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Numerical modelling of Friction Stir Processing of AISi9Mg

aluminium casting alloy

Abstract: The work presents the assumptions of a complex numerical thermo-ki-
netic model for Friction Stir Processing. The model makes it possible to calculate
the under-tool temperature of the surface of a material being modified as well
as to determine lines corresponding to the shifting of a material modified dur-
ing FSP. The calculation results indicate the influence of a tool rate of rotation
and of a tool travel rate on the concentration of lines and on the surface tem-
perature. The article also reveals that a material being modified is composed of
two zones in which the material is shifted, i.e. the primary and secondary zone.
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Introduction

In order to know the processes of Friction
Stir Processing (rsp) [1] or those of Friction
Stir Welding (rsw) [2] it is important to deter-
mine the dependence between the process con-
ditions and the quality and properties of joints
obtained or areas modified. However, in doing
so it is necessary to take into consideration a
number of factors, i.e. the physical and mechan-
ical properties of the base metal, the technolog-
ical parameters of the process (rate of rotation
and that of travel/welding, pressure force, tool
inclination angle), the shape and type of tool,
fixtures rigidity and, in some applications, the
efficiency of the cooling system. In most cases
the determination of the previously mentioned
dependences requires only experimentation,
but analytical calculations and physical sim-
ulation are also used. However, the most uni-
versal method is that of numerical simulations.

In comparison with analytical calculations,
numerical methods allow the better adjustment

of data to real conditions accompanying Fsw/
Fsp, i.e. the geometry of elements being welded,
dependences of material physical properties on
temperature, heat losses, and the distribution of
heat sources, including friction-induced heat-
ing. The most commonly applied are Finite El-
ement Methods and Finite Difference Methods.

The numerical simulation of Fsw/Fsp en-
ables the determination of the temperature
field, plasticised material motion, strain rate,
joint hardness, microstructure and strain lev-
els. Modelling requires the use of such com-
putational systems as ANSYs, Sysweld, Forges,
STAR CCM+, ABAQUS, AcuSolve, Msc-Marc, FLU-
ENT, FORTRAN, WELDSIM, DEFORM—-3D, I-DEAS,
NX, COMSOL, Matlab.

rsp modelling is carried out, among others,
while adjusting and optimising the techno-
logical parameters of selective plastic forming.
Paradiso et al. [3] demonstrated that the proper
adjustment of forming process conditions ena-
bles, when supported by numerical modelling,
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the reduction of time needed for preparing a
technology as well as the reduction of manu-
facture costs, particularly in relation to prod-
ucts having complicated shapes. The tests were
carried out on an Az31 magnesium alloy. The
numerical modelling made it possible to deter-
mine the places at which carrying out rsp will
enable obtaining the highest plasticity and, as a
result, the greatest strains during plastic work-
ing, e.g. during drawing.

Wang and Mishira [4] also carried out nu-
merical calculations, the objective of which
was to adjust proper FSP parameters so that,
by means of selective superplastic forming, it
would be possible to obtain the required shape
of an element. The tests were carried out on a
7075 grade aluminium alloy. The calculations
enabled the determination of the element thick-
ness in the critical areas, in which, through
drawing, it was necessary to obtain the required
thickness of sheets.

Numerical modelling made it possible for
Aljoaba et al. [5] to determine the effect of Fsp
conditions for Az31B alloy on the temperature,
the level of strains during the modification pro-
cess, dynamic viscosity, grain size and the plas-
ticised material travel rate. In the future the
results of numerical simulation will enable the
adjustment of the tool geometry and process
parameters so that it will be possible to obtain
the required refinement of grains in the rsp
modification area.

Krumphals et al. [6] demonstrated the com-
patibility of the rsp physical and numerical
simulations results. The numerical model-
ling enabled the determination of the tem-
perature field in the test samples and of the
level of strains. The results of the numerical
calculations were consistent with the physi-
cal simulation carried out on the simulator of
thermal-strain cycles.

Numerical modelling is also a useful in-
strument while analysing the motion of the
plasticised material during modification.
Mukherjee and Ghosh [7] used an Abaqus
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system for determining the level of materi-
al strain during Fsp of 5083 aluminium alloy.
They also carried out the visualisation of the
material motion by using 0.29 mm thick foil
made of 5457 aluminium alloy.

