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a b s t r a c t

In this paper the authors propose a practical flow diagram for the systematic development and solution of
complex thermo-mechanical finite element analysis models. The proposed diagram consists of three differ-
ent phases and provides a step-by-step guide for the development of the final thermo-mechanical model,
taking into account convergence issues, mesh density and estimation of time step magnitude. In phase I, a
preliminary thermo-mechanical analysis is carried out in order to get an idea of the model behaviour, the
required resources and the feasibility of the overall analysis. In phase II the final thermal model is developed
in full, taking into account the mechanical results obtained at the end of phase I, whereas in phase III the
final mechanical model is generated on the basis of a continuously modified thermal model. The proposed
procedure presented herein in the form of a flow diagram provides the capability for gradual output of the
numerical results (preliminary results, thermal results, mechanical results), while paying attention to the
time-consuming problem of results convergence required for a numerically accurate analysis. The former is
an important issue for large-scale complex simulation projects, whereas the latter provides evidence that
the development of the numerical model has been realized on the basis of the modelling laws. For better
presentation and understanding, the proposed procedure is applied to the study of a finite element analysis
thermo-mechanical model, where increased intricacy generally exists.

� 2014 Elsevier B.V. All rights reserved.

1. The problem of modelling consecutive phenomena

1.1. Introduction

The thermo-mechanical response of steel or aluminium plates
during welding or plate forming by line heating has been investi-
gated by several researchers during the last decades. Most of the
research is focused on either or both the thermal and the mechan-
ical part of the structural response through a combination of exper-
imental and numerical simulations. The numerical part of the
investigation still attracts high interest due to its extreme intricacy
and the uncertainty in predicting the structural response prior to
the treatment (welding or line heating) itself. An extensive review
has been conducted in [1–4].

In a fully uncoupled thermo-mechanical finite element model,
the analysis is usually carried out in a staggered approach: the ther-
mal problem is solved first, followed by the solution of the mechan-
ical problem. The latter mechanical analysis runs on the basis of the
thermal results in order to account for the thermal stress and phase

change effects on the structural response of the structure. This is per-
formed by importing to the mechanical model the nodal tempera-
tures at each time increment and calculating the thermal strain.
From the aforementioned staggered approach it is deduced that
both thermal and mechanical models must normally run with the
same analysis parameters, namely time step magnitude and mesh
density. If, for example, the material undergoes phase transforma-
tion accompanied by volume change during a specific short temper-
ature range, a small constant time step and a fine mesh are required
in the areas of transformation for both the thermal and the mechan-
ical analysis. This allows for the accurate monitoring of the transient
stress developed during the transformation temperature range [5].
Thus, for the entire analysis there should be an exact correspon-
dence between the mesh density and the time step magnitude
between the two models. This requirement renders the whole pro-
cedure of model development very complex and time-consuming.

1.2. The three major problems: mesh density, time step and
convergence of results

The first problem arising during the thermo-mechanical model-
ling is that the thermal and the mechanical models are completely
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different in nature, as they model different physical phenomena.
Therefore the mesh density selected for the solution of the thermal
problem is, in most cases, inappropriate for the solution of the
mechanical problem.

Secondly, the time step required for the accurate solution of the
mechanical analysis may be too large compared to the time step
required for the accurate solution of the heat flow problem, where,
for example, extreme temperature gradients are encountered. The
latter is also valid in the opposite case as, at high temperatures, the
structure may exhibit extreme material non-linearities.

A third problem pertains to the results’ convergence criteria.
The development of a numerical model by means of the finite ele-
ment method is generally terminated when the analysis has
reached (a level of) results’ convergence. For example, classical
convergence criteria are based on the stabilization of nodal results,
such as temperatures or displacements with regard to mesh den-
sity and time step. It is actually not worthy remeshing the model
or reducing the time step if the nodal results do not change values
versus simulated time.

It should be emphasized at this point that in general there are
four types of convergence in finite element analyses:

i. convergence of equilibrium iterations due to non-linearities
(e.g. material, contact or geometrical non-linearities),

ii. convergence in the solutions of the linearized systems of
algebraic equations in case of iterative solvers,

iii. convergence of the results due to mesh refinement and
iv. convergence of the results due to time step reduction.

