Journal Pre-proof

ISSN 003070

International Journal of

MECHANICAL

Analysis of contact conditions and its influence on strain rate and SC IENCES

temperature in Friction Stir Welding

D.G. Andrade, C. Leitao, N. Dialami, M. Chiumenti,
D.M. Rodrigues

PII: S0020-7403(20)33032-0

DOI: https://doi.org/10.1016/j.ijmecsci.2020.106095 [N e
Reference: MS 106095

To appear in: International Journal of Mechanical Sciences

Received date: 9 July 2020

Revised date: 31 August 2020

Accepted date: 11 September 2020

Please cite this article as: D.G. Andrade, C. Leitao, N. Dialami , M. Chiumenti ,
D.M. Rodrigues , Analysis of contact conditions and its influence on strain rate and tem-
perature in Friction Stir Welding, International Journal of Mechanical Sciences (2020), doi:
https://doi.org/10.1016/j.ijmecsci.2020.106095

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

(©) 2020 Published by Elsevier Ltd.


https://doi.org/10.1016/j.ijmecsci.2020.106095
https://doi.org/10.1016/j.ijmecsci.2020.106095

Journal Pre-proof

Highlights

e Evolution of the contact conditions with welding parameters.
e Analysis of strain rate sensitivity to process parameters.

e Prediction of grain size evolution with process parameters.

e Influence of contact conditions on heat generation.

e Analysis of the mechanisms governing material flow.



Journal Pre-proof

Analysis of contact conditions and its influence on strain rate and

temperature in Friction Stir Welding

D. G. Andrade®?, C. Leitao®", N. Dialami®, M. Chiumenti®, D.M. Rodrigues®

'ISISE, Mechanical Engineering Department, University of Coimbra, Portugal
’CEMMPRE, Mechanical Engineering Department, University of Coimbra, Portugal

Universitat Politécnica de Catalunya, Jordi Girona 1-3, Edifici C1, 08034 Barcelona, Spain, &
Centre Internacional de Métodes Numeérics en Enginyeria (CIMNE), Building C1, Campus
Nord UPC, Gran CapitanS/N, 08034 Barcelona, Spain.

*e-mail: carlos.leitao@dem.uc.pt, tel. +(351) 239 790 700, fax: +(351) 239 790 700

Abstract

In friction stir welding (FSW), the real contact conditions between the tool and the
workpiece and the range of strain rates experienced remain quite unclear. In this work, a
coupled 3D thermo-mechanical numerical model was used to simulate the FSW
process. A Parametric finite element analysis of the evolution of the contact conditions,
strain rates and temperatures with the processing parameters, tool dimensions and base
material plastic properties was conducted. The numerical model was able to capture the
evolution of the mixed slipping/sticking contact conditions with the welding time and
welding parameters. The temperature and strain rate gradients obtained in the numerical
simulations were validated with experimental data, by calculating the grain size
distribution, in the stirred volume, using the Zener-Hollomon parameter. Full sticking,
full slipping and mixed slipping-sticking contact domains were identified in a process
parameters chart. it was found that, meanwhile the temperature and the sticking fraction
evolve in the same way with the processing parameters, the strain rate is mainly
determined by the tool rotation speed, varying from an average of 68 to 324 s, when
the tool rotation speed is increased from 300 to 1200 rpm. The contact conditions and
the base material plastic properties were also found to mutually influence the material
flow. In full sticking contact, high strength materials, with high strain rate sensitivity,
may display a similar flow pattern to that of low strength materials. However, coarser
and more uniform grain structures may result from the welding of high strength
materials, as a result of the narrower range of strain rates experienced during welding

combined with high heat input.

Keywords: FSW; Contact conditions; Strain rate; Numerical simulation.
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1. Introduction
During Friction Stir Welding (FSW), the tool rotation and translation movements
promote not only the heating by friction of the materials to be joined, but also its plastic
deformation under complex loading conditions and variable strain rates. The complex
loading conditions, at high temperatures, are responsible for the material flow and for
the microstructural phenomena taking place during welding. So the understanding of the
mechanisms that govern the plastic deformation during welding, which are conditioned
by the contact conditions at the tool/workpiece interface, temperature and strain rates
inside the stirred volume, are very important to predict the final microstructure of the

welded materials as well as the possibility of defect formation.

Several works attempted to analyse and measure the plastic deformation and the
strain rates during FSW, by using different techniques, such as microstructural analysis,
tracing materials, analytical models and numerical simulation. Table 1 summarises the
strain rate values reported in the literature, determined using the above described
techniques, for different base materials and process conditions. Frigaard et al., 2001 [1],
Gerlich et al., 2006 [2] and Gerlich et al., 2007 [3] measured the grain size in the
stirring zone to compute the strain rate values by using the Zener—Hollomon parameter,
in FSW and Friction Stir Spot Welding (FSSW) of Aluminium alloys. Frigaard et al.,
2001 [1] calculated strain rate values, between 1 to 20 s™ in FSW of AA6082 and
AAT7018. According to the authors, these results indicated the occurrence of slipping
contact conditions between the tool and the workpiece, since the calculated strain rate
values were very low when compared to the angular velocity of the tool. On the other
hand, Gerlich et al., 2006 [2] and Gerlich et al., 2007 [3] in FSSW of AA7075 and
AA2024, respectively, reported a decrease in the strain rates, from 650 to 20s™ and

1600 to 0.6s™, by increasing the rotation speed from 1000 to 3000 rpm and 750 to 3000
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rpm, respectively. They attributed these results to the local melting of second phase
particles. Masaki et al., 2008 [4] determined the strain rate values during FSW of
AA1050, by comparing the grain size in the welded zone, with the grain size of
specimens loaded in plane-strain compression, under various temperatures and strain
rates. Using this technique, the authors found that by increasing the rotation speed from

