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Foreword

:2016(E)

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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N

umerical welding simulation — Execution and

documentation

cumentation of a numerical welding simulation within the field of computational weldingx

(CWM). As such, it primarily addresses thermal and mechanical finite element analysis (F
fugion welding (see ISO/TR 25901:2007, 2.165) of metal parts and fabrications.

CWM is a broad and growing area of engineering analysis.

Th

lis Technical Specification covers the following aspects and results of CWM, excluding sin

the¢ process itself:

Th

heat flow during the analysis of one or more passes;

thermal expansion as a result of the heat flow;

thermal stresses;

development of inelastic strains;

effect of temperature on material properties;

predictions of residual stress distributions;

predictions of welding distortion.

iis Technical Specification refers to the following physical effects, but these are not covered
physics of the heat source (e.g. laser or welding arc);

physics of the melt pool (and key hole for power beam welds);
creation and retention of non-equilibrium solid phases;
solution and précipitation of second phase particles;

effect of mi¢rostructure on material properties.

e guidahce given by this Technical Specification has not been prepared for use in a specifi

CWM can-be beneficial in design and assessment of a wide range of components. It is antici

ity

ation and
echanics
£A) of the

ulation of

in depth:

industry.
bated that

Vil enable industrial bodies or companies to define required levels of CWM for specific ap}l)lications.

This Technical Specification is independent of the software and implementation, and therefore is not
restricted to FEA, or to any particular industry.

It provides a consistent framework for-primary aspects of the commonly adopted methods and goals of
CWM (including validation and verification to allow an objective judgment of simulation results).

Through presentation and description of the minimal required aspects of a complete numerical welding
simulation, an introduction to computational welding mechanics (CWM) is also provided. (Examples
are provided to illustrate the application of this Technical Specification, which can further aid those
interested in developing CWM competency).

Clause 4 of this Technical Specification provides more detailed information relating to the generally
valid simulation structure and to the corresponding application. Clause 5 refers to corresponding

©lI
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parts of this Technical Specification in which the structure for the respective application cases is put
in concrete terms and examples are given. Annex A presents a documentation template to promote the
consistency of the reported simulation results.

2 Normative references

The following documents, in whole or in part, are normatively referenced in this document and are
indispensable for its application. For dated references, only the edition cited applies. For undated
references, the latest edition of the referenced document (including any amendments) applies.

ISO/TR 23901, Welding and related processes — Vocabulary

3 Terms and definitions

For the purposes of this document, the terms and definitions given in ISO/TR¢25901 and {

following

3.1

apply.

boundary conditions

condition

b imposed at the spatial boundary of a computational model that describe the interact

between the modelled and unmodelled domains

Note 1 to gntry: Complete boundary conditions provide a unique solution ‘te the specific mathematical prob]

being solvdd.

3.2
geometri

t model

descriptign of all geometries analysed within a simulation including the dimensionality of
simulation object

3.3

mathemadtical model

model co
and boun

3.4

prising the underlying essential\mathematical equations including the appropriate inif
ary conditions

numericgdl simulation
simulatiop performed by adapting approximate mathematical methods generally performed on a

computer

3.5

physical model

full array
simulatio

3.6

of the physical process to be simulated and boundary and initial conditions relevant to
objectas well as adopted simplifications and assumptions

he

on

he

ial

he

plausibilitycireck
check of the obtained calculation results in respect of their conformity with basic physical principles

3.7

simulation model
combination of the physical, geometrical and mathematical models and the solution method

3.8

spatial discretization
distribution and type of the geometric units for subdividing the geometric model

39

temporal discretization
step size and number of time units for subdividing the duration being modeled

2

© ISO 2016 - All rights reserved


https://standardsiso.com/api/?name=1e1e76cf8280b0f3adafdf541dfc3eb4

ISO/TS 18166:2016(E)

3.10

validation

process of determining the degree to which a model is an accurate representation of the physical
problem from the perspective of the intended uses of the model

