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Weld simulation methods have often employed mathematical functions to describe the size and
shape of the molten pool of material transiently present in a weld. However, while these
functions can sometimes accurately capture the fusion boundary for certain welding parameters
in certain materials, they do not necessarily offer a robust methodology for the more intricate
weld pool shapes that can be produced in materials with a very low thermal conductivity, such
as the titanium alloy Ti-6Al1-4V. Cross-sections of steady-state welds can be observed which
contain a dramatic narrowing of the pool width at roughly half way in to the depth of the plate
of material, and a significant widening again at the base. These effects on the weld pool are likely
to do with beam focusing height. However, the resultant intricacy of the pool means that
standard formulaic methods to capture the shape may prove relatively unsuccessful. Given how
critical the accuracy of pool shape is in determining the mechanical response to the heating, an
alternative method is presented. By entering weld pool width measurements for a series of
depths in a Cartesian co-ordinate system using FE weld simulation software Sysweld, a more
representative weld pool size and shape can be predicted, compared to the standard double
ellipsoid method. Results have demonstrated that significant variations in the mid-depth
thermal profile are observed between the two, even though the same values for top and bottom
pool-widths are entered. Finally, once the benefits of the Cartesian co-ordinate method are
demonstrated, the robustness of this approach to predict a variety of weld pool shapes has been
demonstrated upon a series of nine weld simulations, where the two key process parameters
(welding laser power and travel speed) are explored over a design space ranging from 1.5 to
3 kW and 50 to 200 mm/s. Results suggest that for the faster travel speeds, the more detailed
Cartesian co-ordinate method is better, whereas for slower welds, the traditional double
ellipsoid function captures the fusion boundary as successfully as the Cartesian method, and in
faster computation times.
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I. INTRODUCTION heat-affected zone

is much more focused.

%l as the energy from the power source

FusioN welding techniques have been utilised in the
structural Homlng of safetzy -critical components across
aerospace,l!! automotive,”! and power generation®*
industries for many years, thanks to high productivity
rates, the considerable joint- integrity that they can offer,
and their relatlvely inexpensive experimental and pro-
duction costs.!'! While older welding methods such as
tungsten inert gas (TIG) Weldmg produce large weld pools
and heat-affected zones'™ due to the size of the arc formed,
newer ‘‘high power-density’’ beam type processes, such as
laser welding, offer a much narrower fusion zone and
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Computer simulation of fu510n welding processes has
been studied for many years,'* ! particularly as it offers a
method of analysing a joint without the need for costly
experimental procedures, allows for the study of param-
eter-effects, and permits the investigation of through-pro-
cess results, which may prove difficult or even impossible
experimentally with current measurement techniques to be
considered. However, a critical requirement for any fusion
Weldmg computer model is to accurately understand the
size, shape, and location' of the molten pool boundary at
any given time through the process. The specialist welding
FE code Sysweld (owned and developed by ESI) requires
some rudimentary weld pool dimensions to be taken (often
from cross-sectioning and metallurglcal analysis of a
representative experimental weld),'” as well as welding
process parameter information, to allow a heat source to be
fitted to predict the correct molten pool size and shape.

It is reasonably well understood that the size of the
molten pool reaches a steady-state during the process!'"!
(when a constant weld parameter set of heat source power,
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Fig. 1—An example of a weld bead formed with a more intricate
boundary shape, whereby the weld narrows at the “waist” before
flaring outward toward the base.