600 to 1200 rpm the strain rates varied between 1.7 to 2.7 s,

Chen and Cui, 2009 [5] and Liu et al., 2019 [6] determined the strain rates in
FSW of A356 alloy and C1100P copper, respectively, by measuring the distortion of
tracer materials in the post-weld microstructure. Chen and Cui, 2009 [5] calculated
strain rates between 3.5 to 85 s in the leading side of the tool, while Liu et al., 2019 [6]
calculated an average strain rate of 20.8 s ' in the band formation zone. The use of
tracers has also been used to determine the strain rates and the material flow velocity
during FSW by Morisada et al., 2015 [7], Morisada et al., 2015 [8] and Kumar et al.,
2018 [9]. Morisada et al., 2015 [7] calculated a maximum strain rate value of almost 15
s, for the FSW of A1050 at 1000 rpm. Also, in the FSW of A1050 Morisada et al.,
2015 [8], observed that the tracing particles rotated around the tool several times, when
the rotation speed was higher than 400 rpm, although the angular velocity of the tracer
was always lower than the angular velocity of the tool. For rotation speeds lower than
300 rpm the tracing particles stopped rotating around the tool and defects were observed
in the weld. Kumar et al., 2018 [9] analysed the influence of the rotation and traverse
speeds on the strain rate, in the FSW of a viscoplastic fluid. According to the authors,
the tracing particles also rotated several times around the tool pin, up to a maximum
velocity of 60 % of the pin angular speed. The tool rotational speed was found to be the
main factor governing the strain rates. Increasing the rotation speed from 75 to 425 rpm

lead to an increase in the strain rates between 8 and 44 s™.
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Chang et al., 2004 [10] and Long et al., 2007 [11] proposed analytical models to
estimate the strain rates during welding. Chang et al., 2004 [10] proposed that the strain
rates are proportional to the size of the dynamically recrystallised zone and to a fraction
of the tool rotational speed, due to the sticking/slipping contact condition at the
tool/workpiece interface. Using the previous model, Chang et al., 2004 [10] calculated
an increase in the strain rates between 5 to 50 s™ by increasing the rotation speed from
180 to 1800 rpm. The Long et al.,, 2007 [11] model estimated the strain rates by
considering the distance that the tool advance in one rotation, as the initial length of the
undeformed material. Then, during the tool rotation, this portion of material is stretched
in the front side of the pin and is finally compressed in the trailing side of the pin, where
it is deposited. Considering the previous model, Long et al., 2007 [11] calculated an
increase in the average strain rates from 20 to 350 s™ by increasing the rotation speed

from 544 to 844 rpm, respectively.

Due to the difficulty in calculating the strain rates experimentally during
welding, numerical simulation has been used as a tool to determine the strain rates
experienced during FSW. Nandan et al., 2006 [12], Nandan et al., 2006 [13] and
Nandan et al., 2007 [14] used a three-dimensional viscoplastic model to simulate the
FSW of 304 stainless steel, AA6061 aluminium and AISI 1018 steel, respectively. The
authors determined maximum strain rate values of 130 s™, 150 s™ and 40 s™, for rotation
speeds equal to 344, 300 and 450 rpm, respectively. Du et al., 2020 [15] used numerical
simulation to model the FSW of AA2017, AA5083 and AA6082 aluminium alloys and
computed strain rate values between 23.16 to 434.25 s™ by varying the rotation speed
from 100 to 1100 rpm. Mukherjee and Ghosh, 2010 [16] used two-dimensional finite-
element simulation using ABAQUS, to model the FSW of AA5083 aluminium alloy.

The authors concluded that a 0.1 ratio between the base material velocity matrix and the
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tool velocity, best characterised the material flow. For these conditions, a maximum
strain rate of 87 s was determined. Ammouri et al., 2015 [17] used a 3D thermo-
mechanically coupled FE model to simulate the FSW of AZ31B, under different
rotation and traverse speeds. The authors observed that the strain rates increased with
the rotation and traverse speeds. Although, the rotation speed presented higher influence
on the strain rate values than the traverse speed. Sharghi and Farzadi, 2018 [18] used a
three-dimensional model based on the computational fluid dynamics to simulate
dissimilar welding of AA6061/Al-Mg,Si aluminium alloys. The authors computed a
maximum strain rate of 975 s near the top surface of the workpiece at the outer edge of

the tool shoulder.

The contact conditions at the tool/workpiece interface are also critical to
understand the welding mechanisms occurring during FSW, although they are difficult
to study experimentally. In general, the contact conditions are considered to be fully
sticking [19-27] or fully slipping [19,24,28-30]. However, this assumption may be
restrictive in order to simulate the welding process accurately. Some works have also
considered the partial slipping/sticking phenomena during the welding process by

prescribing imposed velocity profiles at the tool/workpiece interface [19,24,31-33].

Considering all the works analysed, it is possible to conclude that the calculated
strain rate values widely vary, in accordance with the different measurement techniques,
process parameters, contact conditions and base materials used. In current work, a
coupled three-dimensional thermo-mechanical model was used to simulate the evolution
of the mixed slipping/sticking contact conditions and to compute the strain rates and
temperatures during FSW of different base materials under a wide range of
parametrically varied welding conditions. The range of temperatures and strain rate

obtained in the numerical simulations were validated with experimental results and
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extrapolated to predict the evolution of the weld microstructure for the different welding

conditions tested.

Table 1 — Range of strain rates reported in the literature.