3.11

validation experiment

experiment designed specifically for validating the simulation results taking account of all relevant
data and their uncertainty

3.12
verification
demonstration of the correctness of the simulation model

3.13

calibration
process of adjusting modelling parameter values in the simulation model for the’purpose of improving
agreement with reliable experimental data

numerical method for solving partial differential equations that describes the response of a system

subset of dfumerical simulation and analysis of welding

4 | Description of the problem

4.1 General

Computational welding mechanics is a subset of numerical simulation and analysis of welding that is
primarily accomplished through use of the finite element method. Nonlinear thermal and mechanical
analyses are performed, which can be sequentially or fully coupled, where the welding power is
applied to the computational model in some way, and the resulting transient temperature (and possibly
microstructure) fields are then combined with mechanical material properties/models and boundary
conditions to predict the stress and strain in the model and its distortion. This description is not
intended to be all inclusive or restrictive, but is provided to establish the typical expected use to which
this Technical Specification might apply.

© IS0 2016 - All rights reserved 3
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This Technical Specification addresses the general CWM problem, which can be defined as a three-
dimensional solid element model employing a travelling power density heat source with simultaneous
calculation of temperature, microstructure and displacement, utilizing elasto-visco-plastic constitutive
models based on material properties ranging from room temperature to beyond the melting
temperature.

This does not preclude use of simplified methods, but rather provides a simulation method benchmark
from which simplifications can be judged. The need for simplifications are primarily driven by
computational limitations (size and speed), and apply to many industry problems, such as heavy section
welds in the pressure vessel or shipbuilding industries. As any simplification of the mathematical

model tha3
shall be d
computat
in Clause

4.2 Sim

The firsti
investigat
procedurs
Optionally

4.3 Sim

This item
hand. Thi
to be anal

Examples
heat affec

In additio
be furthet

— asses
possil

— optimn

residyial stresses;

— optin
— minin

44 Phy

trepresents the pll_ybibdl systenT may-icreaseuncertainty—in the—simmutationr results—t
ounterbalanced with more effort in verification and validation of the model. Note thab
onal models require verification and validation, and this subject is addressed in greatey def
b. The preceding discussion is formalized and expanded upon in the remaining subclauses

ulation object

Lem comprises the exact description of the component or overall structure; respectively, to
ed (e.g. geometry, service conditions), of the employed base and fillerymaterials, of the weld

and parameters, of the applied welding sequence as well as of-the restraint conditio
, a complementary graphical representation or photograph maybe attached.

ulation objectives

concerns the definition of the desired simulation results which ensue from the real tasK
5 is particularly important since many realistic problems still require simplification in or
ysed with reasonable effort.

include the calculation of welding residual stresses and/or distortions, the assessment of
fed zone and its characteristics or the weldihg procedure net heat input.

n, the ultimate aim should be stated.to which the desired simulation results are intended
applied, such as:

ply including postulated or-known material faults;

ization of necessary post-weld treatment processes for the relief of welding distortions and

ization of welding’procedures;

hization of Wwelding distortion and stresses.

sicalbmodel

1S
all
ail

be

ng
ns.

at
ler

he

to

bment of the structural integrity of the object under specified service loading conditions,

or

Dependin

b an the nhjpr“rivpc defined in 4 3 this item concerns the r‘nmpi]q‘rinn of the respect

ve

appropriate physical effects, boundary conditions and adopted simplifications and assumptions to be
simulated. Depending on the desired model complexity, the following exemplary physical effects and
influencing variables can be relevant:

— heatt

ransport via heat conduction in the solid;

— convection and radiation at the surface;

— stress versus strain;

— materials changes such as microstructure transformations;

— dissolution or precipitation;
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mechanical behaviour such as elasticity;
instantaneous or time dependant-plasticity;
strain hardening and recovery effect;
thermal expansion;

transformation induced plasticity.

