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Friction stir welding is a solid-state welding technique that utilizes thermo-me-
chanical influence of the rotating welding tool on parent material resulting with
monolith joint-weld. On the contact of welding tool and parent material, significant
stirring and deformation of parent material appears, and during this process me-
chanical energy is partially transformed into heat. The paper describes the sofi-
ware for the numerical simulation of friction stir welding developed at Mechanical
Engineering Faculty, University of Nis. Numerical solution for estimation of weld-
ing plates temperature is estimated using finite difference method-explicit scheme
with adaptive grid, considering influence of temperature on material's conductiv-
ity, contact conditions between welding tool and parent material, material flow
around welding tool etc. The calculated results are in good agreement with the ex-
perimental results.
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Introduction

In recent years, friction stir welding (FSW), which was invented at Welding Institute
(TWI) [1], has emerged as an excellent technique for joining aluminum structures that are diffi-
cult to be welded with the traditional fusion welding technique. This process uses a specially de-
signed rotating pin that is first inserted into the adjoining edges of the blank sheets with a proper
tilt angle and then moved all along the welding line. Such a pin produces frictional and plastic
deformation heating in the welding zone; actually, no melting of material is observed in FSW.
Furthermore, as the tool moves, material is forced to flow around the tool in a quite complex
flow pattern.

In comparison with analytical calculations, numerical methods allow the better adjust-
ment of data to real conditions accompanying FSW, 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 heating.

The most commonly applied are finite element methods and finite difference methods.
The numerical simulation of FSW/Friction stir processing (FSP) enables the determination of
the temperature field, plasticised material motion, strain rate, joint hardness, microstructure, and
strain levels.
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Modelling requires the use of such computational systems as ANSYS, Sysweld,
Forge3, STAR CCM+, ABAQUS, AcuSolve, MSC-Marc, FLUENT, WELDSIM,
DEFORM-3D, I-DEAS, NX, COMSOL, and Matlab.

