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a b s t r a c t

Modeling heat transfer during friction stir welding (FSW) process is crucial for understanding welding
mechanism and optimizing process parameters. Since heat transfer is usually accompanied with the
material flow in FSW, the meshless method, which can easily treat large deformation in a Lagrangian
framework, is promising for FSW modeling. In this paper, we develop a meshless particle method for
the analysis of transient heat transfer during FSW process. In the developed method, a heat source model
based on sticking friction is implemented to describe the heat generation of FSW. A particle approxima-
tion with first-order consistency is employed to discretize the governing equation of heat transfer. A
penalty method is proposed to impose different thermal boundary conditions, and a smoothing algorithm
is introduced to enhance numerical stability. Two examples are firstly given to verify the accuracy and
parametric effect of the meshless particle method. The method is then used to simulate heat transfer dur-
ing FSW of 12.7 mm-thick Al6061-T6 plates. The calculated temperature distributions are presented and
compared with those computed by FEM. The obtained thermal cycles are found to be in good agreement
with those obtained from experiments. The validated model of FSW of Al6061-T6 plates is then employed
to predict the maximum temperature, heat generation rate and torque for various welding parameters
and tool dimensions.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Friction stir welding (FSW) [1] is a renowned solid-state joining
technology. Understanding of heat transfer during the FSW process
is of great importance to FSW researchers because it largely deter-
mines the weld performance. Experimental measurement has been
extensively used to study the thermal process of FSW. However, it
suffers from several limitations, such as difficulties in testing tem-
perature of stir zone and limited data of the temperature field.
Alternatively, numerical modeling is an effective avenue in under-
standing such thermal process. In this regard, many numerical
simulations [2–13] have been carried out to explore the tempera-
ture distribution and other physics that is involved in FSW. Various
approaches including finite element method (FEM) [2–4], finite
difference method [5–7] and meshless methods [8–13] have been
utilized in these numerical simulations. Owing to the flexibility
in space discretization and the capability of modeling large

deformations in a Lagrangian framework, the meshless method
appears as a promising tool in FSWmodeling, especially in the cou-
pled thermal–mechanical analysis of FSW for predicting tempera-
ture distribution and material flow simultaneously.

Meshless methods use points without connectivity for calcula-
tion. They provide advantages over FEM in many aspects, e.g.,
could easily treat complex geometries and incorporate adaptivity,
could handle large deformation and discontinuity, and have good
accuracy and high convergence rate. Currently, there are a number
of meshless methods proposed, such as smoothed particle hydro-
dynamics (SPH) method [14], element-free Galerkin (EFG) method
[15], reproducing kernel particle method (RKPM) [16], meshless
local Petrov–Galerkin (MLPG) method [17] and point interpolation
method [18]. These methods have been widely applied to fluid and
solid mechanics problems, and are especially popular for problems
involving large displacements and deformations like fluid flow
[19], impact [20] and explosion [21]. In heat transfer field,
meshless methods have also been extensively investigated and
used. A. Singh, I.V. Singh and Prakash [22–25] have done important
fundamental works on EFG method for heat transfer application.
Singh, Tanaka and Endo [26–32] made a number of contributions

http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.08.047
0017-9310/� 2016 Elsevier Ltd. All rights reserved.

⇑ Corresponding author at: School of Mechatronics and Vehicle Engineering, East
China Jiaotong University, Nanchang 330013, China.

E-mail address: xiaoyihua@hnu.edu.cn (Y. Xiao).

International Journal of Heat and Mass Transfer 104 (2017) 288–300

Contents lists available at ScienceDirect

International Journal of Heat and Mass Transfer

journal homepage: www.elsevier .com/locate / i jhmt

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2016.08.047&domain=pdf
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.08.047
mailto:xiaoyihua@hnu.edu.cn
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.08.047
http://www.sciencedirect.com/science/journal/00179310
http://www.elsevier.com/locate/ijhmt


to thermal analysis of composites especially carbon nanotube
(CNT) composites based on EFG method. Wu and Tao [33] applied
MLPG method to 2D steady-state heat transfer problems with
irregular complex domain. Thakur et al. [34,35] employed MLPG
method to solve nonlinear heat transfer in irregular domains and
phase change problems. Tian and Rao [36] proposed a MLPG
method for solving steady-state nonlinear heat transfer problems
with boundary conditions including heat flux, convection and
radiation.

