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RELATIONSHIP BETWEEN PARAMETERS
OF THE FSP PROCESS AND TORQUE ACTING
ON A TOOL

Marek S. Weglowski

Abstract

The effect of rotational and travelling speeds and down force on the torque in Friction Stir Processing
(FSP) process is presented. The relationship between rotational speed and torque was modelled by
an exponential function. The dependence of the travelling speed and down force affecting the torque
was successfully approximated by linear functions. To find a dependence combining the spindle
torque acting on the tool with the rotational speed, travelling speed and down force the artificial
neural networks was applied. Studies have shown that the increase of rotational speed causes the
decrease of torque while the increase in the travelling speed and down force causes the increase of
the torque at the same time. Tests were conducted on casting aluminium alloy AISi9Mg. Application
of FSP process resulted in a decrease of the porosity in the modified material and refined
microstructure.
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Analiza zaleznosci parametréw procesu tarciowego modyfikowania warstwy wierzchniej
i momentu obrotowego narzedzia

Streszczenie

W pracy przedstawiono wptyw predkosci obrotowej i przesuwu oraz sity docisku na moment
obrotowy w procesie modyfikowania warstw wierzchnich metodg tarcia (Friction Stir Processing —
FSP). Przyjeto, ze zalezno$¢ pomiedzy predkoscig obrotowa i momentem obrotowym jest funkcja
ekspotencjalna. Natomiast dla wyznaczenia zaleznosci pomiedzy predkoscig przesuwu i sitg docisku
uzyto funkgji liniowej. Metoda sieci neuronowych ustalono zalezno$¢ wartosci parametrow
technologicznych

i momentu obrotowego narzedzia. Analiza wynikéw badan wykazata, ze zwiekszenie predkosci
obrotowej powoduje zmniejszenie momentu, natomiast wzrost predkosci przesuwu i sity docisku
wzrost momentu obrotowego. W badaniach stosowano odlewniczy stop aluminium AISi9Mg.
Stosowany proces FSP spowodowat zmniejszenie porowatosci w modyfikowanej warstwie wierzchniej
stopu oraz rozdrobnienie jego ziaren.

Stowa kluczowe: tarciowa modyfikacja, moment obrotowy, stopy aluminium

1. Introduction
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Friction Stir Processing (FSP) is an efficient dofitate modification
process that have numerous potential applicatiormaany industries including
automotive, machine building, aerospace, as wat &se armaments industries.
It combines frictional heating and stirring motitmsoften and mix the surface
layers in materials, in order to produce fully nfeatli area. One of its main
advantages lies in the possibility of modifying evédls previously difficult to
be processed, and obtaining new useful properfe&SP tool consists of
a shoulder of a larger diameter and a smaller prqiie. The shoulder provides
the primary source of heat by friction, prevents thaterial expulsion, and
assists the material movement around the tool.piiie primary function is to
mix the material under the tool shoulder, which barenhanced by threads. FSP
is actually performed in three steps. First, the ipiplunged into the modified
surface, until the shoulder gets in contact. Asttwé rotates at a high velocity,
the sheets are heated up by plastic deformationfriatibn. Second, the tool
keeps rotating without any travelling motion, se timaterial heating due to
friction increases. Finally, the tool moves alohg modification designed line,
heating the material further, moving it from therft of the tool, and depositing
it behind its trailing edge, so producing the madifarea. This process is shown
in Fig. 1.

Thermomechanicall
affected zone v Heat affected
zone

Fig. 1. Scheme of friction stir processing process

Determining a model for the torque is an importstage in estimating an
overall heat input model for FSP. A heat input ntodeuld allow FSP
parameters to be selected for desired propertidseafnodified surface. Various
methods have been utilized to model the generamehtransfer of heat during
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friction stir process. These include experimeng&dhhiques [1-2] analytical
methods [3, 4] as well as those based on finitenete analysis [5, 6] and
computational fluid dynamics [7].

The effects of rotationale) and travelling ) speeds on torque and
temperature have been widely reported in other rsaf$]. Cui at al. [2]
observed that the torque is more strongly influenbg the rotational speed
rather than travelling speed. It was also suggetitad torque, expressed as
energy input per revolution, is determined by thetarial flow volume per the
shoulder revolution. Arbegast [9] showed that tibume of flowing material
increases when the rotational speed increasesislthie result of the processed
material sticking to the shoulder due to its exivesheating caused by friction
forces. Arora et al. [10] provided evidence that tomputed torque decreases
with the increase in the rotational speed. Sucktmbiour was rationalized by
the easier flow of the material at higher tempessuand strain rates. The
computational results were consistent with the @rpantal results. The authors
also noticed that the decrease in torque with desang travelling speed at
constant rotational speed may be due to two cartinigp factors. From one side,
for the constant tool rotation speed and decreasawglling speed, the volume
of material being deformed on each revolution deses, hence the heat is
generated in a smaller volume. This in turn maydldéa slightly higher
temperature and lower flow stress. From the otftr, ower travelling speeds
reduce the convective cooling, resulting from sloweovement into the
relatively cooler material in front of the tool. éteat al. [11] pointed out that
both, the torque and the extent of material miximghe stir zone, display the
much stronger dependence on the rotational speedttle travelling one.

