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TECHNICAL REVIEW

Applications of Computer and Numerical Analysis Techniques in

Welding Research

Yukio UEDA* and Hidekazu MURAKAWA *#

Abstract

In the recent years, computer technology has made a remarkable progress and a computer has become an indis-
pensable tool not only for engineers but also for scientists. In this report, utilization of computers in welding research is
briefly summarized. Espécially, its use in numerical analysis is discussed.
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1. Introduction

Progress of computer technology in the last two
decades has brought remarkable changes to scientific
researches. Welding research can not be an exception and
computers have become indispensable tools in our re-
searches in various aspects.

In this report, advances in computer technology and
utilization of computers in welding research are briefly
discussed. Especially, recent developments of numerical
analysis in individual fields, such as convection in arc weld
pool, hydrogen diffusion in welds, residual stresses and
etc., are reviewed in some detail within authors’ knowl-
edge.

2. Computers in Welding Research
2.1 Special nature of welding research

As it is commonly understood, welding engineering is a
multidisciplinary technology which encompasses metal-
lurgy, physics, chemistry, electric and electronic engineer-
ing, mechanics, and process engineering. Moreover, most
of our problems are nonlinear transient and considered in
the extreme conditions, such as high temperature and high
vacuum. Therefore, the use of analytical approach to
clarify the problem is limited to only simple cases. Ac-
cordingly, some type of researches greatly depend on
human observations and interpretations which may vary
from person to person.

2.2 What computers can do for us

Reasons for popularization of a computer may be
found in its outstanding abilities which compensate
human abilities, such as,

a) very fast computing ability

b) huge memory capacity

¢) highly reliable reproducibility
d) flexible communication ability.

2.3 Advances in computer technology

Computer technology has made a remarkable progress
in the last twenty years. Figure 1 shows the progress of
computing ability of three different types of computers.
Solid circles represent general purpose machines which
approximately cost $5 million each. As it is seen from the
figure, the speed of computation has been increased by
ten times every ten years. On the other hand, open circles
represent so called super computers which are specially
designed for scientific computations. CRAY-1 and Cyber-
205 belong to this type. Their computation ability is 20
to 30 times higher than that of general purpose machines.
CRAY-1, for example, can process more than hundred
million instructions per second. Apart from big machines,
personal computers in these days, such as HP9000, have
become fast enough to be equivalent to big machines of
15 years ago. As far as computing ability is concerned, 1
MIPS is enough to cover 90% of linear stress analysis
required in design work. From this fact alone, we can say
computers have become very close to our laboratory or
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Fig. 1 Advances of computers in terms of computing abilities.

sional nonlinear transient fluid flow or welding stress
problems, we still have to depend on super computers.

2.4 Computer aided engineering in welding

As it is mentioned in the previous section, recent
progress in computer technology provides us wide variety
of computers ranging from personal to super computers.
Therefore, suitable computer has to be chosen depending
on the type of work we are engaged.

Although it may deviate from present subject, let’s
imagine an ideal computer system in our laboratory. Fig,
2 shows one idea of computer aided engineering system in
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Fig. 2 Computer aided engineering system in welding.

Transactions of JWRI

166

Vol. 13, No. 2 1984

welding, in which a big computer and personal computers
are integrated into a total system. The host computer may
be used for large computing task and large data base
handling. On the other hand, personal computer is em-
ployed as terminal computer which may be installed in
design offices, manufacturing sites, and laboratories.
The primary advantage of a personal computer is its
availability due to low price. Also, its computational
ability which is equivalent to that of general purpose
computer of 15 years ago and its capability to construct
a data base have to be mentioned. Thus, most computa-
tion and data processing can be handled by a personal
computer alone. Moreover, if personal computers are
connected to experimental and inspection facilities, a
total engineering system is constructed. In such a system,
automatic testing and inspection can be possible. And
also, experimental data .can be easily combined with
theoretical analysis to achieve simulations of advanced
practical problems.

2.5 Fields of research where computers can be utilized

Considering the outstanding abilities, computers may

be utilized as vital tools in the following fields.

a) Numerical analysis and simulation of physical phenom-
ena

b) Statistical analysis of experimental data

¢) Probability and reliability analysis

d) Data base for a vast amount of accumulated experi-
mental data

e) Image data processing and analysis

f) Real time control of experimental apparatuses and
manufacturing machines.