Hsu and Hwang [8] using a DEFORM-3D sys-
tem determined the field of temperature, stress
and strain, as well as the travel rate of the de-
formed material. The tests were carried out on
an Az31 magnesium alloy. The tests results re-
vealed that the highest temperature and the val-
ue of deformation were near the probe. A higher
temperature was also observed near the upper
surface of the material being modified, in the
area where the dominant role was played by
the shoulder and the friction phenomena tak-
ing place between the shoulder and the material
surface. The results of the numerical calculations
were consistent with the measurement data. It
was also observed that the modified material
was deformed at the highest rate near the probe.

The purpose of the tests presented in this
work was to develop a complex numerical mod-
el of the modification of AlSi9Mg grade alumin-
jum casting alloy. The model presented makes it
possible to determine the field of temperature
in the modification area and the motion of the
plasticised material. On the basis of an over-
view of reference publications it is possible to
state that such calculations have not been car-
ried out until this research. The numerical cal-
culations in the scope of the temperature field
were verified through experimentation.

Test methodology

The complex thermo-kinematic model of
FSW [9-11] was used to develop a model ena-
bling the determination of temperatures in the
modification area and the motion of plasticised
material layers in Fsp. The model was developed
in the Comsol multi-physics computational en-
vironment. The details related to the design of
the model itself, i.e. boundary conditions, the
type of elements, simplifications in stress-strain
characteristics and material physical properties
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used can also be found in previous publica-
tions [9-12]. Basically, the model assumed the
area of modification between the advancing
and retreating sides, in which the rotary mo-
tion of the tool triggers an increase in tempera-
ture and forces the motion of the material being
modified. In addition, the width of the modi-
fication area in the model is 1 mm greater than
the shoulder diameter, which allowed the bet-
ter illustration of the plasticised material mo-
tion around the tool.

Figure 1 presents the numerical model ena-
bling the thermo-kinematic Fsp analysis. The
calculations mainly involved the use of tetrahe-
dral finite elements. The rate of delivering the
material into the tool affected area was equal
to the tool travel rate vp, and was defined in
accordance with the adopted coordinate sys-
tem as “+”, whereas the travel rate was defined
as “=”. The boundary condition concerning the
rate of material between the advancing and re-
treating sides and the support does not take the
slide into consideration. These separation sur-
faces are reflected in the model grid in order to
ensure the proper heat distribution compatibil-
ity across these boundaries. The boundary val-
ue related to the rate in the modification area
is the following:

(1)

where u, v and w traditionally represent the rate
modules along the axes x, y and z.

Taking into consideration that fact, the ex-
periments involved the use of the tool consist-
ing of the shoulder only; in the model there is
only one boundary condition between the tool
and the material being modified - the shoulder

— the material surface. In view of the foregoing,
the material rate modules near the shoulder
adopt the following form:

U=V, v=0; w=0,

(2)

where w is the rsp tool rate of rotation. The de-
termination of the material rate field in the mod-
ification area requires knowledge of the viscosity

u=wy; v=-wx; w=0,
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Fig. 1. Scheme of FSP numerical model

coeflicient (internal friction) — y, which is deter-
mined from the yield stress, and the rate of effec-
tive strain using the following dependence [13]:

Oe

H =3¢

(3)

The maximum strain rate in the modification
area is observed near the Fsp tool, e.g.: under
the shoulder or along the probe (if any), where
rate gradients are the highest. The rate of strain
and that of the material motion decrease con-
siderably along with an increase of the distance
to the tool. For rFsw of aluminium alloys Frig-
aard et al. [14] determined a maximum strain
rate under the shoulder of 20 s*, whilst another
team [15] calculated a maximum strain rate of
100 s ! under the shoulder and 30 s™ 4 mm from
the shoulder surface. Arora et al. [16], in the
case of Fsw of 2524 grade aluminium, adopt-
ed a strain rate of 9 s*. In turn, Colegrove [17]
in his numerical model adopted a strain rate in
the range from 0.001 to 1000 s™.