travel speed, and joint thickness are used), hence the weld
can be simulated as a steady boundary traversing along
the fixed weld path, at the relevant travel speed. In order
to accurately capture the boundary of this molten pool,
many researchers have used mathematical functions such
as the conical function,'” or the double ellipsoid
(so-called Goldak) function.!'¥ Usually for wide weld
pool formations, or for reasonably regular-shaped weld
pool formations, these functions can be used to accurately
describe the fusion zone boundary. However, if the travel
speed of the heat source is very fast (so the energy being
deposited in to the material per unit length is very low)
and if the material is one with very poor thermal
conductivity (such as a titanium alloy), so the heat, and
therefore the molten pool, does not have time to disperse
in to the regular type of weld pool shape associated with a
Goldak or a conical function. Instead, a very narrow weld
pool, often with a tapering waist, and flared top and
bottom, which can prove difficult to capture with a
mathematical function, is observed (see Figure 1), and
needs to be simulated with a different method. Hence, an
alternative method is proposed to program this weld pool
shape by directly entering the precise weld pool width for
a number of depths in to the material, for a 2D transverse
cross-section of the weld (taken at its widest point). The
development of integrated computational materials engi-
neering (ICME) tools for the optimisation of weld
integrity require location specific property approaches
that accurately represent the material state during pro-
cessing and final microstructures. Hence the industrial
need for improved predictions of the weld pool geometry
requires a modeling framework that accounts for the
multi-physics associated with the welding process.

II. METHODOLOGY

Sysweld has been developed as an FE weld simulation
tool for several years.'” As a software package, it has
been demonstrated to offer excellent predictive capabil-
ities regarding thermal predictions, distortions, and
residual stresses.'* '® However, the current Sysweld
modeling framework does have a number of limitations.
When required to enter the weld pool formed as result of
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Graded mesh:
Fine to coarse

Fig. 2—The plate dimensions and prescribed mesh of the baseline
modeling set-up.

Table I. Parameters Used for the Welds Considered in This

Work

Laser Source Plate

Power Speed Thickness
Weld Ref. kW) (mm/s) Material (mm)
WI1_Cart 1.5 100 Ti-6Al-4V 1
W2_Cart 2 100 Ti-6Al-4V 1
W3_Cart 3 100 Ti-6Al-4V 1
WI_Ellip 1.5 100 Ti-6Al-4V 1
W2_Ellip 2 100 Ti-6Al-4V 1
W3_Ellip 3 100 Ti-6Al-4V 1
W4 1.5 50 Ti-6Al-4V 1
W5 2 50 Ti-6Al-4V 1
W6 3 50 Ti-6A1-4V 1
w7 1.5 200 Ti-6Al-4V 1
W8 2 200 Ti-6Al-4V 1
W9 3 200 Ti-6Al-4V 1

the material interacting with the heat source, Sysweld
typically asks for the molten pool to be described as
either a Goldak double ellipsoid function or a conical
function. However, due to the limitations of these
functions when representing narrow, tapering welds, It
is also possible to directly enter a set of Cartesian x,z
co-ordinates to describe the 2 width of the weld pool
(assuming a symmetrical weld shape) at any given depth,
about the widest region of the molten weld pool in its y
axis (length). The operator is asked to enter a table of
data directly in to the input deck (not possible through
the software GUI), giving approximate Cartesian co-or-
dinates for the fusion zone boundary. The software will
then apply the power across the volume of material
within the fusion boundary, making a best-attempt to
maintain the fusion boundary at these specified Carte-
sian co-ordinates, and heating the enclosed material
above the liquidus temperature. Typically for FE weld
modeling, the measurements of the fusion boundary
would come from experimental weld analysis. Sysweld is
run in a weakly coupled mode,'” so the thermal
analysis is completed and every time step saved, before
the thermal results are fed in to the mechanical analysis.

Using the specialist FE welding code Sysweld, by ESI
Group, a series of models has been built, using the baseline
set-up shown in Figure 2, exploring the effects upon weld
poolformation for a variety of welding process parameters,
using a material file—with data gathered from various
sources of experiment, literature, and the materials mod-
eling software code JMatPro!'”—representing the
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Fig. 3—(a) Varying cross-sections through the weld pool when the model is prepared using the Cartesian co-ordinate method (top) and the dou-
ble ellipsoid method (middle). All models performed using a source travel speed of 100 mm/s. Compared to (bottom) experimentally observed
weld pool shapes. (b) Comparison of weld bead half widths for the experiment, and for the two heat source modeling approaches.
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titanium alloy Ti-6Al-4V. These three models were com-
puted using both a standard double ellipsoid function to
shape the heat source, and the alternative method of
entering Cartesian co-ordinates. The weld parameters are
given in Table I, see welds W1 to W3. Additionally, using
this baseline model (as shown in Figure 2), a further six
weld models were set-up in an identical fashion identical to
the three weld models using the Cartesian method from
before, except varying the travel speed of the welding

source, the laser energy per unit length travelled, an
efficiency term, and lastly the description of the shape of the
weld pool (see Table I, welds W4 to W9).