Rotation Traverse Strain rate
Technique Author Base Material speed speed 5]
[rpm] [mm/min]
Frigaard et AA6082 and
al., 2001 [1] AA7018 1500 720 1-20
Gerlichetal. | aAa7075-T6 | 1000 - 3000 0 20 - 650
. 2006 [2]
Microstructural Gerlich et al
2007 [3] AA2024 T351 750 - 3000 0 0.6 - 1600
Masaki et al.,
2008 [4] AA1050 600 - 1200 100 1.7-27
Chen and A356 (Al-7Si-
Cui, 2009 [5] 0.3Mg) 740 168 35-8
Morisada et
al., 2015 [7] A1050 1000 400 13.4-15
Tracers Kumar et al. . . .
2018 [9] Visco-plastic fluid 75 - 425 50-110 8-44
Liuetal.,
2019 [6] Copper C1100P 800 150 20.8
Changeetal., AZ31 180 - 1800 90 5-50
. 2004 [10]
Analytical
model Long et al RO
2007 [11]" 2219-T87 and 544 - 844 76.2 20- 350
7050-T751
Nandan et al., .
2006 [12] 304 Stainless Steel 300 101 130
Nandan et al.,
2006 [13] AA6061 344 95 150
Nandan et al.,
2007 [14] AISI 1018 450 25.2 40
Mukherjee
Numerical and Ghosh, AA5083 1500 50.8 87
2010 [16]
Ammouri et
al., 2015 [17] AZ31B alloy 600 - 2000 75 - 900 34.8-1225
Sharghi and
Farzadi, 2018 | AAS08L Al- 1120 120 975
[18] Mg2Si
Duetal., AA2219, AA5083
2020 [15] and AAGOS? 150-1302 100-1100 | 23.16-434.25

2. Numerical simulation

2.1 The finite element model

The contact conditions and the plastic deformation during FSW were studied by using

the three-dimensional numerical model proposed by Chiumenti et al., 2013 [34] and
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Dialami et al., 2013 [35]. As shown in Figure 1, the finite element model combines
three different kinematic frameworks. The tool is modelled in a Lagrangian framework,
while the stirring zone and the base material are modelled using Arbitrary
Lagrangian/Eulerian (ALE) and Eulerian frameworks, respectively. In order to reduce

the computational time, the two-stage solution strategy proposed by Dialami et al., 2017

[36] was used. The coupled thermo-mechanical problem is solved by using the thermal
and mechanical sub-problems, shown in Table 2, sequentially for each time step. The
nomenclature of the variables used is shown in Table 3. In the numerical model it was
assUimed that'90%of the plastic dissipation was converted inio hieat. For a more detailed

explanation of the thermal and mechanical models, and of the computational

framework, see Refs. [35-39].

Mechanical partition
V-s+Vp+p,b=0 Momentum balance equation
V-v=20 Continuity equation
=T Kinematic equation
Ooq = /3 /2 (s:5)1/2 Equivalent stress
. /2/3 (&:6)1/2 Equivalent strain rate
Thermal partition
1dT .
PoC (EE + (v — Viesn) VT) —V - (kVT) = Dpesn Energy balance equation
Dipesn, = 0s: € Viscoplastic dissipation
Qeony = (T — Tonyy) Heat convection
Geona = Neona (T — Troo1) Heat conduction
s Stress deviator
p Pressure
P Density in the reference configuration
b Body forces vector per unit of mass
v Velocity field
é Strain rate
c Specific heat
T Temperature
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Vpnesh Velocity of the mesh
k Thermal conductivity
6 Fraction of plastic dissipation
Reony Heat transfer coefficient by convection
Reona Heat transfer coefficient by conduction
& Speed-up factor
Teny Environmental temperature
Ttool Tool temperature

In this work, a square shaped workpiece with 160x160 mm was used to simulate
the base material. The tool was simulated with a flat shoulder with a concentric
cylindrical pin. A mesh with 32000 nodes and 180000 tetrahedral elements was used in
the numerical simulations. In order to understand the influence of the process
parameters on the contact conditions and on the plastic deformation during welding, in
the numerical simulations, the rotation (w) and traverse (v) speeds were varied between
300 to 1200 rpm and 250 to 1000 mm/min, respectively. The tool pin diameter (D), pin
length (p;), shoulder diameter (D) and base material thickness (t) were varied in the
range of 4 to 10 mm, 1.8 to 8.5 mm, 12 to 30 mm and 2 to 10 mm, respectively.
According to Andrade et al., 2020 [40], this range of welding velocities, tool
dimensions and plate thicknesses represent the majority of the welding conditions tested
in the FSW works on aluminium alloys. As in Andrade et al., 2020 [40], in current
work, the influence of the tool dimensions on the welding outputs was considered by
using the geometry parameter (G), that corresponds to the contact area between the tool

and the workpiece,

T /s 2 1
G=ZD£+T[Dppl+Z(DS_Dp)' ()

The combination of base material thicknesses, pin and shoulder diameters and
respective geometry parameters used in current numerical simulations are summarised
in Table 4. These combinations were set according to Zhang et al., 2012 [41] and Prado

et al., 2001 [42], who recommended a shoulder diameter to plate thickness relation
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equal to Dg=2.2(7.3 and a shoulder to pin diameter ratio equal to D,/D,=3,

respectively. Also, a pin length to plate thickness ratio equal to 0.85 was considered.

Lagrangian Tool

7' ALE stir zone

Eulerian
workpiece

Figure 1 — Numerical model and respective subdomains: Lagrangian, ALE and Eulerian zones.