In the tests presented the calculation of the
viscosity coefficient and of the yield stress were
simplified by adopting the constant maximum
value of the rate of effective strain at the shoul-
der for the whole area of modification. This
assumption gives higher strain values than in
reality yet enables the reliable determination
of the plasticised material motion in the tool
neighbourhood. Colegrave [17] demonstrated
that it is the tool that plays the decisive role in
heat generation and kinematic processes. For
this reason, the adoption of the constant max-
imum strain rate triggered by the shoulder en-
sures good compatibility of the model with the
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real conditions in the whole modification area.
In order to determine this value it was assumed
that the rate modules “u” and “v” decrease lin-
early from the shoulder surface to the lower
surface of the area being modified. These as-
sumptions were proposed, among others, by
Heurtier et al. [18]. In such case the module
“w” remains constant. Using the above assump-
tions the modules of rate in the modification
area can be written as follows:

u= wy (%) —Vp
V= —wx (%) (4)
w=0

where h - depth of the layer modified.

Nandan et al. [15] suggested an extended de-
pendence for the rate of effective strain as the
function of rate gradients. Taking into con-
sideration the above assumptions, the rate of
strain can be determined using the following
dependence:

. (au)z s (617)2 w
°= [3\\az 9z) | h

The determination of x and y in equation 5
for the shoulder having radius rw makes it pos-

sible to determine the maximum rate of effec-
tive strain from the equation below:

TwwV6
3h

For the modification process conditions used
during the tests (the depth of the layer modified
in the range from 0.3 mm to 1,3 mm [19]) the
rate of effective strain amounts to between 16.0
s-1and 256 s-1. The calculation results are com-
parable with those obtained by other authors
[15, 16]. Sheppard and Wright [20] proposed
a dependence enabling the determination of
yield stress:

I A
Jezasmh (—)

1 2 2
§(y +x2) (5)

(6)

& =

(7)
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where

A, a, n — material constants; values are pre-
sented in Table 1,

Z - Zener-Hollomon parameter assuming
the effect of temperature on the rate of effec-
tive strain:

: Q

Z = gexp (ﬁ)
where

Q - energy of high-temperature strain
activation,

R - universal gas constant,

T - temperature,
The value of material constants adopted for cal-
culations are presented in Table 1.

(8)

Table 1. Values of materials constants
adopted for calculations

Parameter Designation Value
Energy of
high-temperature Q 134158.4 J-mol™
strain activation
il gas R 8.314-10% J/kmol-K
constant
Matetial A 1.26-10% s
ateria a 0.03055 MPa’
constants
n 3.24644

During the simulation the Zener-Hollomon
parameter is converted depending on the tem-
perature in the modification area. Therefore,
the model proposed assumes the dependence
of temperature on the rate of effective strain,
yield stress and viscosity coefficient.

Properties of materials and boundary
conditions for the thermal model

In the stirring area for which the numerical
model is created, the flow of heat and the mo-
tion of the plasticised material are interrelated.
The thermal properties of the material, such as
heat conductivity - k, and specific heat - cp,
are identical in the area of the advancing and
retreating sides (indicated in Figure 1). The
values of the these material constants for the
material being modified, for the tool and the
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support, depending on the temperature, are
presented in Figure 2. A more detailed analy-
sis of the thermal model for the Fsw process
was presented in the previous work [21]. For
rsp conducted with the tool consisting of the
shoulder only the equation for the heat flux
adopts the following form:
Ashoulder = § OpUPywt, 9)
where

0y — slide coefficient,

P, - pressure exerted by the tool on the ma-
terial being modified.

The model was provided with thermal insu-
lation between the areas of direct effect of the
tool in which the motion of the plasticised ma-
terial takes place and the areas in which the tool
effect is only indirect and no motion of the ma-
terial takes place, i.e. in the subareas from the
advancing and retreating sides and near the
support. Such an assumption ensured the con-
tinuous flow of heat in the individual areas as
well as in the base metal, outside the area of the
direct tool effect. Such an assumption is also
important as regards modelling of the area be-
tween the tool work surface and the surface of
the material being modified. On the boundaries
of the centres which are exposed to the envi-
ronment conditions, i.e. the side surfaces of the
material being modified and the side surfaces
of the tool, the thermal conductivity coefficient
adopted was that of 15 W/m’K, assuming that
convection was natural. The values adopted for
the gripping part of the tool and the lower sup-
port were 200 W/m?K and 250 W/m?K respec-
tively. The value adopted for the lower surface
of the material being modified (in the place of
the support) and for the upper surface of the
support was 100 W/m?K. This value allowed for
heat dissipation to the support. In the model
proposed, heat dissipation caused by radiation
was omitted. During the experimental tests no
system for cooling the tool or the material be-
ing modified was used.
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Fig. 2. Effect of temperature on thermal conductivity
and specific heat, a) for aluminium alloy,
b) for tool and support [9]

