perceptron network type

3:2–4:1.

Friction stir processing of the cast AlSi9Mg aluminum

alloy resulted in a significant change in the microstructure.

Fracturing of coarse acicular Si particles and primary alu-

minum dendrites and elimination of cast porosity produced

a homogeneous microstructure. The presence of numerous

small rounded particles suggests that they were formed by

diffusion processes activated during temperature cycles ac-

companying the process. Simultaneously, a large number of
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dislocations and the presence of subboundaries in the stir zone

indicate that the material is not fully recrystallized.
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