Table 4 — Base material thicknesses, shoulder diameters, pin diameters and geometry parameters used in
the numerical simulations.

t [mm] Ds[mm] | D,[mm] | G[mm?
2 12 4 134
6 18 6 351
10 30 10 974

2.2 The base materials modelled
The base material plastic behaviour was modelled by using the Norton-Hoff constitutive

model,
m
Oeq(feqr T) = V3u(V3éeq) by
where g, is the equivalent stress, éq is the equivalent strain rate and u and m are

constants that determine the strength and the strain rate sensitivity, respectively, of the

base material. Some conceptual materials were considered in this analysis. The base

10
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materials stress-strain rate curves, for a constant temperature of 25 °C and 550 °C, and
the stress-temperature curves, for a constant strain rate of 100 s™, are represented in
Figure 2a to 2c. In the figure, the base material represented by the yellow line was
modelled using the AA6063-T6 constitutive properties from Dialami et al., 2017 [37].
The constitutive properties of this material, which will be labelled as reference material,
were used in most of the analysis that follows. The remaining base materials used in the
analysis were conceptually developed by varying u and m values, taken from the
reference material, from -90 % to +100 % as shown in Figure 2. The HSHSRS and the
HSLSRS are high strength materials (u = +100 %) but with high (m = +100 %) and low
(m = -90 %) strain rate sensitivity, respectively. On the other hand, the LSHSRS and
LSLSRS are low strength materials (1 = -90 %), but with high (m = +100 %) and low
(m = -90 %) strain rate sensitivity, respectively. The conceptual materials were
exclusively used in a parametric analysis on the influence of the plastic properties of the
base materials on the material flow and temperature and strain rate distributions during

welding.

11
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5 300 5 60
g 200 E 40
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=
=
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Figure 2 — Stress-strain rate curves at a constant temperature of 25 °C (a) and 550 °C (b), and stress-
temperature curves at a constant strain rate of 100 s™ (c). Labels HSHSRS and HSLSRS denote high
strength materials with high and low strain rate sensitivity, respectively. Labels LSHSRS and LSLSRS
denote low strength materials with high and low strain rate sensitivity, respectively.

2.3 The friction law and the contact conditions
The Norton’s friction law was used to model the friction between the tool and the
workpiece:

T = a(D)||Av|7  Av. (3)

In the equation, 7 is the friction shear stress, Av; is the relative sliding velocity between
the tool and the workpiece, g is the sensitivity to the sliding velocity and a(T) is the
consistency parameter given by

a(T) = —asK(T), (4)

where ay is the friction coefficient and K(T) is the temperature dependent material
consistency. Considering an almost uniform temperature distribution at the contact
interface, a(T) may be assumed constant. In order to ensure that the mixed contact

conditions characteristic of the FSW process were accurately captured by the numerical

12
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model, a(T) values ranging from 50 to 500 MPa, were tested. With this selection,
several friction coefficients were assumed, since K(T) is a material related constant.
The sensitivity to the sliding velocity parameter was assumed to be constant (g = 0.5)

[37].

The contact conditions between the tool and the workpiece were assessed by

measuring the sticking fraction (8), as suggested by Schmidt et al., 2003 [43]:

Vtool

In the equation, vy represents the velocity of the base material, at the tool/workpiece
interface, and v,,,, is the tool velocity. According to Schmiidt et al., 2003 [43], when the
sticking fraction is equal to one, it means that the contact is 100 % sticking. When the

sticking fraction is equal to zero, it means that the contact is 100 % slipping.

3. Analysis of results

3.1. Sensitivity analysis on contact conditions

To determine whether the mixed slipping/sticking contact conditions occurring in the
FSW process were accurately captured by the numerical model, a(T) values ranging
from 50 to 500 MPa were tested using the AA 6063 alloy constitutive properties for
modelling the base material, a tool with geometry parameter G = 351 mm? and rotation
and traverse speeds of 600 rpm and 250 mm/min, respectively.

Figures 3a and 3b compare the evolution of the base material and tool velocities,
at the tool/workpiece interface, in two different stages of the FSW process, i.e. at the
beginning of the welding process (t = 0.04s) and after steady state conditions are

reached (t = 5s). The figure refers to numerical simulations performed using a(T) equal

13
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to 90 and 500 MPa. In Figures 3c and 3d is compared the distribution of the sticking
fraction, calculated using the velocity profiles of Figures 3a and b, respectively. In the
next, to characterise the contact conditions, the average sticking fraction (8ayg), Which is
the average of the sticking fraction values calculated for all the points along the
tool/workpiece interface, will be used.

Analysing Figure 3 it is possible to conclude that, in both numerical simulations,
the tool and the material velocities increase with the radial distance from the tool axis,
and its maximum values are reached at the outer shoulder edge. The figure also enables
to conclude that, irrespective of a(T), the sticking fraction increased with the welding
time, satisfactorily reproducing the evolution of the contact conditions during the
dwelling period at the beginning of the FSW process. Although, meanwhile for the
simulations performed with a(T) = 90 MPa, slipping contact conditions (8aq = 0)
prevailed at the initial stage of the welding process (t = 0.04s), for the simulations
performed with a(T) = 500 MPa, a large sticking fraction (8ag ~ 0.8) was registered
since the beginning of the welding process. When using a(T) =90 MPa, once steady
state conditions were reached (t = 5s), mixed slipping/sticking contact conditions (8avg~
0.7) were developed. On the other hand, when using a(T) = 500 MPa, full sticking (Savg
~ 1) prevailed after steady state conditions were reached. Another important difference
between the simulations performed with the different consistency parameter values is
that, for the simulations ran with a(T) = 90 MPa, the contact conditions were not
symmetrical nor uniform along the tool diameter, since the beginning of the welding
process, being registered higher sticking fractions at the retreating side (RS) than at the
advancing side (AS) of the tool. However, for the simulations ran with a(T) = 500 MPa,
contact conditions were almost symmetrical and became uniform, at the

shoulder/workpiece interface, when steady state conditions were reached. For a(T) = 90

14
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MPa, the sticking fraction was also higher, at the inner shoulder diameter, where the
tool velocity is lower and the weld nugget is formed due to the dragging of the material
from the shoulder influence zone to the pin influence zone [44].