The research-related experimental tests were
carried out on an Instytut Spawalnictwa’s Fsw
station consisting of an FYF32jU2 conventional
milling machine, as well as the system for fix-
ing test plates and measuring heads, i.e. a LOW-
STIR head (for measuring the forces and torque
acting on the tool) and a TempStir head (for
measuring the tool temperature). The tests were
conducted on 6mm thick test plate made of an
aluminium alloy AISi9Mg (Si - 9.0+10.0; Fe -
0.19; Cu - 0.05; Mn - 0.10; Mg - 0.25+0.45; Zn

- 0.07; Ti - 0.15; Al - remainder), using a tool
composed of a shoulder with a diameter of 20
mm, made of Hs6-5-2 high-speed steel. The

i Thermocouple K

v 1
A ’
1 mm

Fig. 3. Location of thermocouple in FSP tool
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tests also involved the measurements of the tool
temperature by means of a K-type thermocou-
ple located in the shoulder (Fig. 3).

The tests were carried out for 5 rates of rota-
tion, i.e. 112, 560, 900, 1400 and 1800 rev./min
and 6 travel rates, i.e. 112, 224, 560, 710, 900
and 1120 mm/min. Prior to the process the tests
plates were not cleaned.

Test results

Figure 4 presents the result related to the
numerical modelling of the plasticised materi-
al motion in the stirring area during the mod-
ification of AlSi9Mg aluminium casting alloy
(w=900 rev./min, v,=560 mm/min). The Fsp
tool, the area in which the material motion
takes place and the surface of the material un-
dergoing the modification are presented as the
contour. In turn, the lines corresponding to the
motion of the plasticised material are marked
in colour. The concentration of the lines im-
plies that the motion of the material takes place
mainly under the shoulder - the primary zone.

The other (secondary) zone includes the rear
edge of the tool in which the material whirls
behind the moving tool are generated. The
friction between the shoul-
der surface and the materi-
al being modified cause the
additional motion of the
material from the advanc-
ing side towards the retreat-
ing side. This material is
brought into the secondary
area. Figure 4 indicates that
the secondary area is also
present near the rear edge of
the tool. This zone is similar
to eddy currents, the theo-
ry of which was developed
while investigating flow phe-
nomena in liquids. The tool
rate of rotation and the tool
travel rate significantly af-
fect the shape and size of

v= 112 mm/min

No. 6/2013
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Fig. 4. Model illustrating motion of plasticised material
during FSP (w=900 rev./min, v=560 mm/min)

individual zones. This problem will be present-
ed in more detail further in the work.

Figure 5 presents the results related to the
numerical calculations of the effect of the tool
travel rate on the motion of the plasticised mate-
rial at the constant tool rate of rotation amount-
ing to w=900 rev./min. At the lowest travel rate
the main area in which it possible to observe
the motion of the material is concentrated near
the front part of the tool, approximately in the
symmetry axis. The rotary motion and the lines
of material motion are visible. The secondary
area is also well visible near the rear edge of
the tool and includes approximately the width
of the tool within the boundaries of the mate-
rial being modified. An increase in the travel
rate causes the main stirring zone to be clearly

Fig. 5. Effect of tool travel rate on motion of plasticised material (w=900 rev./min)
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determined. However, it should be noticed that
the lines corresponding to the material motion
are not only present in the axis but also move
towards the rear of the tool causing the genera-
tion of additional whirls. At the same time, the
diameter of the main whirl increases, indicat-
ing the lack of cohesion in the plasticised ma-
terial. The secondary zone is also well visible,
yet an increase in the travel rate causes a de-
crease of the zone.