:2016(E)

These factors can be described either by text, graphs, tables, or formulae. The real boundary conditions,

R T B IPIE . 1 11 11 - I
mgqst cSpcelldlily HIItdD LCIIperaturc 11 tic SOIU, TOOII tCIHIPErdiul’c, dlltd CldIIIpPlTyg COITUItIOT

de

scribed purposefully.

s shall be

Th simplifications that have turned out to be necessary when defining the simulations goals and that

wi

4.% Mathematical model and solution method

Ba
de
de

the heat source as well as of the initial and boundary conditions: In case of general purpose cc
mgchanical analysis software, the selected options of the mathématical solution should be suf

Although the typical envisaged solution method is finite’element method (FEM), the solutid

ced on the factors compiled in 4.4, a correspondingly suited mathematical model sha
ined. To do this, the underlying essential differential equations shall be given or referre
inition concern the geometrical model (2D, 3D), supplemented)by the mathematical desg

| be adopted in performing the simulation shall be described. The subsequent assumptions shall be
jugtified by verification and validation procedures detailed in Clause 6.

1 here be
d to. This
ription of
mmercial
nmarized.

n method

should always be stated, e.g. analytical method, different or complementary numerical npethod, or

stdchastical approach.

4.6 Implementation

The description of the implementation-comprises specific details relating to the simulat

ac

Th

5

ording to 4.2 and concerning the spatial discretization, e.g.:
FE-meshing including the specification of the element types;
temporal discretization;
material characteristics;
initial and boundary conditions.

e result of the implementation is the simulation model.

Workflow

on object

5.1 General

The numerical modelling [choice of finite elements (FE), discretization, solver, etc.] is a part of
computational solid mechanics specialist’s job and not in the scope of this Technical Specification.

The reader is referred to ASME V&V [2] which provides a detailed framework for verification and
validation (or “validation and verification”) of general computational solid mechanics and also to R6 [3]
and AWS A9.5 [4] for a standardized technique for CWM.

Following description of the workflow, recommended methodology for verification and validation (or
“validation and verification”) is given in the next clause.

©lI
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5.2 Simplifications and assumptions

5.2.1 General
Simplifications and assumptions are a part of any simulation model, to varying degrees. This clause is

intended to address key analysis inputs; those that are either fundamental to the analysis, or that the
analysis will be particularly sensitive to.

5.2.2 Material properties

Accuracy | of the prediction by CWM relies in part on the accuracy of thermophysical-.gnd
thermomgéchanical properties used by the models. Material properties uncertainty can be-gregtly
reduced by state of the art testing; however, even in this case, property determination is notjpossiple
over the full temperature range of the welding problem. Therefore, assumptions are (inherent| to
selection pf material properties, and shall be thoroughly documented. The typical way.of addressing
this uncertainty is through a sensitivity analysis to any properties which are estimated or to gny
propertie$ with significant uncertainty.

NOTE Use of a cutoff temperature is a common approach to significantly reduce the impact of hjigh
temperatufe property uncertainty.

5.2.3 Mlodel scale and scope

One of the primary choices to be made for a CWM model is the/model scale and scope. The expact
descriptign is in the simulation object, as defined in 4.2. If the exact description is not implemented
in the simulation model, then an assumption or simplification has been applied to the problem. The
most common simplification with respect to scale and scepe’in the context of CWM is replacement of
a 3D model with a 2D idealization. 3D modelling and analysis is the most rigorous approach for CWM;
this is bedause the welding process is inherently 3D and intensely local for all but the fastest weld|ng
speeds o1] thinnest sections. However, as long as the simplifications used in a given CWM analyges
are undeystood, the degree of simplification may be perfectly acceptable for the specific problem
being stuflied. In fact, 2D analysis can allow-rapid access to often qualitatively meaningful results.
2D modelg are also useful for heavy sectipnixmultipass welds to qualitatively investigate the impact of
weld sequence changes and major geometric changes. However, the specific quality of the solution gnd
magnitudg of the approximation are«strongly a function of part size, thickness, and welding inputg. A
brief discyission follows for the common analysis assumptions. The choice of 2D (axisymmetric, plgne
strain, plane stress), 3D (brick, solid), or shell model is determined by the simulation objectives and the
character]stics of the analyses!