Heat generation and heat transfer became a topic of research related to FSW during
mid 1990. However, understanding heat generation and heat transfer processes within FSW re-
quires understanding several other physical processes: material flow around the welding tool,
contact pressure inflicted by the welding tool, the friction coefficient, wear, change of
thermo-mechanical properties and heat transfer coefficients, efc. Nandan et al. [2] gives a re-
view of thermal processes in FSW, from the invention of FSW until 2008. Chao and Qi [3] have
introduced a 3-D heat transfer model in FSW with constant heat input. Constant heat flux at the
shoulder of the welding tool, constant contact pressure and pure Coulomb's friction law for esti-
mating shear stress, and heat were the main assumptions of the model. The experimental weld-
ing of plates made of aluminum alloy 6061-T6 was performed and the temperature history of
welding plates was estimated. Heat input was adjusted (“trial and error” principle) until numeri-
cal and experimental temperatures were matched. As such, this model is the first model devel-
oped for estimating the amount of heat generated during FSW. Frigaard and Grong [4] presented
a process model for heat flow in FSW, where they assumed that heat is generated only by fric-
tion on the tops of shoulders and probes. Heat input and friction coefficients were adjusted dur-
ing the welding process to keep the calculated temperature below the melting point of base metal
material. Heat input was a moving heat source with a linear distribution of heat flux at the con-
tact surface. Gould and Feng [5], and later Russell and Shercliff [6], applied the Rosenthal equa-
tion [7] for describing the moving heat source, heat flux distribution, and heat transport within
base metals, welding tools and the surrounding area. Models consider friction heat only at the
shoulder and use a finite difference method for a numerical solution of the heat equation. Russell
and Shercliff [6] based the heat generation on a constant friction stress equal to the shear yield
stress at elevated temperature, which is set to 5% of the yield stress at room temperature. The
heat input is a pure point or line source. Colegrove et al. [8] used an advanced analytical estima-
tion of the heat generation on the welding tool with a threaded probe to estimate the heat genera-
tion distribution. The results show that the fraction of heat generated by the probe is about 20%
of the total amount. Shercliff and Colegrove [9] developed a material flow model that investi-
gates the influence of threads on the probe on material flow. An advanced viscous material
model is introduced and the influence of different contact conditions prescribed as the boundary
condition is analyzed. A thorough presentation of analytical estimates of the heat generation in
FSW and influence of material flow on heat generation is given, as well. Khandkar et a/. [10] in-
troduced a torque based heat input model where experimentally estimated torque is a heat
source. Khandkar modeled advanced heat transfer within the FSW process with frictional and
deformational heat input into the process. Song and Kovacevi¢ [11] investigated the influence
of the preheating period on the temperature fields in FSW. A sliding condition of the welding
tool over the base metal was assumed and an effective friction coefficient and experimental
plunge force are input into the heat source expression. Schmidt and Hattel [12] defined an ana-
lytical model for estimating the amount of heat generated during FSW that recognizes the shoul-
der and the probe of the welding tool as heat sources and concludes that about 89% of heat is
generated at the shoulder. Heat has friction and deformation components and the total heat is a
sum of both with influence of the contact state variable [12, 13]. The effective value of the fric-
tion coefficient was used in calculations. Reliability of the previously proposed ideas and princi-
ples of heat generation were summarized by Nandan ef al. [14]. Nandan has performed FSW of
dissimilar aluminum alloys and his results have shown that a constant state variable (also re-
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ferred as an extent of slip) gives values close to sticking. Heurtier ef al. [15] presented a 3-D
model based on the fluid-velocity fields where the tool shoulder and the plastic strain of base
material near the welding tool were heat sources. The model has shown good agreement regard-
ing the numerical and experimental results. Santiago et al. [16] introduced a model with rigid
and visco-plastic materials in which the plates move towards the rotating tool and the material
flow at the interface is specified as a boundary condition. The results estimated from the model
correspond to the steady-state of the FSW process that has been proposed by Chao [17]. Schmidt
[18] and Velji¢ [19] are adopted a fully coupled thermo-mechanical dynamic analysis model
also aiming to achieve the steady welding state in ABAQUS/Explicit. Colligan [20] gave a con-
ceptual model that describes dominant parameters affecting heat generation including a detailed
description of the existing literature and the principles of specific physical processes in FSW, e.
g. friction coefficient.

Friction stir welding

FSW consists mainly in three phases, in which each one can be described as a time pe-
riod where the welding tool and the workpiece are moved relative to each other. In the first
phase, the rotating tool is vertically displaced into the joint line (plunge period). This period is
followed by the dwell period in which the tool is held steady relative to the workpiece but still
rotating. Owing to the velocity difference between the rotating tool and the stationary
workpiece, the mechanical interac-
tion produces heat by means of fric-

tional work and material plastic de- Rotation
formation. This heat is dissipated into
Plunge

the neighboring material, promoting
an increase of temperature and conse-
quent material softening. After these
two initial phases the welding opera-
tion can be initiated by moving either |
the tool or the workpiece relative to
each other along the joint line. Figure

1 illustrates a schematic representa-
tion of the FSW set-up.

Welding tool is rotated at a constant speed and fed at a constant traverse speed into the
joint line between two welding plates (workpieces), which are butted together. The parts are
clamped rigidly onto a backing plate (anvil) in a manner that prevents the abutting joint faces
from being forced apart. The length of the probe is slightly less than the weld depth required and
the tool shoulder should have contact with the work surface. The probe is moved against the
weld-joint line, or vice versa. While traveling, welding tool stirs, deforms and mixes the mate-
rial of the workpieces into the monolith mixture that represents the weld. Figure 2 presents a
schematic example of an FSW tool with conical shoulder and threaded probe. In this case, the
conical tool shoulder helps to establish a pressure under the shoulder, but also operates as an es-
cape volume for the material displaced by the probe due to the plunge action.