In most commercial finite element software platforms, specific
optimum values and tolerances are already pre-set in order to
control best the convergence of the equilibrium iterations due to
non-linearities and convergence of the equations in case of itera-
tive solvers. In the present study, emphasis is given only to the last
two convergence types, namely time step and mesh refinement, as
they are the main user-dependent parameters that strongly influ-
ence the entire simulation and results’ convergence. The procedure
followed towards the convergence of results governs directly the
overall simulated time, the numerical analysis cost and affects
the accuracy of the results. For example, some of the complex sim-
ulations presented in [6,7] have lasted a few days, time that could
have been strongly increased if a few more additional analyses
have been required due to convergence issues. At this point, it
should be mentioned that in most publications dealing with com-
plex thermo-mechanical simulations the convergence criteria have
not been described at all, as the authors provide only the model’s
setup and the numerical results. Hence, the end reader of the afore-
mentioned papers comes to understand that the authors have
somehow performed a convergence analysis prior to publishing
the results obtained by means of the finite element method. This
convergence analysis is of great interest as it is complicated,
time-consuming and strongly user-dependent.

In sum, a common time step and mesh density are normally
required for both the thermal and the mechanical analysis. These
two common parameters must allow both physical problems to
be modelled satisfactorily, but they must also provide an accept-
able level of results convergence for both models.

1.3. The aim of this paper

The authors aim at proposing a practical flow diagram for the
systematic development and solution of complex FEA thermo-
mechanical models. In this flow diagram a progressive develop-
ment of several thermal and mechanical models will be presented
on the basis of different mesh densities and time steps, aiming at
reaching the convergence of the thermal and mechanical results.

It ought to be mentioned here that a flow diagram for the solution
of such staggered thermo-mechanical models is missing from the
international literature and that the whole process is a real laby-
rinth for both experienced and inexperienced users dealing with
thermo-mechanical modelling. Please note that the aim of the
authors is to discuss the proposed flow diagram and present the
steps followed for creating the final thermo-mechanical model
with regard to mesh density and selection of time step and not
to provide the mathematically-based analysis for its development.
The latter has already been discussed in the literature [8–35]. The
implementation of the proposed flow diagram requires a commer-
cial thermal and mechanical or multi-physics FEA software pack-
age for which code verification has been already performed.

2. A typical example to explain the flow diagram

2.1. The physical model

In order to discuss the proposed flow diagram, a thermo-
mechanical simulation will be employed. The latter concerns the
weld treatment of a welded bracket under load, by means of tung-
sten inert gas (TIG) welding. The whole configuration of the simu-
lation is presented in Fig. 1.

The bracket shown in Fig. 1 is made of typical carbon structural
steel (containing 0.45% w/w carbon) and consists of a bent flange
and a triangular reinforcing web welded on the flange. The welds
A–C and A–B exist along both sides of the web. Treatment is per-
formed along the A–B weld on the side towards the +z semi-axis
(the one that is visible in Fig. 1) using a TIG torch without filler
metal and aims at treating the existing weld close to the melting
temperature. Such treatments are applied to repair in-situ cracked
or defected welds (repair welding). The welded bracket is fixed at
its smaller side (see red1 triangles in Fig. 1 that refer to the fixa-
tions). After the material has cooled to ambient temperature, uni-
form pressure is applied on the other side of the bracket (see red
arrows in Fig. 1) tending to buckle the triangular reinforcing web.
The latter pressure simulates the operational load present on the
bracket after the completion of the treatment. The treated length
lAB is equal to 128 mm, whereas the flange and web thicknesses
are equal to 25 mm and 12.5 mm respectively. The power of the
welding torch was set equal to Q = 3770 W whereas the speed was
set equal to v = 6 mm/s. This simulation is quite complex involving
the existence of extreme non-linearities as temperatures are raised
to the steel melting point. It represents a difficult-to-solve numerical
analysis, as thermal, mechanical and thermally-induced mechanical

Fig. 1. The welded bracket used as an example to present the flow diagram.

1 For interpretation of color in Fig. 1, the reader is referred to the web version of
this article.
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