The model considered a 30 mm wide by 20 mm long
by 1 mm thick plate, with the welding performed as a
bead-on-plate type weld, along the center of the plate up
the full length. A graded mesh was used, with brick
elements of a constant depth (0.125 mm) and length
(0.5 mm) and varying width, ranging from 0.05 mm

Fig. 4—Weld pool length and shape variations (looking side-on) for the Cartesian method models (top) and the double ellipsoid models (bot-
tom). All considering 100 mm/s travel speed, and using (a) 1.5 kW, (b) 2 kW, (¢) 3 kW.
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Fig. 5—Thermal profile across the weld pool (perpendicular to direction of travel), on the top surface of the plate for both the Cartesian and the
double ellipsoid heat sources, for (a) 1.5 kW, 100 mmy/s, (b) 2 kW, 100 mm/s, (¢) 3 kW, 100 mm/s welds. Due to weld symmetry, only half the

weld is considered.

488—VOLUME 47B, FEBRUARY 2016

METALLURGICAL AND MATERIALS TRANSACTIONS B



close to the weld line, coarsening out to 2.5 mm away
from the weld. The simulated plate was assigned a
material file containing the flow stress, thermal conduc-
tivity, heat capacity, yield strength, liquidus tempera-
ture, and thermal strain properties of Ti-6Al-4V, a
material with low thermal conductivity, commonly used
in welding applications within the aerospace industry.
The mesh was sufficient such that the molten zone
contained well in excess of the minimum four elements
across it in each direction,'® and was fine enough in the
perpendicular direction to be able to determine varia-
tions in bead width of down to the nearest 0.05 mm.
Models were computed on a simple 15 desktop com-
puter, parallelised over four cores, with a typical
run-time of roughly 1 hour per thermal-mechanical
simulation. Typically, the models considering the double
ellipsoid equation were simulated in just under 1 hour,
while models using the Cartesian boundary description
were simulated in slightly longer, just over 1 hour.
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For validation purposes a set of three welds at the
100 mm/s travel speed, using the three welding powers
considered in the models, were performed and the
resultant welding bead was metallographically analysed
for its steady-state fusion zone size and shape. The
testing procedure was carried out as a bead-on-plate
type weld test, on Ti-6Al1-4V plates of 1 mm thickness,
to make the experiment match the modeled conditions
exactly. The welds were performed using a Trumpf
4 kW laser cell at the University of Birmingham.

III. RESULTS

The first series of models—comparing the newly
proposed Cartesian co-ordinate method, with the widely
used double ellipsoid (Goldak) heat source—has high-
lighted a number of interesting trends. Cross-sections of
the molten pool from the two methods of FE modeling
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Fig. 6—Thermal profile across the weld pool (perpendicular to direction of travel), at a depth of 0.5 mm in to the plate for both the Cartesian
and the double ellipsoid heat sources, for (a)l.5 kW, 100 mm/s, (b) 2 kW, 100 mm/s, (¢) 3 kW, 100 mm/s welds. Due to weld symmetry, only

half the weld is considered.
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are illustrated in Figure 3(a), and the more tapered pools—see Figure 3(b). For the 3 kW weld performed at

shaping of the weld pool boundary by the Cartesian 100 mm/s, the Cartesian model is over-estimating the
co-ordinate method is well demonstrated. Additionally, tapering of the pool at the waist than is observed
Figure 3(a) gives the weld pool metallographic experimentally. However, this could possibly be cor-
cross-section from experiment. An improved matching rected by further refining the boundary co-ordinates of
of the weld pool boundary using the Cartesian co-or- the heat source in the definition, or by including a more
dinate method is observed for the lower powered weld accurate definition of the process efficiency for laser
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Fig. 7—Thermal profile across the weld pool (perpendicular to direction of travel), on the base of the plate for both the Cartesian and the dou-
ble ellipsoid heat sources, for () 1.5 kW, 100 mm/s, (b) 2 kW, 100 mm/s, (¢) 3 kW, 100 mm/s welds. Due to weld symmetry, only half the weld
is considered.