As asolid state welding procedure, FSW uses pure mechanical energy as welding pro-
cess activation energy and distributes it from the welding machine to the base material
(workpieces) over the welding tool. However, only one part of the mechanical energy is used di-
rectly as a mechanical energy while the rest of it is transformed in other types of energy: into
heat, light, electricity, radiation, efc. Researches, experience and engineering practice have

Traverse
————

Weld scar

Figure 1. Principle of the FSW
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Figure 2. FSW tool with a conical shoulder and threaded probe [21]
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Figure 3. (a) Space discretization, (b) Heat generation, and (c)
Numerical model material flow during FSW [22]

Analytical model for estimation of amount
of generated during FSW

Heat generation process at FSW has been partially investigated at the beginning of
2002 for the first time. This happened 11 years after invention of the FSW.
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Until present days, there are three (four) published analytical models for estimation
and assessment of amount of heat generated during FSW [12, 23]. All of them differently ap-
proach to the heat generation in FSW, however, all of them consider heat generation in FSW as a
process tightly connected with the contact mechanics, tribology, plastic deforming and thermo-
dynamics of deformable bodies. These models show that 60% to 100% of the mechanical power
transform into heat during FSW.

Analytical model developed at Faculty of Mechanical Engineering in Nis is the fourth
published model for estimation of amount of heat generated during FSW [22-24]. As well as
first three models, it relies on the conservation of mechanical energy postulate and starts from
the assumption that in theory complete amount of mechanical energy delivered to the welding
tool transforms into heat. In reality, one part of mechanical energy is used for other processes
that appear during welding what gives that at most the rest of the mechanical energy can be
transformed into heat. In order to estimate maximal possible amount of generated heat during
FSW (for certain technological parameters of the process), this model takes into consideration
influence of the welding tool to the process of welding, loads, tribological parameters, tempera-
ture of workpieces, material flow around the welding tool, heat generation mechanisms, etc.

Numerical simulation of FSW

The process of heat generation in FSW process, as one of the scientific uncertainty re-
lated to the procedure itself, is difficult to account for. The established analytical model which
describes the generation of heat during friction stir welding currently be confirmed only by com-
paring the results obtained from experimental studies with the results obtained by numerical
simulation that implements developed an analytical model to determine the amount of heat gen-
erated in the FSW process.

However, the analytical model for determining the amount of heat generated is di-
rectly related to some quantities whose values are stochastic, insufficiently known or directly
caused by the very process of welding. These sizes are force of penetration, coefficient of fric-
tion, temperature tools and workpieces during the welding process, the timing effects tools, du-
ration, etc. Therefore, it would appear that the numerical simulation must introduce certain as-
sumptions related to such a size and/or to use the experimentally determined values of these
quantities. Schematic representation of the numerical simulation is shown in fig. 4.

Numerical simulation consists of three basic steps:

— preprocessing,
— processing, and
— postprocessing.

At the beginning of the simulation , based on the input data and knowledge base, soft-
ware performs preprocessing. Then, perform the primary and secondary discretization space, to
nodes and finite elements are assigned the appropriate properties (mechanical, thermal,
tribological, efc.), defining the initial conditions and the borders depending on the moment of
time for which a simulation is performed, efc. Secondary discretization is only part of the pre-
processing is done in parallel with the processing depending on the phase of the welding that is
numerically simulated. During the processing is carried out numerical calculation of tempera-
ture workpieces and tools using finite differences method. Size required for the calculation of
temperature obtained on the basis of the analytical model and the knowledge base/database. The
analytical model is used to determine parameters that directly and indirectly affect the determi-
nation of the amount of heat generated. Post-processing includes processing data from the pro-
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Figure 4. Schematic representation of numerical simulations of FSW