Figure 6 presents the results related to the
numerical modelling of the effect of the tool
rotation rate on the motion of the plasticised
material at the constant travel rate of v=224
mm/min. When the tool rate of rotation is low

w=560 rev/min

Fig. 6. Effect of tool rate of rotation on motion of plasticised material (v=224 mm/min)

(w=560 rev./min), the primary and secondary
stirring zones are well noticeable. The previous-
ly presented primary zone is in the front part of
the tool but is inclined in the direction of the
rear part of the tool and on the material thick-
ness is caused by the linear motion of the tool.
An increase in the tool rate of rotation decreases
the diameter of the primary zone (whirl zone)
and reduces the zone inclination angle. The
highest rate of rotation (w=1800 rev./min) is
accompanied by the strong cohesion in the ro-
tary motion of the plasticised material and the
lines corresponding to the motion of the mate-
rial are concentrated in the front part of the tool,
approximately to half of the tool. An increase
in the tool rate of rotation is accompanied by
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an increase in the concentration of the lines in
the secondary zone, indicating an increase in
the cohesion of the plasticised material.

The numerical calculations also included
the determination of the temperature field.
Figure 7 presents an exemplary profile of the
numerical calculations of the temperature field
on the surface of the material being modified,
directly under the rsp tool (w=900 rev./min,
v,=560 mm/min). The temperature calculation
results are provided for the material surface un-
der the front part of the tool (pn), under the
rear part of the tool (TN) as well as on the ad-
vancing side (sN) and on the retreating side (ss).
As presented in Figure 7, the highest tempera-
ture is present on the mate-
rial surface under the front
part of the tool. This zone is
moved towards the advanc-
ing side. In turn, the area
characterised by the low-
est temperature is observed
on the material surface un-
der the rear part of the tool
and is moved towards the
retreating side. The calcu-
lation results indicate that
the temperature under the
front part of the tool on the
advancing side is 50°c higher than in the ma-
terial under the rear part of the tool on the re-
treating side. During Fsp the base metal having
a lower temperature is drawn from underneath

~ 260
- 240

220

200

TN=167°C 180
160

' 140

120

¥ 100

Fig. 7. Temperature distribution on modified material
surface under tool during FSP (w =900 rev./min, vp=560
mm/min), where PN - tool front part, TN - tool rear
part, SS - retreating side, SN - advancing side
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the front part of the tool and moved towards
the advancing side. At the same time the mod-
ified material from beneath the rear part of the
tool is also moved in the direction of the ad-
vancing side. The presented model showing
the motion of the plasticised material predicts
a higher temperature on the advancing rather
than on the retreating side. The linear move-
ment of the tool causes that the primary stir-
ring zone is present under the front part of the
tool (Fig. 5), which triggers an increase in the
temperature. Similarly as in the case of mov-
ing of the plasticised material, the field of tem-
perature is strongly affected by the tool rate of
rotation and the tool travel rate.

Figure 8 presents the effect of the tool
travel rate at the constant rate of rotation
(w =900 rev./min) on the temperature field of
the modified material surface under the tool
during Fsp. An increase in the travel rate causes
an increase in the temperature. The zone char-
acterised by the highest temperature is observed
under the front part of the tool on the advanc-
ing side. It is possible to observe an increase in
the surface temperature when the travel rate
increases from 112 mm/min to 560 mm/min
and 710 mm/min. At the travel rates of 560
mm/min and 710 mm/
min the temperature
reaches its highest val-
ue, and next decreases
with a further increase
of the travel rate. The
numerical calculations
revealed that at the rate
of v,=1120 mm/min the
surface temperature
on the retreating side
is lower than that ob-
served at the rate of
v,=112 mm/min (Fig.
8). Initially, an increase
of the travel rate is ac-

S§8=121°C

SN=136°C
v=112 mm/min

v=710 mm/in

v=224 mm/min

v=900 mm/min

[@)ev-ne |

energy in the stirring area and by a greater vol-
ume undergoing plastic strain [19].

At greater travel rates the efficiency of heat
transfer from the tool to the material being
modified is reduced, among others, due to
the reduced time of contact between the ma-
terial undergoing plastic strain and the tool
work surface as well as due to the more intense
slide between the tool and the material sur-
face. For this reason it is possible to observe a
decrease in the temperature in the area under
consideration.