Table II. Results from the 9 Parametric Weld Studies Using the Cartesian Boundary Method

Penetration

Max. Width Max. Width Length Length Depth (in 1 mm Plate) LW L:W Ratio
Weld  (Top) (mm)  (Bottom) (mm) (Top) (mm) (Bottom) (mm) (mm) Ratio (Top) (Bottom)
Wil 1.1 0 1.5 0.5 0.65 2.536 3.229
w2 1.15 0.52 2.3 0.5 1.0 3.176 4.417
W3 1.34 0.56 53 2.7 1.0 4.737 5.742
W4 1.38 0.96 3.5 3.1 1.0 1.364 n/a
W5 1.70 1.20 54 5.3 1.0 2.000 0.962
W6 1.90 1.55 9.0 8.9 1.0 3.955 4.821
W7 0.55 0.0 1.8 0.0 0.6 3.273 n/a
W38 0.82 0.20 2.6 0.3 1.0 3.171 1.500
W9 1.00 0.38 4.7 1.2 1.0 4.700 3.158
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welding, which remains largely an unknown quantity,
given that some energy will possibly pass straight
through the weld pool without heating the component
at all. Similarly, the side-on view of the weld pools
illustrates a much more detailed fusion zone boundary
in the Cartesian method, while the double ellipsoid
function cannot predict the narrowing in the centre and
re-flaring out at the base (see Figure 4).

While the classical Goldak function can maintain the
programmed values for the widths of the weld pool on
the top and bottom surfaces, this method predicts
almost a linear decay of the width through the depth to
achieve this. Whereas, the method of entering the
Cartesian co-ordinates of the fusion boundary position
has manually included the additional data, for pool
width at various depths through the plate, allowing the
software to describe a much more detailed weld pool
boundary. It has been experimentally observed that
certain weld pools contain this tapering and flaring of
the fusion boundary, whereby the narrowest region of
the weld pool occurs somewhere in the depth of the
plate, and then substantially flares outward again on the
bottom surface. These pool shapes are often observed
with fast-travelling beam welds where the focus of the
beam dictates such behavior. In these welds, the
limitations of a double ellipsoid function to describe
the heat source are evident. However, as is often the case
with FE models containing tabular data rather than
equation-based functions, the run-time has suffered. The
models considering the standard double ellipsoid func-
tion heat source took approximately 45 to 50 minutes to
compute in parallel calculation, on a 4-core desktop,
while the models considering the Cartesian-based tab-
ular input heat source took approximately 1 hour.

1500W, 50mm/s

2000W, 100mm/s

Ay,
S %

,
v

1500W, 200mm/s

2000W, 200mm/s

A comparison of the thermal profiles perpendicular to
the direction of travel illustrate the reasonable agreement
between weld pool size at the top surface of the weld for the
two methods of programming the heat source (see
Figure 5), although Figure 6 then demonstrates some
noticeable differences between thermal profiles for the
two methods at a depth of %2 mm in to the 1 mm thick
plate. It is apparent that for all three weld parameter sets
considered, at a depth of %2 mm, the double ellipsoid
function has predicted a hotter peak, wider thermal profile
than the Cartesian method. This is due to the lack of
capturing the tapering waist of the weld bead within the
double ellipsoid, compared to the Cartesian method.
Figure 7 demonstrates the biggest difference in the thermal
profiles of the two methods, as the peak temperature for the
2 and 3 kW welds at the weld line is considerably lower,
and the width of the molten zone narrower, compared to
the Cartesian method. This difference is due to the lack of
flaring out of the weld pool boundary toward the base of
the plate in the double ellipsoid method. Given that the key
FE modeling outputs such as distortions and residual
stresses and other mechanical responses to the heat source
are dependent upon the formation, size, and shape of the
molten pool of material, it is apparent that inaccurately
predicting the tapering of the bead would lead to errors in
mechanical response. However, it is important to appre-
ciate that regardless of the method used to describe the heat
source (for the same weld parameter set) each method is
depositing the same total amount of energy. While peak
temperatures, fusion zone widths, and shapes will vary
according to the modeling set-up, they both deliver the
same total energy, and it is the dissipation of this energy in
to the weld zone and the surrounding material that dictate
the resultant thermal field.
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Fig. 8—Cross-sections showing the variation in weld pool shape for varying laser power and varying source travel speed (all using the Cartesian