5.2.4 Analysis couplifg

CWM oftgn uses a,sequentially-coupled approach, where the mechanical analysis follows the thermal
analysis. |The segientially-coupled approach is usually valid because the coupling of thernjal,
metallurgiical, '@nd mechanical effects are mostly one-way in fusion welding. For instance, the
mechanicalcstress and deformation, such as temperature rise by plastic work, are expected to have
very littlerfleeneeonthe tcunyc1 attre—distt ibutiuu, fnordo thc_y affeetmost yhaoc transformations.
The sequentially-coupled approach is much less demanding computationally than the fully-coupled
approach.

In a fully-coupled approach, the governing equations for heat transfer and those for mechanical stress
and displacement are solved simultaneously. Though it is fairly rare, there are cases where the fully-
coupled approach is required for accurate simulation results. The most notable are when contact
conditions may change and substantially impact heat transfer, or when the components to be welded
are notrigidly restrained and generated large distortions at the weld location alter the fit-up conditions.

6 © IS0 2016 - All rights reserved
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5.3 Process description and parameters

The process description is mandatory to achieve a numerical simulation of welding. The minimal
information to gather are the following:

5.4 Structure and weld geometries

Th

5.

5.3.1 General

The base materials, chemical composition shall be givenas‘well as the as received material
Th filler material, if any, has to be described in the samemanner.

5.3.2 Thermo-physical material properties

Co

ra
co
co

5.3.3 Thermo-mechanical material properties

Computations require temperature-dependent thermo-mechanical properties data w
terpperature range thatroccur in the material during the welding operation.

The materials testing.for mechanical behaviour’s law identification has to be done as close 3

to

unfer tensile, and compressive cycles) considering cyclic hardening at relevant strain rate ley

5.

5.6.1 General

definition of the welding process;
average energy per unit length;

welding speed;

welding path;

deposition rate.

% Materials

sidered, the convection in the molten'zone could be modelled by artificially increase th

1£ge that occur in the material during the welding operation. As only solid state comput
ductivity above the fusion temperdture.

the welding conditions (i.e. high heating and cooling rate, accounting for phase transfd

¢ Loads and boundary conditions

e dimensions of the component shall be given in order to draw up its FE-mesh. The clamping device,
if dny, has to be described in the same manner.

condition.

mputations require temperature-dependentthermo-physical property data within the temperature

htions are
e thermal

ithin the

s possible
rmations,
rels.

The heat input can be represented by a volumetric or surface heat source. Nearly all kind of welding
processes can be simulated using one (or more) of those energy distribution shapes or a combination of
them. The shape of the heat source and the input energy can be fitted to experimental data such as the
thermocouple temperature measurements or the dimensions of the weld pool and the heat affected zone.

5.6.2 Thermal

The heat transfer analysis rests upon the solution of the classical heat conduction equation with
appropriate boundary conditions. The precise description of the phenomena involved in the heat input
such as arc are not taken into account in the model as well as the analysis of fluid dynamics in the weld
pool. Regarding the thermo-mechanical computation, the fluid flow effect, which leads to homogenize

©

ISO 2016 - All rights reserved


https://standardsiso.com/api/?name=1e1e76cf8280b0f3adafdf541dfc3eb4

ISO/TS 18166:2016(E)

the temperature in the molten area, could simply be taken into account by increasing the thermal
conductivity over the fusion temperature.