Figure 9 presents the results of the numerical
calculations of the field of the under-tool tem-
perature of the material surface depending on
the tool rate of rotation at the constant travel
rate of 224 mm/min. An increase in the rate of
rotation from 560 rev./min to 9oo rev./min in-
creases the temperature. Along with an increase
in the rate of rotation under the constant slide
conditions, the heat input caused by friction
and stirring causes an increase in the tempera-
ture. A further increase in the tool rate of rota-
tion causes the slide between the surfaces under
consideration to increase and the amount of
generated heat to decrease. As a result of the
phenomena the surface temperature becomes

TN=167°C
03°C

v=560 mm/min

v=1120 mm/min

Fig. 8. Effect of tool travel rate on under-tool temperature of material surface

companied by a greater
generation of thermal

No. 6/2013

during FSP (w=900 rev./min), where PN - tool front part, TN - tool rear part,
SS - retreating side, SN - advancing side
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Fig. 9. Effect of tool rate of rotation on under-tool temper-
ature of material surface during FSP (vp=224 mm/min),
where PN - tool front part, TN - tool rear part,

SS - retreating side, SN - advancing side
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stable or slightly decreased. The calculation re-
sults revealed that the highest temperature is
observed for the rate of rotation amounting to
1400 rev./min and decreases when the rate of
rotation increases to 1800 rev./min.

In order to verify the thermal model it was
necessary to measure the temperature of the
FSP tool (using a TempStir head) depending
on the technological process parameters, and
next, following the procedure described in the
previous publication [22], calculate the tem-
perature of the surface of the material being
modified. Figure 10 presents the effect of the
tool rate of rotation (at the constant travel rate
of 224 mm/min) on the under-tool tempera-
ture of the surface of the material being mod-
ified. As can be seen, an increase in the rate of
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Fig. 10. Effect of tool rate of rotation on temperature of
material surface under tool, vp=224 mm/min
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rotation causes an increase in the temperature.
The differences in the quantities presented in
Figures 9 and 10 result, first of all, from the fact
that the temperature on the tool surface (this
value is next converted) is point-measured. In
addition, during the generation of the numeri-
cal model, some simplifications are adopted, e.g.
the physico-chemical properties of the materi-
al being modified and the boundary conditions,
which may slightly deviate from the real ones.

Summary

The work presents a complex numerical ther-
mal-kinematic model making it possible to
characterise the motion of the plasticised mate-
rial during the rsp of AlSi9Mg aluminium alloy
surface layers. The calculation results revealed
that the primary stirring zone is formed un-
der the front part of the tool. In the area under
consideration, the tool rotation causes drawing
of a portion of the base metal from the volume
in front of the tool and supplying the strongly
plasticised material into the area located direct-
ly under the tool. This leads to the generation
of the rotary motion of the material from the
surface of the plate towards its middle. Near the
rear part of the tool it was possible to observe
the secondary eddy-current stirring area locat-
ed directly behind the moving tool. At the con-
stant rate of rotation, an increase in the travel
rate causes a decrease in the cohesion of the
primary and secondary zone and the reduction
of the concentration of the lines correspond-
ing to the material motion. At the same time
it was observed that at the constant travel rate
an increase in the rate of rotation increases the
cohesion and the concentration of these lines.

The numerical model developed helped
demonstrate that the area of the highest tem-
perature was present under the front part of
the tool on the advancing side. During Fsp the
base metal of a significantly lower temperature
is moved in portions towards the retreating
side, whereas the modified material of a high-
er temperature is moved from the rear part of

No. 6/2013



http://bulletin.is.gliwice.pl/
http://creativecommons.org/licenses/by-nc/3.0/

the tool towards the advancing side causing a
temperature increase in this area. At a constant
rate of rotation, an increase in travel rate caus-
es an increase in surface temperature. Howev-
er, it should be noted that after exceeding a rate
of 560/710 mm/min, the surface temperature
decreases slightly. The dependences observed
are the result of the change of friction and slide
conditions between the tool work surface and
the material being modified. Similarly, an in-
crease in the tool rate of rotation, at a constant
travel speed, causes an increase in temperature
to the maximum value for w=1400 rev./min, fol-
lowed by their stabilisation. Above the rate of
w=1400 rev./min the slide between the collabo-
rating surfaces decreases along with the amount
of generated heat, and the process temperature
becomes stable.
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