In recent years, a few meshless methods including natural ele-
ment method (NEM) [8], adaptive EFG method [9] and SPH method
[10–13] have been extended to model FSW process. Among these
meshless methods, SPH method is the most popular one. This
mainly benefits from its attractive features. Firstly, SPH method
is a truly meshless method, which avoids numerical integration
and the use of background meshes. Secondly, particle approxima-
tion for function and its derivatives in SPH method can be simply
achieved by a summation over particles. Moreover, SPH method
is easy to be implemented for high dimensional problems and to
incorporate models for complex physics. However, SPH method
also has its own deficiencies. One is the relatively low accuracy
for particle approximation, especially for boundary particles and
non-uniform particles. To overcome this problem, different modi-
fied methods have been proposed, such as RKPM [16], corrected
smoothed particle method (CSPM) [37], finite particle method
(FPM) [38], modified smoothed particle hydrodynamics (MSPH)
[39] and symmetric smoothed particle hydrodynamics (SSPH)
[40]. Among these modifications, SSPH shows attractive character-
istics, which include the symmetry of matrix, no requirement of
differentiating kernel function and the approximation of function
and its derivatives obtained simultaneously. Another deficiency
of SPH method is the inconvenience in dealing with boundary con-
ditions. Very few studies have highlighted the enforcement of
boundary conditions for SPH modeling of heat transfer. Monaghan
et al. [41] discussed the treatment of temperature-specified
boundaries and adiabatic boundaries (no need of treatment). Jeong

et al. [42] presented a method, which needs the use of ghost parti-
cles, to implement temperature-specified and heat flux-specified
boundary conditions.

In this paper, we develop a meshless particle method to simu-
late the nonlinear transient heat transfer process of FSW. The
method has the advantages of being truly meshless and easy
implementation like SPH. Meanwhile, it has an improved particle
approximation and an adequate method to treat various thermal
boundary conditions conveniently. Specifically, the present
method uses a set of particles without any connectivity to repre-
sent a problem domain, and directly enforces governing equations
at each particle. It employs a particle approximation having first-
order consistency to accurately approximate the field function
and its derivatives. A penalty method, which avoids the use of
ghost particles, is proposed to deal with all kinds of thermal
boundary conditions involved in FSW process. A smoothing algo-
rithm based on temperature change rate is introduced to ensure
numerical stability. A heat source model based on sticking friction
is derived and implemented to describe the heat generation in FSW
process. The developed meshless particle method is finally applied
to the simulation of temperature distributions during FSW of
Al6061-T6 plates. It is worth mentioning that similar meshless
framework has also been used in our previous work [43], which
has focused on the modeling of tungsten inert gas (TIG) welding
of stainless steel, while this work proposes its first-time applica-
tion to the modeling of FSW. Also, in comparison with our previous
work [43], the current method has several new features and
improvements, such as new treatment of boundary condition,
modified smoothing algorithm and simplified particle approxima-
tion. Moreover, a more complex heat source model for FSW mod-
eling is incorporated.

The rest of the paper is organized as follows. Section 2 describes
the mathematical model for heat transfer during FSW process.
Section 3 details the formulation of the meshless particle method.
Section 4 presents two test cases to verify the accuracy and
parametric effect of the method. Section 5 gives the numerical

Nomenclature

a0, a1, a2, a3 polynomial coefficients for material property
c specific heat
Cf fraction of heat flowing into workpiece
e weighted error function
es, eg maximum relative error and global relative error of

temperature, respectively
f ; f i; f̂ i function, function value and estimated function value at

particle i, respectively
Ff frictional stress
h1 convective heat transfer coefficient for sides and top

surface of workpiece
h2 convective heat transfer coefficient for bottom surface

of workpiece
hp height of tool pin
l smoothing length
M torque exerted on tool
n rotational speed of tool
n unit outward normal vector
N number of neighboring particles for a particle
Nb number of boundary conditions for a particle
Ps, Pb, Psh heat generation rate of side and bottom surface of tool

pin and shoulder, respectively
q welding heat input
qsh surface heat flux from shoulder
Q volumetric heat source, Q = Qs + Qb

Qs, Qb volumetric heat source from side and bottom surface of
tool pin, respectively

r distance from a given point to symmetric axis of tool
rp, rsh radius of tool pin and shoulder, respectively
t, t0 time and initial time, respectively
ts, tb radial distance for determining Qs and axial distance for

determining Qb, respectively
T, Tmax, Ta, Ts temperature, maximum temperature of workpiece,

ambient temperature and temperature on surfaces of
workpiece, respectively

vw welding speed
Wij smoothing function
x, y, z coordinate components
ap penalty parameter for enforcement of boundary condi-

tions
b stable time-step coefficient
e smoothing parameter
k; kW; kT thermal conductivity, thermal conductivity of work-

piece and thermal conductivity of tool, respectively
q density
ry yield stress
s maximum shear stress for yielding
x angular velocity of tool
Dt time step
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