The analysis performed in the previous paragraph showed important differences
in contact conditions at the tool/workpiece interface when different values were
assumed for the consistency parameter in the Norton friction law. So, in order to better
understand the evolution of the contact conditions with a(T), and its influence on heat
generation and material flow, numerical simulations were ran using a varied range of
tool rotational speeds (300, 600, 900 and 1200 rpm), which is the main factor governing
the heat generation in FSW [40]. Figures 4a and 4b show the evolution of the average
sticking fraction with a(T) and with the rotation speed, respectively. In the figures, it is
also plotted the evolution of the welding temperature for the range of welding
conditions tested. The welding temperature was calculated by computing the average
temperature in the stirring volume, i.e. considering only the amount of material with

equivalent strain rate values higher than zero.

15
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As Rs
ooy o
& © Time = 0.04s
® Time = 5s

e Tool velocity

-20 -10 0 10 20 -20 -10 0 10 20
Distance to the weld centre [mm] Distance to the weld centre [mm)
a)
As Rs
B
ﬁgﬁkag fraction i
W -~
] i"“ 8
0.6 - %
° 3 ® Time = 0.04s
0.4 : .
® Time = 5s
‘ 0.2 0.2 4
© onscccssmpmmimmry) | CINNgmsccss 00 |0 @ W o e
=20 -10 0 10 20 -20 =10 0 10 20
Distance to the weld centre [mm] Distance to the weld centre [mm]
c) d)

Figure 3 — Evolution of the base material velocity at the tool/workpiece interface (a and b) and of the
sticking fraction (c and d) with the welding time. Labels a(T), As, Rs denote consistency parameter,
advancing side and retreating side, respectively.
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Figure 4 — Evolution of the average sticking fraction with a(T) (a) and rotation speed (b). Label a(T),
denote consistency parameter.

Analysing Figure 4a, it can be concluded that, independently of the rotation

speed, the sticking fraction increases with a(T). For a(T) < 200 MPa, slipping contact

16
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and mixed slipping/sticking contact prevail, depending on the tool rotational speed. For
a(T) > 200 MPa, sticking contact prevails, mainly for rotation speeds higher than 600
rpm. Figure 4 also shows that the low temperatures associated with the very low
rotation speed of 300 rpm [40], is only simulated for a(T) < 100 MPa and that the
transition between prevalent slipping, at low rotation speeds, to prevalent sticking, at
high rotation speeds, is only simulated for a(T) = 90 MPa. Based on these results, a(T)
= 90 MPa was selected to be used in the analysis of the evolution of the contact
conditions and strain rate with process parameters. In the next, this option will be

validated based on literature and experimental results.

3.2.Validation of the model
A relationship between the process parameters and the welding temperatures was

already established and validated by Andrade et al., 2020 [40]:

T = K+Cy for Cy < 20000

T =590°C for Cy = 20000

In these relationships, Cr is the temperature coefficient and K; and ¢ are constants
related to the base material properties. For aluminium alloys, the authors determined
that for K and ¢ equal to 50 and 0.25, respectively, a good fitting for a large number of

literature results was obtained. The temperature coefficient is given by

Gw
=—. (7)

Cr =
T \/ﬁ

In Figure 5 the temperature values previewed by the analytical model (Eqg. 6) are

compared with the numerical results obtained in the numerical simulations, using a(T)

17
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= 90 MPa and considering the constitutive properties of the AA6063 alloy and all
welding conditions tested in this work. In the figure is plotted a rectangle in blue,
highlighting the evolution of temperature for predominant sliding conditions (Sag < 0.2)
and a rectangle in grey highlighting the evolution of temperature results for the
simulations in which &4 > 0.2. The correlation between the analytical model and the
results of the numerical simulations was assessed by the percentage error between the
average of the temperatures obtained from the numerical simulations and the average of
the temperatures previewed by the model. Analysing the figure, it is possible to
conclude that for sticking fraction values lower than 0.2, the percentage error between
the analytical and the numerical simulation results is 25 %. For these welding
conditions, the temperatures were always inferior to the ones predicted by the analytical
model. For sticking fraction values higher than 0.2, the percentage error is inferior to 3
%, showing a very good agreement between the numerical results with the ones
predicted by the analytical model. These results indicate that, in the domain of mixed
contact conditions and full sticking, the welding temperatures are determined by the
process parameters and tool dimensions, but the same is not true when sliding contact
prevails, i.e. in a temperature interval conducting to the production of defective welds
due to the very low heat input [8,45]. This may be explained assuming that in the full
sliding domain an accurate knowledge of the friction coefficient (ay) is required in
order to accurately model the FSW process. However, the figure also shows that for
mixed sliding/sticking conditions, the temperature may be accurately previewed using

a(T) =90 MPa for modelling the contact conditions.

18
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o
Yy @ Numerical simulation - 4 < 0.2
.
‘3 400 @ Numerical simulation - 6 > 0.2
—
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() 2] I 'l
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Temperature cocefficient (CT)

Figure 5 — Comparison between the temperature values previewed by the analytical model (Eq. 6) with
the temperatures computed by the numerical results, for 65,4 < 0.2 (a) and 64,4 > 0.2 (b). ). Label 64,
denote average sticking fraction.