5.6.3 Mechanical

The mechanical analysis is based on the momentum balance equation where inertial effects are
neglected. As the effect of plastic dissipation on heat transfer and the influence of stresses on
metallurgical transformations can be neglected, the mechanical analysis can be weakly coupled to the
thermal analysis. The mechanical computation is thus achieved in a second stage using the temperatures
previously calculated. As no external load is applied during welding, only relevant boundary conditions
in relatiolf with clamping device shall be defined for the mechanical computation.

5.7 Redults review

The reliahility of the results shall be verified and validated as defined in Clause 6.

5.8 Reporting

Reporting of results should be performed as described in Clause 7.

6 Validation and verification

6.1 General

For qualify assurance of the simulation results, the following essential measures are at the usegr’s
disposal depending on the application case and on the ‘defined simulation goals. Comparisons wijith
experimeptal results shall be considered with care as unicertainties — both systematic and statistica] —
are inherdnt to any measurement technique and devic@’especially if the measure is not direct.

6.2 Verification of the simulation model
For verifyfing the simulation model, the following options are available:

— tests pf consistency between thé:physical model (4.4), the mathematical model and the solutjon
meth¢d;

— confifmation by using different solution methods (numerical and analytical) and comparison wjith
simpljfied cases (e.g. reduction in dimensionality, rough calculation);

— quantification of/the influence of discretization variation (spatial and temporal) on the
calculation result;

— proof]of the range of validity by parameter study.

6.3 Calibration of the model parameters

Calibration comprises the determination of the variable model parameters (e.g. process parameters,
clamping conditions, material characteristics) from the comparison with experimental data, or
alternatively with computational results which have not been used for the verification or validation.

Calibration of the thermal model can be accomplished, for example, by using simplified test pieces or
smaller parts of local cuts of the simulation object described in 4.2. This implies that the calibration is
not generally valid, but relates to a concrete application case.

As the stress-strain behaviour is critical, it could be estimated more accurately by comparison of
residual stress computational results with reliable experimental data.

8 © IS0 2016 - All rights reserved
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6.4 Plausibility check of the simulation results

A check of the calculation results for plausibility shall be carried out.

6.5 Validation of the simulation results

6.5.1 General

A validation of the simulation results shall be done according to at least one of the following criteria:

Forl the experimental validation, a choice of experiments, measuring methods, and facilitieq
the¢ simulation object in 4.2 as well as the defined simulation objectives in 4:3’shall be ensurec

Sp

6.3.2 Validation experiment guidelines

An|experiment that is to be used to validate a weld model for patrticular phenomena of interest

ve

an(l validation principles.

Care shall be taken to ensure the reproducibility of ¢he experiment. The experiment is best
by| first simulating the experiment with the weéld model. The remainder of this clausg
redommendations for the design of an experimentto acquire data to be used for validating a w
for] a specified phenomenon of interest. It is often neither possible nor necessary to test the e
strjucture for the purpose of validating the;weld model.

The validation is not necessarily to be performed on the full simulation object.

As|discussed below, welds made in test coupons with similar heat sink capacity as the real str

su

anfl fixture representative.to)those in real structure may be needed. The design of a goog

re
to

pr

7

7

Fot tracasbhilityy thao avarall anneaach chall ha doaciantad 10 tha formy Af o oot 1
tFaceaBhity—+1e-o6Vv appPreae-—SarBe-aoenentea tHe+erm—oe+aTepoertit

.1 General

complete or partial comparison between calculation results and data gained from
experiments, e.g. temperature, weld pool geometry, distortion, residual stresses;

demonstration that the system performance of the simulation model is in agreement
conditions, e.g. by sensitivity analysis or parameter study;

bcific examples follow for validation of residual stress and distortionmodels.