cessing phase , the comparison of experimental data with numerical and production of statistical
data.
For the numerical simulation which determines the amount of heat generated during
FSW procedure, it is necessary to separate the software for calculation because existing profes-
sional simulation software (ANSYS, ABACUS, Adams, etc.) are not fully able to meet the spe-
cific requirements were imposed an analytical model for determining the amount of heat gener-
ated.
The developed software must meet the following requirements.
— Entering and checking the consistency of all necessary geometric, mechanical, thermal,
initial, boundary, and technological parameters, as well as other conditions before starting
the simulation. This implies the input geometric measure workpieces (length, width, height),
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tools (diameter, height), backing plate (length, width, height). Thereafter the input of
mechanical properties of materials tools, workpieces and backing plate (Yield strength o4
as a function of temperature and strain, elastic modulus £, Poisson's number v, etc.), thermal
properties of materials, initial conditions (temperature, pressure, preload, ezc.), the boundary
conditions of heat flow (metal-to-metal, metal-air, efc.) and technological parameters (tool
rotation speed n [rpm] and travel rate v,[mm/s], welding position, tilt angle, etc.).

— Record in operating memory and/or connect to the databases that contain the necessary
experimental data about welding test with which it will be compared to the numerical results.
The necessary experimental data are the beginnings/ends of the stage welding process (%, ¢,
b, ty, etc.), the intensity of the axial force F(¢) during the welding process, experimental
value of the coefficient of friction u(z), etc.

— Discretization of space that includes the tool, workpiece and backing plate and then check
the convergence of the numerical calculations. The software asks the optimal dimensions of
discretization elements to shorten the time calculation. Also, the software performs
discretization of time within duration of the welding process.

— “Preprocessing” at which assigns the nodes and elements of the corresponding properties
(mechanical and thermo-mechanical), initial and border conditions, depending on the
moment the calculation is performed.

— Calculation of the required size (the contact pressure, the temperature, the amount of
generated heat, efc.) in the nodes discretized space, in the discretized time, for the duration of
the welding process.

— Simulation of material flow around the tool.

— Plotting the corresponding diagrams, figures and tables with the results of the calculation
(the amount of generated heat, temperature, efc.).

Flow chart of an algorithm software is shown in fig. 5

Software for the numerical simulation of the FSW of aluminum alloy according to the
proposed algorithm is developed at Faculty of Mechanical Engineering in Nis. The application
is developed in Visual Basic 6 platform.

Material flow in FSW was explained by many [25-27], however, there is no adequate
mathematical model capable to fully describe it. Present works on FSW either neglect the influ-
ence of material flow or simplify the material flow patterns considering it purely rotational
around the welding tool. Faculty of Mechanical Engineering in Nis has proposed a new numeri-
cal procedure for implementation of material flow pattern into numerical simulations of FSW.
Procedure is called — node substitution and replacement [22] and uses experimental results,
probabilistic theory, technological parameters of the FSW, geometry of the FSW tool, efc. to es-
timate material flow pattern around the FSW tool. The main goal of the procedure was to im-
prove accuracy of the numerical simulation.

All these procedures are numerical and when implemented in analytical model for heat
estimation they are part of the numerical simulation of FSW that has a goal estimate amount of
heat generated during FSW.

Table 1 shows some important parameters necessary for the numerical simulation.

In figs. 6, 7, and 8 are shown the results of numerical simulations of the FSW of
2024-T351 aluminum alloy (AA 2024-T351) — temperature welding plates, as a whole, and for
each point in the welding plates — a certain level in certain moments of time. The simulation
model is tested with experimental results. The calculated results are in good agreement with the
experimental results [28].
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Table 1. Simulation parameters