In Figure 6 is now shown a cross-section of a weld performed in the AA6082-T6

aluminium alloy using a tool with a geometry parameter of 475 mm? and rotation and

traverse speeds of 500 rpm and 200 mm/min, respectively. I figure are displayed the
streamlines representing the material flovs around the tool, determined as in Dialami et
al., 2014 [46] . The figure also shows the strain rate and temperature distributions, in the
weld cross section, obtained when simulating the experimental FSW test. Despite the

room temperature properties of the AA6063-T6, to which refer the material constitutive
properties used in the numerical simulations, and the AA6082-T6 alloys, used to
fabricate the weld in the figure, are different, at the very high temperatures reached
during FSW, it is expected that both alloys display similar properties and that the
numerical and experimental results may be compared. Actually, analysing the
streamlines in Figure 6 it is possible to conclude that, for the FSW conditions modelled,
the numerical simulations preview that the material is stirred under the shoulder for
more than one revolution. This prevision is corroborated by the cross-section of the
weld, which displays a large shoulder influence zone. However, in order to better
demonstrate the good agreement between the numerical and the experimental results,

the grain size (GS) distribution in weld nugget, represented in Figure 7, was compared
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with the grain size distribution calculated using the temperature and strain rate

distributions displayed in Figure 6.
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Figure 6 — Comparison between the AA6082-T6 weld cross section, with the streamlines, temperature
and strain rate fields obtained through numerical simulation. Labels As, Rs, &, w and v denote advancing
side, retreating side, sticking fraction, rotation speed and traverse speed, respectively.

Average global = 10.7 ym

Frequency [*s]
e B
Odoné
(>t 5 4
requency [%) X ;
——2a1 s
S A WS 3
I ; R )
Frequensy (%]
—-——ww B 2 (]
SwswSa R C .
ey o . X
b rs
: "'."'

2 35
220 <
» 15 mis
10 10
s b ]
& - U - 0
- & S G S o v 5 W5 55
82 S 82 10 52 P & .,,‘Q{‘» % Pt 4 °:.".,>°\'\5’;f {?.}’ g’-‘:f\t_,r\_.\“‘;-:rb h',\v_a"p P v,\y'P
AT VS DD I, s Dl e A DS

- Cirnn wkoe [pen] - Gt slee Jyati] . Cirntts sdee [win] . Grain size () - Ceain size [pm]

Figure 7 — Microstructure and grain size distribution in the weld nugget.
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Figure 7a and 7b clearly illustrate the large dispersion in GS inside the nugget of
the weld in Figure 6. According to Leal et al., 2008, [44] the onion rings are composed
by intercalated layers, which result from the incorporation of the plasticised material
dragged under the shoulder into to the shear layer around the pin. Magnifications of the
microstructure in different locations of the nugget, identified by numbers 1 to 5 in
Figure 7a, as well as the grain size distribution in these different regions, are shown in
Figures 7c to 7m. Analysing the figure, it is possible to observe zones with smaller grain
size intercalated with zones with larger grain size. As it is known, in thermo-mechanical
processes with severe plastic deformation, such as FSW, the dynamic recrystallisation
phenomena contribute to the grain refinement in the weld nugget. According to Huang
and Logeé, 2016 [47], the recrystallisation Kinetics and the recrystallised grain size
increases with increasing temperatures and decreasing strain rates. The Zener-Hollomon

parameter (Z)

— (L
Z=¢ (RT)’ ®
have been used to incorporate the strain rates (¢) and the deformation temperature (T')
into a single parameter by several works in FSW [1-3,10,48]. In the equation, R is the
gas constant and Q is the deformation activation energy. The relation between the

Zener-Hollomon parameter and the recrystallised grain size (d) is given by [10,48]

In(d) =a—-bxIn(Z), 9)

where a and b are material constants. For the AA 6063 aluminium alloy, the activation
energy is about 153 kJ/mol [49]. Fitting the experimental results in Figure 7, it was
determined that a and b constants are equal to 15 and 0.44, respectively. In Figure 7b,
the grain size distribution obtained from the microstructural analysis is compared with
the grain size distribution obtained through the numerical simulation, using Eq. 8 and 9

and the constants determined using the experimental results. Analysing the figure, it is
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possible to conclude that the grain size distribution estimated using the numerical
results satisfactorily reproduce the experimental ones, which validates the numerical
model. The differences between the numerical and experimental results may be
explained considering the differences in constitutive properties between the AA6063
and AA6082 alloys, and also, by the fact that no mesh refinement was performed in
order to capture more accurately the strain rate and temperature gradients inside the

stirred volume.

3.3.Influence of process parameters on the thermomechanical conditions

The influence of the process parameters on the contact conditions and strain rates
developed during FSW was analysed by performing numerical simulations, using the
constitutive properties of the AA6063-T6 alloy, the reference material in this study,
a(T) = 90 MPa and varying the tool traverse and rotation speeds, as well as the tool

dimensions, represented by the geometry parameter.

In a previous investigation, from the current authors [40], it was already
demonstrated that the rotation speed and the tool dimensions were the main factors
governing the heat generation in FSW. This conclusion is also illustrated in Figure 8 of
this manuscript, which shows the evolution of the temperature (coloured maps) as a
function of @ and G. However, in addition to the temperature evolution, the figure also
shows the evolution of the average sticking fraction (discontinuous lines) and of the
average strain rate (continuous lines), in the stirred material volume. Analysing the
results, it is possible to conclude that in the lower temperatures domain, the sticking
fraction evolves with G and @ in the same way as the temperature, i.e., the dashed lines
almost follow the contour of the isotherms. On the other hand, in the higher
temperatures domain, corresponding to large values of G and o, meanwhile the sticking

fraction becomes very high and almost constant, the temperature continues to increase
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with G and . The graphic also shows that the average strain rate also increases with the

rotation speed, being mainly determined by this parameter.