The objective of this work is to determine the tielaship between
travelling and rotational speed of the FSP toolymldorce and torque acting on
the tool. One major difference between the pres@mk and the previous ones,
guoted in literature, is a wider range of rotatiomad travelling speeds applied
in the experiments as well as more precise measuneaf the torque acting on
the tool. The experimental results are compareld thié neural network model.

2. Methodology

Friction Stir Processing experiments were conduarda conventional
vertical milling machine specially adapted for esipeents. The work stand was
provided with the necessary instrumentation suchlamps for rigid fastening
of the modified plates and a tool-cooling systempleying compressed air.
Additionally, the stand was equipped with LOWSTIRasurement head. The
LOWSTIR system recorded: transverse force, downef@nd spindle torque.
The FSP tool was made of HS6-5-2 high speed sfdw. tool constitutes
a shoulder 20 mm in diameter and a threated pimrbin length and 8 mm in
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diameter. The tool tilt angle was kept constarit,&t. The rotational speed was
varied from 112 to 1800 rpm while the travellingeowas in the range of
112+1120 mm/min. The lengths of the processed avese approximately

constant, about 180 mm. The material used in exyats was a commercial
cast aluminium alloy AIMg9Si in the form of plate$ dimensions 450x100x6
(lengthxwidthxthickness) mm. The alloy was not sgtgd to heat treatment
before processing. The plates were firmly fixedn® machine table by suitable
grips. The plate surfaces were not cleaned befreepsing. The roughness of
the surface was as directly after milling.

The mean value of the spindle torque, travellimgécand down force were
measured by LOWSTIR and calculated from 100 paantdhe area of the fully
stabilized FSP process. It should be emphasizadhbasignals recorded during
FSP are characteristic for the specific tool geoymetarameters of the process,
base material, measurement system (LOWSTIR) anérgmental setup. The
multiple regression model was generated usingsStatisoftware.

The microstructure of the as-received and processederial was
characterized by light microscopy (LM). Specimenserav cut out
perpendicularly to the direction of processing. Baeples were mechanically
grounded and then polished with a diamond paste. fifal polishing was
accomplished using AD; suspension of about 0,28n. The observation was
carried out without etching of the samples.

3. Results and discussion

The influence of the rotational and travelling sgeen the torque is shown
in Figures 2a and 2b, respectively. It is evideaht Figure 2a that the spindle
torque strongly depends on the rotational spedtieofSP tool. This is because
the rotational speed (the increase the linear spéedaterial flow) stimulates
the temperature in the FSP area (modified matdfid])and thus the increase in
the temperature reduces the local shear strengghjting in the reduction of
friction coefficient. However, the torque is nogmsificantly affected by the
change in the travelling speed. The predominarg wadl the rotation speed
corresponds with the results presented by Cui. ¢2lhnd Arora et al. [10]. The
mathematical correlation between rotational andeltang speed and torque are
given in Tables 1 and 2, respectively. The relatgm between rotational speed
and torque was modelled by an exponential functidre dependence of the
travelling speed and down force affecting the terqwas successfully
approximated by linear functions.
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Fig. 2. Influence of (a) rotational speed and ¢ay¢lling speed on torque

Table 1. The modelled relationship between rotalispeed and torque acting on the tool

Travelling speed, mm/min M odelled realtionship
112 M, = 201,16 - exp (— 268,71) +9,18
560 Mgy = 240,17 - exp (— ﬁ) + 24,57
900 Mgy = 289,70 - exp (— 29?W) +30,03

Table 2. The modelled relationship between travelipeed
and torque acting on the tool

Rotational speed, rpm

M odelled realtionship

560 M560 = 31,15+0,05'U
900 Mgoo = 16,75 + 0,04 %
1400 M1400 = 9,94 + 0,03 v
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In the case of the FSP process the movement is asmedpof linear and
rotational motion. Hence, the value of the pitchaelling speed/rotational
speed) is an important factor in determining thedlof the tool. The impact of
pitch (p) on the value of spindle torque at a camstrotational speed and
travelling speed was investigated.