1y carefully designed; see for example ASME V&V [2] for a/detailed explanation of general v

ficient for validating the heat'source model. For validating the stress model, a mock-up wit

he real structure. See/Annex C for a list of good practices to assist in ensuring a quality

}uires a trade-off study-of cost and time in building the mock-up versus similarity of th
cedure is developed:

Reporting/display of results

validation

with real

suited to
|. Selected

should be
brification

designed
provides
eld model
htire weld

icture are
h stiffness
| mock-up
e mock-up
validation

ance with

Clause 3 to Clause 5. To do this, all individual items shall be addressed explicitly.

Any non-consideration of the optional measures according to 5.2 shall be justified briefly. For reference,
examples of the documentation layout are given in Annex A. In all cases, the documentation template

sh

7.

all at least contain the items given in 7.2 to 7.7.

2 Simulation object

— description of the major scope of the project, of the sequential steps, of the simulation, and the

principal assumptions;

— expectations of the study (result quality, most important results needed).

© ISO 2016 - All rights reserved
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7.3 Material properties and input data

— description of all the materials that are used in the welding process (see 5.5) (literature, own data
including measurement method), uncertainties, and units of material data.

— description of the material in use, including chemical composition and models used.

Temperature dependent data for both thermophysical and thermomechnical properties should be
displayed:

— thermophysical data (thermal conductivity, density, specific heat, enthalpy, thermal expansion
coefficient, see 5.5.2);

— thermomechanical data (Young’s modulus, Poisson’s ratio, strain hardening model parametdrs,
yield ptress, plasticity model parameters, see 5.5.3).

7.4 Prgcess parameter

— parameters of the welding process, e.g. welding current, welding voltage, welding efficiency, welding
speed, welding position.

— descr]ption and parameters of the simulation heat source.

7.5 Meshing

— few ifnages of the part to be simulated and a few significant‘images of the computational mesh
regarfling the simulation objectives;

— numbler of node and elements, mesh size and type/shape functions of the elements.

7.6 Nummerical model parameters

— type ¢f transient computation;

— solutipn method (e.g. static FEA);

— algorithm to reach physical equilibrium (e.g. implicit, iterative);

— valuep of absolute or relative precisions to reach physical equilibrium;
— valuep of typical time stepping (time incrementation criteria);

— initia] and boundary conditions (see 5.6).

7.7 Analysis ofresults

Care shall be taken in the evaluatlon and result dlsplay to brlng the presentatlon layout 1nto line wjith
the definitien o S : g .

graphical and tabular representatlons Wlth brlef text descrlptlons also w1th a view to assurlng the
simulation results according to the validation and verification.
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Documentation template

The user of this form is allowed to copy this present form prejudice to the property rights of ISO to the

en

1Irety or the Technical Specirication.

Cgmpany name: Documentation of welding Project:
simulation according to Variant/Versiot
ISO/TS 18166:2016 ariant/versigm
Diyision: Date: JJJ]]-MM-TT
Page 1,0f x
Cover sheet for brief descriptions
Simulation object: (optionally, a complementary graphical representationorphotograph may be atthched.)

Si

mulation objectives:

PH

ysical and mathematical model:

Sdlution method and applied software products:

Su

mmary of the results and conclusions:

Su

mmary of the measures taken to.ensure the quality of the simulation results:

Afg

surance of the simulationresults

Remarks / Explanatory statements

Ve

rified [1Yes []No

Calibrated []Yes [}No

Pl

husibility [ ] Yes [ }No

Vallidated [] Yes,) [] No

M

scellaneous

N¢

tes{optional):

©lI

SO 2016 - All rights reserved
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Annex B
(informative)

Modelling of heat transfer during welding

B.1 Gemerat

A thermal analysis is required to generate metallurgical, residual stress, or distortion predictions. T

appropri
closed for
for many

stress dist

document]

dynamics],
cedures. The methods, therefore, use concepts based upon equivalént’energy or temperatiire

of the pro
distributi
models sh

Basic methods for calibration shall consider the process efficiency and rely on matching measured thert

histories 4

The weld
(CFD) moc
tension, a

B.2 Analytical models for prediction of temperature fields

Analytica
field orde
analytical
that the a
shaped w
the trans
polygonal
technique
of this asg