Since both the temperature and the strain rate deeply vary in the full sticking
domain (6> 0.9), it is possible to conclude that the increase in heat generation is due to
an increase in the adiabatic heat generation associated with the plastic deformation of
the stirred material at very high strain rates [50-52]. Actually, Andrade et al., 2020 [40],
showed that the volume of the stirred material deeply increases in this domain of
temperature and tool dimensions. In order to illustrate the previous assumptions, in
Figure 9 are now shown the streamlines that represent the material flow around the tool
during welding, together with the distribution of the logarithmic equivalent strain rate in
the weld cross-sections, for some of the welding conditions whose temperatures are
represented in Figure 8. Analysing the figure, it is possible to conclude that irrespective
of the welding parameters, the computed strain rate values widely vary in the weld
cross-section. It is also important to observe that the strain rate values are very high at
the outer edge of the tool shoulder, where the tool velocity gradients are higher and a

singularity in the strain rate distribution is determined by the numerical model.

Analysing the streamlines for the weld produced with a tool with geometry
parameter of 351 mm? and rotation and traverse speeds of 600 rpm and 250 mm/min,
respectively, it is possible to conclude that the material is stirred from the advancing to
the retreating side, being deposited approximately one pin diameter backwards, relative
to the tool translational movement. Increasing the traverse speed from 250 to 1000
mm/min lead to a slight decrease in the sticking fraction, from 0.7 to 0.5, but the
material is still extruded around the tool and deposited at the advancing side, in the rear
of the tool. The streamlines are nearest to the tool pin, since the stirred volume

decreases when increasing the traverse speed. When the rotation speed is decreased to
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300 rpm, the sticking fraction reduces to 0.2 and the material does not complete a full
rotation around the tool, which is usually associated to the formation of tunnel defects at
the advancing side of the tool [8,45]. On the other hand, when increasing the rotation
speed to 1200 rpm, it is possible to observe that the material rotated several times under
the shoulder, increasing the strain rate in the stirred volume. A similar material flow
pattern was registered when welding with rotation and traverse speeds of 600 rpm and
250 mm/min, respectively, but increasing the tool dimensions from a geometry factor of
351 to 974 mm?. Actually, the figure shows that the material only rotated several times
around the tool when the contact conditions were close to full sticking (6aq > 0.9), i.e.,
in the very high temperatures domain of Figure 8. Another important remark is that the
formation of weld defects, due to the absence of proper material stirring, was only

previewed when the contact conditions were close to full sliding (8avg = 0.2).
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Figure 8 — Evolution of the welding temperatures, average strain rate (continuous lines) and average
sticking fraction (discontinuous lines) with the rotational speed and geometry parameter.

24



Journal Pre-proof

300 rpm 1200 rpm

1000 mm/min
G =351 mm*
250 mm/min
G =351 mm? /
/
) Sine
Byyq = 0.9
Strain rate,
log (5")
3
g J 267
250 mm/min ( o _ I 253

G=974dmm’ = o 200
P "

; 1 "_lil

8,.=09 067

oy ) I 033

Figure 9 — Evolution of the welding streamlines and logarithmic equivalent strain rate maps with the
processing parameters. Labels As, Rs, 6, » and v denote advancing side, retreating side, sticking fraction,
rotation speed and traverse speed, respectively.

In the previous section it was demonstrated that the strain rate and the
temperature fields, obtained in the numerical simulation, enabled to preview with
reasonable accuracy the grain size distribution in the stirred volume. In this way, in the
next, the influence of the process parameters on the thermomechanical conditions in
FSW will be analysed by plotting the GS distribution, for different welding conditions,
versus the strain rate and temperature. In Figure 10 the evolution of the grain size versus
the temperature and strain rate is compared for samples processed with different
traverse speeds (Figure 10a), rotation speeds (Figure 10b) and geometry parameters
(Figure 10c). In each figure, the largest strain rate values, corresponding to local
singularities at the outer tool diameter, were excluded from the graphics, by only

considering the values within the strain rate 99th percentile.

Analysing Figure 10a, where it is represented the grain size distribution for the

samples welded with two different traverse speeds and two different tools, using 600
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rpm rotation speed, it is possible to conclude that meanwhile the range of strain rates
was similar in all welding conditions, the temperature ranges were markedly different.
For the smaller tool modelled, was registered a much broader welding temperatures
range when welding at 250 mm/min (= 445 °C) than when welding at 1000 mm/min (=
376 °C). However, when welding at 1000 mm/min, with a tool with much higher
shoulder diameter (G = 974 mm?), the average temperature (= 480 °C) was higher than
when welding at 250 mm/min and with the lower shoulder diameter tool (=~ 445 °C).
The similarities in strain rate values between the three welding conditions are associated
to the fact of being used the same rotation speed in all cases, i.e. the main parameter
governing the strain rate in the stirred volume. So, based on the analysis of the data
provided in the graphic, it can be concluded that the important differences in grain size
distribution between the welds performed with the different traverse speeds, and the
same tool, results from the differences in temperature distribution, in the two samples,
associated to the strong influence of the traverse speed on the heat dissipation during
welding [40]. The heat dissipative effect of the high traverse speed was suppressed
when the heat generation was increased by increasing the shoulder diameter. This
conducted to an important rise in the maximum temperature and the production of a

coarse grain microstructure is previewed.

Analysing now Figure 10b, where is plotted the prevision for the grain size
distribution in the nugget of welds performed with different rotation speeds but a
constant traverse speed of 250 mm/min and the same tool (G = 351 mm?), it can be
concluded that the coarser grain sizes were previewed for the sample processed with the
highest rotation speed. Actually, the figure once again demonstrates that the maximum
strain rate deeply increases when increasing the rotation speed. However, since the

temperature follows the same trend, and its influence on grain size prevail over that of
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the strain rate, the use of high rotation speeds conduct to the production of welds with a
large number of coarse grains intercalated with bands of very small grain size. When
diminishing the rotation speed, the average grain size diminishes and the grain size

distribution becomes narrower.