3. Current State of Numerical Analysis

3.1 Advantages of nurherical analysis

Numerical analysis is a helpful mean to understand the
problem and it has certain advantages over experiments
and analytical methdds? such as,

a) solutions for complicated practical problems can be
easily obtained

b) simulation under extreme conditions including im-
practical conditions is possible

c) detailed information, which may not be available from
experiments, can be provided

d) cost can be less than experiments in some cases.

3.2 Types of problems and numerical methods

Problems in which numerical analysis can be a vital
mean for the research is listed in Table 1 together with the
related physics and numerical methods. Most of the
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Table 1 Types of problems and numerical methods.

PROBLEMS PHYSICS METHODS
Heat source Electromagnetics F.D.M.
Molten pool Heat and mass-transfer F.E.M.

Solidification Phase transformation Monte-Carlo
Residual stress Chemical reaction Molecular Dynamics
Cracking Diffusion

Welding deformation

Strength of welded
structures

Elasto-plasticity, Creep
Failure
Fracture

problems listed in the table involve more than one physi-
cal phenomenon with mutual interactions. Moreover, each
physical phenomenon exhibits nonlinear characteristic in
many cases.

Concerning the numerical methods, Finite Difference
Method is a relatively old but commonly used method to
solve partial differential equations in heat and fluid flow
problems. On the other hand, Finite Element Method,
which can deal with nonlinear behaviors and complex
boundary conditions, has been widely used in stress
analysis. For the problems involving random process, such
as collision of particles, Monte-Carlo method is employed.
Typical applications of these numerical methods are re-
viewed in the following chapter.

4. Typical Examples
4.1 Stress analysis of welded joints

To ensure the reliability of welded joints, it is very im-
portant to estimate the transient and residual stresses
associated with welding and stress relief annealing. In
general, the phenomena we have to deal with are highly
complex and conventional approach is not adequate for
the purposes. On the other hand, Finite Element Methods,
in which nonlinear behaviors and geometrical complexity
can be easily handled, are promissing tools for theoretical
analyses. Ueda!*>3), Fujita*), and Hibbitt*) applied
Finite Element Methods to welding. Elaborate review can
be found in the report by Ueda®).

As it is discussed in the review"’), transient and residual
stresses in welded joints are produced through complex
processes, such as phase transformation and solidification.
These processes are considered as results of interactions
among temperature, changes in metallurgical properties,
and mechanical properties. However, concerning material
properties, some of them can be assumed to be inde-
pendent of others without any loss of accuracy compared
to that of experimentally determined properties used in
the analysis. Thus, the thermal visco-elastic-plastic prob-
lem can be solved as a set of three individual problems,
namely,

1. heat conduction analysis
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2: metallic structure analysis

3. visco-elastic-plastic analysis.
Apart from the practical applications, precise theoretical
discussion on the interaction may be found in the recent
report by Inoue” %)

FOR ANALYSIS

Fig. 3 Welded cylinder-head connection of a pressure vessel.

Fig. 3 shows a welded cylinder-head connection in a
pressure vessel which is analyzed as a thermal visco-elastic-
plastic problem by Ueda®. The welded joint is idealized
as shown by Fig. 4. Also, material properties are idealized.

Ny

VA /,"J l‘,//
UNIT WIDTH
FOR ANALYSIS

J 2B !
Fig. 4 ldealized research model.

Only the creep law for temperature below 550°C, which is
idealized using strain-hardening model, is shown in Fig. §
as an example. The precise transient and residual stress
distributions both by welding and- stress relief annealing
are analyzed by F.EM. and further the effectiveness of
the stress relief annealing is examined. The final distri-
butions of the residual stresses are compared with experi-
mental measurements in Fig. 6 and very good correlation
is observed.
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Fig. 6 Transverse residual stresses (ox) after annealing at the middle
cross section.

4.2 Measurement of three dimensional welding residual
stresses

The Rosenthal-Norton method is well-known as a
technique to measure three dimensional residual stress.
This method is based on an assumption that the elastic
response of the specimen under slicing follow the simple
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(Ly method).

1, specimens, the interaction between in-plane and out of
plane inherent strains can be removed and the problem is
reduced to two dimensional problem.

Fig. 8 shows an electroslag welded joint whose residual
stresses are measured'®). The estimated residual stresses
on the top surface show excellent agreements with the
direct measurement as observed in Fig. 9. This demon-
strates the accuracy of the method for the entire body of
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Fig. 9 Welded residual stresses on the surface of R-specimen.

the specimen including the inside. The three dimensional
stress distributions in the thickness direction, which can

not be measured directly, is estimated as shown by Fig.
10.
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Fig. 10 Estimated residual stresses on the cross section.