Analytica
boundary]
often the

e choice of heat transfer method is closely tied to the desired final result. There aré sim
In solutions for the temperature field around a moving heat source. These are pften adequ
simple metallurgical calculations. Detailed predictions of the through-thickness resid
ribution in heavy and irregular sections tend to require more complex metheds. The curr
does not cover first principle analyses of the molten weld pool (e.g. using'computational fl
because this is presently too complicated for the engineering applieations that are the fo

bns with heat flow in the solid and molten regions based on conduction alone. This means t
ould be calibrated (see Clause 6 for more details).

t points near a weld, or a reproduction of the measured-spatial weld pool domain, or both.

bool shape and temperature distribution could be predicted by computational fluid dynam
lels. These aim to predict the weld pool shape and'size with consideration of buoyancy, surf:
nd can be coupled with magneto-hydrodynamies.

rs of magnitudes faster than himerical methods. It is possible, therefore, to autom
model parameters so thatthey agree with experimental reference data. It has been sho
halytically calculated temperature field for a volume heat source that moves on an arbitrs:
elding trajectory can_provide reasonable accuracy. Conformal mappings techniques ena
formation of the analytical temperature field from a rectangular bounded domain ont

s usually assume-that the thermal properties are independent of temperature. The influe
umption on the'temperature field and the final CWM predictions should be investigated.

methods, ¢an be based on simple point, line, or planar thermal power densities. The liquid
is nog,usually reproduced or calibrated. Temperature profiles and measured distortions

bounded domain.allowing the temperature field for fillet or overlapping joints. The analytilfal

he
ple
hte
hal
bnt
1id
Fus

nat

nal

ics
hce

closed-form solutions offer the-possibility of predicting the global transient temperatiire

hte
vn

ATy
ble

D a

ce

lus

the spatia

MmoSst approprlate Valldatlon for these types of models Typically, the models are calibrated

ultimately Valldated ‘

Application to finite thickness plates usually involves mirrored “imaginary” auxiliary heat sources that
can be difficult to implement in arbitrary, complex shapes.

B.3 Cali

ibration of heat source thermal models

B.3.1 General

Numerical simulations use 2D or 3D models. Proper implementation of these models is often directly
tied to other modelling assumptions, such as treatment of material properties and element activation
strategies.

12
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For a 2D mechanical analysis it is common to use predicted temperatures from a 2D heat transfer
model. A more complex method consists in mapping 3D temperature results on the 2D model.

Calibration procedures (see B.1) for numerical models are described below.

B.3.2 Prescribed temperature model (PTM)

The prescribed temperature model (PTM) uses temperature boundary conditions in the weld pool. The
PTM parameters can be repeatedly adjusted until a suitable prediction of the temperature profile is
achieved. A simple PTM model could assume a uniform liquidus temperature throughout the weld pool.

A

las: DT oot o d axadiol oo an ot 0 £ilao 30 th o o als ]

So
bo

Ot
ter
ba

It i

achieved by reproduction of the known molten boundary in the computational model.

B.!

Hel

Onje of the most well-known power density models is the double-ellipsoid model of Goldak

ing

Thiis and similar models are frequently used for arciwelding processes. Other volumes can al

ald

Th
an

Fo
of

Sh
Sh

3 PECETY ald o rilbha a PESTEN by 0
TOTCCUOTIIPTCOAT T 0 e tToT COUTO prostriota radurdar cCIrptTratur O pTroTiic T croc I cTe poUUoTy

me more elaborate models have used simplified fluid flow solutions to solve for the s
indary and the resulting temperature is applied to the mechanical FEA.

ner models consist in prescribing by block a temperature cycle to the depaosited mats

ance.

s assumed that the liquidus boundary (weld pool shape and size) isTknown. Validation is

8.3 Prescribed heat input model

pt input to the weld pool can be modelled with either a thérnial power density per unit area

ut is assumed to have a Gaussian distribution of therntal power density over the weld pool

ne or combined (e.g. cylinder, cone) to generate different weld pool shapes.

e required distribution of thermal power density could be determined from the solution
hlysis.