Finally, Figure 10c refers to welds produced with constant rotation and traverse
speeds of 600 rpm and 250 mm/min, respectively, but with tools with different sizes.
The figure shows that, since the same rotation speed was used in all tests, the strain rate
range was very similar for all the samples. However, due to the strong influence of the
tool dimensions on the heat generation, the temperatures were very different, being
much higher for the weld produced with the larger tool. For these welding conditions,
an almost uniform coarse grain structure is previewed by the numerical simulation.
Figure 10c also shows the important infiluence of the tool dimensions on the
microstructure, which is illustrated by the results relative to welds performed with the
largest tool geometry and a rotation speed of 300 rpm. For this welding condition, larger
grain sizes are previewed than when welding with lower tool dimensions but a higher
tool rotational speed of 600 rpm. This result is mainly a consequence of the lower strain
rates associated with the rotation speed of 300 rpm, since the temperatures are similar to

that of welding operations performed with smaller tools but higher rotation speeds.
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Figure 10 — Evolution of the grain size versus the temperature and strain rate for different traverse speeds
(a), rotation speeds (b) and geometry parameters (c). Labels w, v and G denote rotation speed, traverse
speed and geometry parameter, respectively. Labels Ty, £ag and 8,4 denote average temperature, strain
rate and sticking fraction, respectively.
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3.4.Influence of base materials plastic properties on the thermomechanical
conditions

As previously described, when introducing the base materials modelled, several
conceptual materials were generated in order to analyse the influence of the plastic
properties of the base materials on the thermomechanical conditions developed during
FSW. The base materials plastic behaviour, for temperatures of 25 °C and 550°C, and
for a constant strain rate of 100 s, was already represented in Figures 2a to 2c. The
figure shows that meanwhile for the low strength conceptual materials the strain rate
sensitivity has no important influence on the material strength at very high
temperatures, for the high strength conceptual material, the strain rate sensitivity may be
responsible for a large difference in strength, at high temperatures, relative to lower
strength materials and the high strength material with lower strain rate sensitivity.
Actually, Figure 2 shows that the strength of the HSLSRS, at high temperatures and
high strain rates, is even lower than that of the reference material, which has much

lower strength at room temperature but higher strain rate sensitivity.

In Figure 11 are now compared, for all the base materials modelled, the
streamlines that represent the material flow around the tool during welding, as well as
the distribution of the logarithmic equivalent strain rate in the weld cross-sections. The
results shown in the figure were obtained for constant rotational and traverse speeds of
600 rpm and 250 mm/min, respectively, and a tool with a geometry parameter of 351
mm?. A consistency parameter a(T) = 500 MPa was used in order to ensure full
sticking contact for all the materials, enhancing the influence of the plastic properties of
the base materials on the material flow and heat generation in FSW. Analysing the
figure, it is possible to conclude that, in spite full sticking contact was simulated for all
the base materials (6ay = 1), the material flow varied according to the base material
plastic properties. In fact, meanwhile for the reference (AA6063-T6) and HSLSRS
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materials, it was previewed that the material is dragged from the advancing to the
retreating side of the tool, being deposited approximately one pin diameter backwards,
after one revolution, for the low strength materials (LSHSRS and LSLSR) and for the
high strength material with high strain rate sensitivity (HSHSRS), it was previewed that
the material is stirred under the shoulder for more than one revolution before being

deposited in the rear of the tool.

In Figure 12 are now shown the strain rates and temperatures registered for the
different materials once steady state conditions were reached during welding. The figure
shows that meanwhile the temperatures reached during welding increase with the
materials strength at high temperatures, the strain rates diminish, being lower for the
materials with higher strain rate sensitivity. So, from the results in Figure 12, it is
possible to conclude that welds with the coarser and more uniform grain structure result
from the welding of high strength materials, as a result of the narrower range of strain

rates experienced during welding.
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Figure 11 — Evolution of the welding streamlines and logarithmic equivalent strain rate with the base
material plastic properties. Labels As, Rs, 6, » and v denote advancing side, retreating side, sticking
fraction, rotation speed and traverse speed, respectively.
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Figure 12 — Strain rates and temperatures registered for the different materials. Labels HSHSRS and
HSLSRS denote high strength materials with high and low strain rate sensitivity, respectively. Labels
LSHSRS and LSLSRS denote low strength materials with high and low strain rate sensitivity, respectively.
Label RM denote reference material.

4. Conclusions
In the present work, the influence of the welding velocities, tool dimensions and base

material plastic properties on the contact conditions, strain rates and temperatures in
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FSW was analysed by using a coupled 3D thermo-mechanical numerical model. The

following conclusions were reached:

e The numerical model is able to predict the evolution of the contact conditions
with the welding time and processing parameters, as well as of capturing the
non-uniform contact conditions at the tool/workpiece interface.

e The numerical model is able to predict with satisfactory accuracy the
temperature and strain rate gradients in the stirred volume, enabling to calculate
the grain size distribution in the stirred volume using the Zener-Hollomon
parameter (Z). Using this parameter, it was concluded that in order to obtain a
refined microstructure in the welds it is advisable the use of small diameter
tools, to minimise heat generation, and high rotation speeds, to maximise the
strain rate.

e The welding temperatures may he estimated using processing parameters and
tool dimensions, for welding conditions corresponding to an average sticking
fraction larger than 20%. The highest temperatures are reached for sticking
fractions higher than 80% and/or high strength materials.

e The material flow during welding is determined by the base material plastic
properties, in first, and by the contact conditions at the tool/workpiece interface,
in second. Independently of the base material properties, non-defective welds
may be produced when the average sticking fraction is higher than 50%.

e High strength materials with high strain rate sensitivity are more likely to
display coarse grain structures than low strength materials, due to the important

influence of the plastic properties on the strain rate and heat generation.
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