4.3 Convection in arc weld pool

Finite Element Method has been a powerful tool in
stress analysis. On the other hand, Finite Difference
Method has been a common numerical method for heat
and fluid flow problems. Theoretical analysis in this
field has been studied intensively by Szekely'®!™ and
others!®).

The quantitative understanding of convection and heat
flow in weld pools is one of considerable practical interest
because convective heat flow will affect the weld pool
geometry, fume formation, and grain structure in the
resulting weld bead. However, the phenomenon is ex-
tremely complex because of the possible interactive role
played by a number of driving forces.

A numerical analysis of convection and heat flow in an
arc weld pool as illustrated by Fig. 11 is reported by
Szekely!?. The flow in the weld pool is assumed to be
driven by buoyancy, surface tension, and electromagnetic
forces. The effects of these driving forces on the flow is
studied in this example.

Since the phenomenon involves great complexity, cer-
tain assumptions must be introduced. And also, informa-
tions such as the distribution of the electric current falling
on the weld pool is postulated using the experimental
measurements. Considering these assumptions, the prob-
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Fig. 11 Schematic of welding arc showing relative size of weld pool,
electrode, and arc.

lem can be put into the following differential equations,

Equation of Continuity
Y Y=0 )
Equation of Motion
p(V -V =—APR+uY*V+Eb )
The buoyancy and electromagnetic forces are considered
in the force term Fb. And the effect of surface tention is

taken into account through the boundary condition which
is given as,

oVr oy aT
= 3
0z oT or )

These governing equations are solved by using F.D.M.
Computed temperature and velocity distributions in the
weld pool are shown in Fig. 12 and Fig. 13. Two figures in
Fig. 12 are the results if all driving forces are considered.
On the other hand, Fig. 13 shows results if the surface
tension is neglected. From these results we can observe
significant effect of surface tension on the flow in the
weld pool.

4.4 Heat transfer in welding arc

Similar method can be applied to welding arc. The ele-
ctromagnetic force filed, the velocity field, and the tem-
perature field in DC welding arc is analyzed using F.D.M.
by Ushio!®). Especially, the velocity profiles and the
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temperature profiles in the system with various electrode

shapes are investigated and compared with experimental
results.

Cathode

TIG nozzle

Arc
Column

Current

Anode

Fig. 14 Schematic drawing of TIG arc model and coordinate
system.

Fig. 14 shows a schematic view of TIG arc model dis-
cussed in this example. To describe the system in mathe-
matical form, some assumptions or simplifications are
introduced. For example, the effect of the atomic col-
lision process, which is extremely complicated, is con-
sidered through empirical equations. Under proper as-
sumptions, the system can be described by the following
equations,

Equation of Continuity

V-(oV)=0 (4)
Equation of Motion

p(V-V)V=—VP_Vr+F )
Themal Energy Balance Equation.

p(V-Vh) =V . -Kef VT + St )

The computed flow pattern is shown by stream lines in
Fig. 15. Fig. 16 shows the changes in heat input distribu-
tions for three different shapes of cathode tips.

4.5 Hydrogen diffusion in weld joints

As commonly understood, hydrogen plays an impor-
tant role in cold cracking of welded joints. However, it is
also known that hydrogen exhibits anomalous behavior at
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Fig. 16 Comparison of heat inputs in cases of various electrode.

around room temperature and it is considered as the
result of trapping of hydrogen by defects. Mathematical
models counting the effect of traps are proposed by
McNabb2?). His models can be categorized into two types
in which local equilibrium between hydrogen in lattice
and traps is postulated and is not postulated.

Anderson®V) applied the local equilibrium model to a
bead-on-plate weld. In this example, diffusion and trapp-
ing of hydrogen is simulated by F.E.M. based on the dif-
ferential equation given as follows,

oHg  oH,_ @ ( E)HQ)

ot ot 0Xj

0Xi

(343)
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Hydrogen in steel is assumed to be separated into Hydro-
gen in lattice ““HQ” and trapped Hydrogen “H;”. Further,
trapped Hydrogen is assumed to be a sum of Hydrogen
trapped in void “Hy’”” and that trapped in irreversible trap
“Hp”. Also, the effects of stress, thermotransport, and
plastic strain on Hydrogen distribution are considered in
this model.
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Fig. 17 (a) FE-subd1v1sion, (b) Contour map of calculated residual
plastic strain distribution.