- 2D models, the heat source is moved across the plane of the model and the heat flow in the
velding travel is zero by definition.

1] element models can be used for thin structures. Here, the flux occurs along the path of
bll models can be combined with a local 3D model near the arc.

©lI

blid-liquid

brial. This

hperature cycle obtained from a prescribed heat input model can be checked to ensufre energy

therefore

br volume.
The heat
volume.

Lo be used

of a PTM

direction

the weld.
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(informative)

Validation experiment guidelines

The following should be accomplished.

— For all data acquisition systems, each data item should be stamped with date (year/month/dayJg
time (hour/minute/second). All clocks in the data acquisition system should be synchronjzed.
to staft acquiring data well before welding starts and run the data acquisition for a sufficiently 1d
time after welding stops, often at least 24 h.

IMPORTANT — Do not set start time to be zero and simply increment the time.

— Itis ugeful to have one or more video cameras recording the welding scene. Each video frame sho
be stgmped with date and time. It would be particularly valuable if a videolcamera could provide
imagg of the transient weld pool (caution should also be used to protect:one’s eyes from the weld
arc). However, even a video showing a view from a distance would previde useful information
validgtion. A video walk around showing fixtures, tack welds, and€it up at various stages of weld
would be very useful for validation. Placing measuring tapesiin the scene could provide use

information.

— InstaII at least one strain gauge near the weld joint but.sufficiently far from the weld so that
température excursion that the strain gauge sees is within the tolerance range of the strain ga
The s{rain gauge is expected to accurately detect thetime when each arc s struck and extinguish
A patfern of nine strain gauges would be prefertéd. The position of each strain gauge should
defingd by its corner points. It is not sufficient‘to simply specify the position of the centroid
the stfrain gauge because the strain gauge can‘be sampling a region with a strain gradient. In t
case, the strain gauge is sampling an area;not a point, and the analyst should know the sampl
area. [lo test the strain gauge behaviouriin a transient temperature field, place a strain gauge o
flat upconstrained stress free plate and heat it slowly from room temperature to 100 °C to 200
[212 qF to 392 °F]. The plate should' remain stress free with only thermal strain in the plate and
the strain gauge. This data should be provided for model validation.

— Optical-based approaches(thave emerged as a powerful tool for both real-time and post- mort
measyirement of surface’/deformation and distortion. They can provide evolution of str
distripution on the work piece surface and final distorted surface geometry after welding. 'l
surfa¢e deformationdata are useful in validating the stress and distortion model.
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— Install at least\one thermocouple near the weld joint at a distance from the weld joint necessary

to

into theAneld pool or trying to place a thermocouple as close as possible to the boundary of the

detecf maximum peak temperatures greater than 0,7 of the melting point. Plunging thermocouplles

fusion Zone is not effective. It is recommended that thermocouples be arranged in a pattern such

that the welding direction and a good estimate of weld speed for each weld pass can be determined.
Itis also suggested to use thermocouples, arranged perpendicular to the welding direction in order

to get information about the temperature gradient perpendicular to the weld seam.

— The size and shape of the weld pool is best estimated from macrographs of cross-sections of the
weld. These can usually be done on test coupons. For multiple pass welds, the weld passes on a

coupon can be arranged to resolve the fusion zone of each weld pass.

— The composition of base metal and weld metal (after welding) should be determined. This is needed

to model the microstructure evolution.

— Measurementsofresidual stressbyneutronand X-ray synchrotrondiffractionshould reportcarefully
the geometry of the sampling volume for each measurement. Again, since these measurements are

14 © IS0 2016 - All rights reserved
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