T[°C] 24

100 149 204 260 316 371 400

Gyield(T)a [N/ mmZ]/ no

plastic strain 343

331 310 138 62 41 28 21

Oyt T, € ), [N/mm?)/
plastic strain &

483/0.18

455/0.161379/0.11|186/0.23 | 76/0.55 | 52/0.75 | 34/1.00 | 25/1.00

Convection coefficient

a =10 WK, & ,,,,,=1500 W/m?K

Nominal TP" of welding plates

Ay = 121 W/mK, p,, = 2780 kg/m?, ¢, = 875 J/kgK

Nominal TP of welding tool

Ao =38 WmK, p,,= 7840 kg/m?, c,,, = 500 J/kgK

Material and diameter of bolts

S335 EN 10025, d,=10 mm

Nominal TP of bolts

Ay =43 W/(mK), py, = 7850 kg/m’, ¢, = 420 J/(kgK)

Dimensions of welding plates

L =154 mm, B=54 mm, h =6 mm, /=90 mm (welded length)

Important dimensions of welding
tool

length L, = 78 mm, shoulder D = 24 mm, probe d = 6 mm

Material of welding tool

56NiCrMoV7 (UTOP 2), DIN 17350

Technological parameters

n =910 rpm, s = 0.062 rpm, v, = 0.9403 mm/s

Nominal TP of anvil

A, =18 W/mK, p,=8030 kg/m?, ¢,= 500 J/kgK

Minimal discretization
dimensions/time step

AX i =3 mm, Ay, = 1.5 mm, Az, = 1.5 mm; A¢z=0.0055s

Adaptive discretization
parameters

e =-1,1,5/3,7/2; ¢,=-4/3,1,5/3,2,10/3,16/3,20/3; ¢,=-1, 1;

Convergence of FDM™*

A AU yCy A = 0.03 < 1/6 = 0.167
Ay APy AV =0.122 < 1/6 = 0.167
Ay Apycy Az =0.122 < 1/6=0.167

Number of nodes/iterations

Nyo=14160/n,,= 28528

iter

Approximate calculation time

toae = 1283760 s (14 d 20 h 36 min) (processor: 2 x 2.30 GHz)

* TP — thermo-mechanical properties, ** FDM — finite difference method

420 °C
340 °C
260 °C
180 °C
100 °C
20 °C

Figure 6. Numerical certain temperature field work pieces, a moment
t = 40.6285 s, maximum temperature 7y,,x = 393.538 °C at the point with
co-ordinates (x, y, z) = (30.5, 53, 4)
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Conclusions

A number of academic and industrial institutions have made efforts to develop numeri-
cal codes for FSW. Although FSW is simple in concept, the physics behind the process is com-
plex, which includes mechanical heat generation, heat and mass transport. The large strains and
strain rates make observing the details of the process difficult, which makes process modeling
attractive or essential to understand it. The material database available in literature does not typ-
ically include the constitutive data required to describe this phenomenon. It is not possible to di-
rectly observe the material mixing and flow either.

The numerical code developed at the Faculty of Mechanical Engineering, University of
Nis, is a synergy of experimental models, analytical models, and numerical calculations. Numeri-
cal simulation of FSW included well known finite difference method for numerical estimation of
temperatures in discrete nodes of workpieces and accuracy of the simulation is improved by the in-
novative numerical method for material flow definition — node substitution and replacements.

The simulation model is tested with experimental results. The infrared camera cap-
tures images that show temperatures of bodies/space in the focus of camera, but the analyti-
cal/numerical method gives discrete values of temperatures in the entire volume. In order to
compare experimental and numerical temperature, 24 control points were chosen on the top sur-
face of the welding plates. Experimental temperatures of control points were estimated by ade-
quate software from infrared images while numerical temperatures were estimated by interpola-
tion of node temperature. The calculated results are in good agreement with the experimental
results. Proposed analytical/numerical model for temperature estimation gave numerically esti-
mated temperature that varies up to 11% from experimentally estimated temperature (that is
about 15 °C as absolute error). Maximal temperature on welding plates was numerically esti-
mated T, = 393,538 °C, which is about 80% of AA 2024-T351 melting point. Maximal tem-
perature of the welding tool was experimentally measured 7,,,, = 464 °C.

Using the numerically calculated temperature field, the residual stress in friction stir
welded plate can be determined.
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