Hydrogen in lattice
and voids H, +Hy

Hydrogen in irreversible
traps Hn

{a) - b)
Fig. 18 (a) Calculated distribution of hydrogen in voids and lattice
after 350 s,

(b) Calculated distribution of residual hydrogen.

Fig. 17 shows the Finite Element Mesh and the com-
puted plastic strain distribution. The computed diffusible
‘Hydrogen distribution and the distribution of Hydrogen
trapped in irreversible trap are presented in Fig. 18.

Among the recent theoretical development on hydro-
gen in metal, Murayama??) discussed the effect of plastic
deformation on hydrogen permeation. In his model,
hydrogen transported by moving dislocations is con-
sidered. V

4.6 High power electron beams in atmosphere
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If an electron beam is used for cutting and welding in
air, the scattering property of the beam is a very impor-
tant problem. Scattering of particles is considered as a
random process. Thus, Monte-Carlo method is a very
suitable numerical method for this type of problems.
Smith?®) has studied the scattering of electron beam in
different cases using Monte-Carlo method. Fig. 19 shows

Electron
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M
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the tube}
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7 7
Power Density

Fig. 19 Profile of electron gun.

Electron Beam
Welder Gun

Deflection Coils

_m— {optional)

Average Electron Path
e Due to Multiple
Scattering

' Helium Overflow

a profile of electron gun. The computed trajectories of
scattered electron are shown in Fig. 20. From such
simulation, the dlegradation of the beam power with the
distance from the focus for various atmosphere is pre-
dicted.

4.7 Automatic recognition of weld defects

A radiographic test is commonly used as the nondes-
tructive inspection of welded joints. This inspection
usually requires a license. However, human judgement
may involve some variations among inspectors. To achieve
consistent and reliable inspections, digital image process-
ing technique is introduced by Inoue®*). Fig. 21 shows
a block diagram of the system. This system consists of
two parts. The first part is a learning system and the
second part is an automatic sorting system in which un-
classified defect is classified. In the learning process,
radiographic image with classified defect is supplied to the
computer. Then the feature of the defect is extracted
through digital image processing, and stored in data base.
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Fig. 20 Typical electron trajectories in room-temperature air.
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Feature Feature
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Fig. 21 Block diagram of image data processing.

Using the accumulated data, probability distribution for
individual defect type is computed. This probability dis-
tribution is used for classifying unknown defects.

4.8 Personal and pocket computers in welding engineering

Personal computers are available even in small fac-
tories. They may be used for practical design works.
Okada®") developed a personal computer system to obtain
an optimum welding condition through heat conduction
simulations. Special feature of this system is that ex-
perimental data, such as material constants and CCT dia-
grams for the existing steels is stored in the data base.
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If one welding condition is chosen, thermal cycle
during welding and the-shape of penetration and HAZ are
computed. Furthermore -hardness and microstructure are
determined by consulting proper CCT diagram and other
information stored in the data base. The results are dis-
played on CRT and the engineer can decide whether the
chosen welding condition is proper or not. If not, the
same process is repeated interactively until the optimum
welding condition is found. Similar system for a program-
mable pocket computer is reported by Seyffarth?®).

5. Problems to be Overcome

As it is seen from the typical examples reviewed in the
previous chapter, numerical analysis has been applied to
variety of fields in welding research and our understanding
of individual phenomena has been significantly deepened.
However, }"m‘gmy problems are still beyond our present
knowledge' of y,umeri‘cal analysis. When we tackle these
problem, we “have to face the following questions to
achieve meaningful research.

a) What are the major factors which govern the problem?
b) What is the proper mathematical description?

c) How to idealize the boundary and initial conditions?

d) How to define material constants?

e) How to count nonlinear effects and interactions?

In addition to these, proper numerical method has to be
chosen to ensure adequate accuracy and realistic com-
putation cost.

6. Conclusion

Because of the complexities of our problems, most of
theoretical researches were limited to qualitative inter-
pretations before computers were introduced. Recent
progress in computer technology and numerical analysis
has made it possible to simulate complex phenomena and
to discuss our problems from the quantitative aspect. As
briefly discussed, computers have a great potential to be
our useful tools. However, there are some problems to be
overcome before we can achieve truely meaningful re-
search. For example, it is necessary to bridge between
real phenomena and mathematical models and to define
accurate material constants which may be dependent
upon several factors, such as temperature, stress, strain,
and their rates. To solve these problems, the most impor-
tance is tighter cooperation among researchers and engi-
neers who are engaged in experimental work, theoretical
development, numerical analysis, and design work.
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