The influence of a pitch on the torque is presemme#Bigures 3a and 3b.
The mathematical correlations between a pitch amgue at constant rotational
and travelling speed are given in Tab. 3 and fqeedvely. The results indicate
that an increase of the pitch increases the torfjuis. is due to the fact that the
increase in the pitch is associated with an inereias travelling speed (at
constant rotational speed) and for that as showign2b, the torque increases.
In the case of the increase in the pitch at a emms$tavelling speed, the increase
in the value is associated with a reduction oftroteal speed, which results in
(Fig. 2a) the torque increase.
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Fig. 3. The influence of pitch on the torque: ag@stant
rotational speed, b) at constant travelling speed
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Table 3. The modelled relationship between pitahtanque acting
on the tool at constant rotational speed

Rotational speed, rpm M odelled relationship
560 Msgo = 60,43 + 52,16 - log(p)
900 Mogo = 55,68 + 43,90 - log(p)
1400 Mi400 = 40,84 + 28,66 - log(p)

Table 4. The modelled relationship between pitahtanque acting
on the tool at constant travelling speed

Travelling speed, mm/min M odelled relationship
112 My, = 1,15+ 14124 p
560 Msgo = 17,63 + 35,21 p
900 Mogo = 20,12 + 26,17 - p

The influence of down force on the torque actingaotool, presented in
Fig. 4, shows that the increase of force causedntirease of torque, which is
common phenomenon.
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Fig. 4. Influence of down force on spindle torque@nstant rotational speed

The value of spindle torque is influenced by ratagl speed, travelling
speed, down force, type and shape of the tool, arkind of the modified
material. To find the dependence combining theuergcting on the tool with
the rotational speed in a wider range @100 rpm), the travelling speed in the
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range of 1121120 mm/min and down force, artificial neural netks were
applied. The neural net was built by means of aoraatic net creator from the
neural network software (Statistica). Rotationad &navelling speeds and down
force were introduced as input to the neural netw@iab. 5). The automatic
creator tested successively 200 nets, while thetgueof the learning subset
was 70%, validation subset — 15% and testing subddi%. As the result the
three-layer perceptron net type 3:2-4:1 was ch@sign 5).

Table 5. The modelled relationship between dowog@nd torque

Rotational speed, rpm M odelled relationship
560 Msgo = —1,19+3,0 - F,
900 Mgoo = 3,93 +1,81-F,4
1400 M40 = —2,65 + 1,31 F,

Down force, kN

Rotational speed, rg Spindle torgue, Nm

Travelling speed, mm/mi®—

Fig. 5. Architecture of the optimal multilayer peptron net, characterized
by one hidden layer with 4 neurons, used to sdleaégression problem

The results of calculations with the linear funotiefining the relationship
between the actual and calculated values of tofquéhe learning subset are
shown in Fig. 6. These charts give insight into hexactly the network output
reflects the actual value of the output variablee Graphs line y = x facilitates
the observation. Of course, points do not lie dyamt the line y = x. The reason
for this "non-compliance" is that the noisy datayant the network from fitting
them properly.

Figure 7a shows light microscopy micrograph of Mg castings in the
as-received condition. Coarse acicular Si partielese distributed along the
primary aluminium dendrite boundaries. Furthermdbes material exhibited
numerous pores. Figure 7b depicts microstructur¢hefprocessed AlSi9Mg
alloy. FSP resulted in a significant refinement lafge Si particles and
subsequent uniform distribution in the aluminiumtrixa Furthermore, porosity
in the as-cast AISI9Mg was nearly eliminated by F3ftensive plastic
deformation and material flow at higher temperatum@uced by the stirring
action of the tool and friction force are respolesitor the grain refinement and
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dynamic recrystallisation in the processed are@ F8P also removes casting
pores and homogenizes the microstructure.
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Fig. 6. Results of calculation of torque by the m¢uetworks 3-4-1, learning subset
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Fig. 7. The Microstructure of: a) as-cast AISi9MIpwy, b) FSP AlSi9Mg alloy at travelling speed
of 560 mm/min and rotational speed 560 rpm

Summary

This study has examined the relationship betweemranpeters of FSP
process and torque acting on the tool during medifAlSi9Mg alloy. The
results were as follows:
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« the increase of the rotational speed decreasdsriige acting on the tool,

« the increase of the travelling speed does notiénite the spindle torque
acting on the tool substantially — only a sligidremse was observed,

« the increase of the pitch at constant travellipges! increases the torque,

« the increase of the pitch at constant rotatiopakd increases the torque,

« the application of the neural network will makesgible to determine the
relationship between rotational and travelling siseedown force and spindle
torque,

* it was found that best regression results for @halysed case can be
received by using the three-layer perceptron nétwgre 3:2-4:1,

* the friction modified processing applied to théwlsurface causes the
refinement of microstructure in the near-surfagetand reduces porosity.
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