method of describing pool).
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Once the improvements possible by the Cartesian
method had been demonstrated, a further series of
models was aimed at demonstrating the capabilities that
the Cartesian method offered, in terms of predicting
different pool shapes for varying welding parameters.
The results are provided in Table II. Clearly, the two
process parameters (laser power and speed) both have
opposing influences upon weld pool shape. Increasing
laser power will clearly produce a wider, deeper, and
longer weld pool, as the energy being absorbed by the
material will increase. Whereas, increasing the travel
speed has the opposite effect, the heat deposited has less
time to dissipate in to the material thus the pool will
necessarily become smaller and cooler.

Comparing the weld pool cross-sections for these nine
welds (see Figure 8), the marked variation in weld pools
can be noted. There is still a considerable amount of

1500W, 100mm/s | 2000W, 100mm/s| 3000W, 100mm/s

fitting associated with how the FE software generates
the results. If we consider the weld pool for the lowest
power and highest travel speed (W?7), this has not
predicted a fully penetrating weld, simply because there
was not enough energy used to produce this. If we
further consider the other high-speed welds, the trend
for a ‘‘nail-head” type weld pool, or a nar-
rowed-waist-and-flared-base weld pool is evident. Thus,
the faster travel speed weld pools appear very much to
be of the more intricate-type, difficult to be predicted
without using this Cartesian co-ordinate method. When
compared to the weld pools predicted for the slow welds,
there is a clear trend observed that the slower welds
form the less intricate, bulky, simplistic weld pool
shapes, the type that could also be well predicted by
the mathematical double ellipsoid function. The classical
tear-drop weld pool shape, when looking top-down on
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Fig. 9—Thermal profile looking top-down on to the bead-on-plate weld, for nine welds performed using the modified Cartesian heat source ap-

proach.
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to the material and weld pool, is observed in all of the
nine weld simulations performed using the Cartesian
method (see Figure 8). However, it must be recognised
that this tear-drop shape is a function of the travel speed
of the weld pool. Clearly, if the heat source was
stationary, then the resultant weld pool would form in
a perfect circle (when looking down on to the plate),
forming its steady-state shape once the power inputted is
balanced by the heat losses. The formation of the weld
pool “tail” to form the tear-drop shape arises as the heat
source is moved linearly. It is therefore apparent that the
width of the weld pool (perpendicular to the direction of
travel) is an indication of the power of the heat source,
while the ratio of weld pool length to width is an
indication of the travel speed.

Figure 9 illustrates a scatter-plot showing the ratio of
weld pool length to width against a combined input
parameter as a function of both the travel speed and the
laser power. Physically, the energy deposited in to the
weld path per unit length can be expressed as the laser
power divided by the travel speed, hence this combined
input parameter is used to demonstrate how the weld
ratio varies. The results suggest that the ratio of weld
pool length to width increases reasonably linearly with
increasing energy per unit length, although there is a lot
of scatter in the results at the lower energy per unit
length values (20 J/mm and below). This would suggest
that for these low values of energy per unit length, there
is insignificant energy being deposited in to the material
to form a satisfactory weld pool (either due to too low
laser power, or too fast travel speed). It can also be
noted that for the higher, more stable energy per unit
length welds, the ratio of weld length to width is higher
for the results at the bottom surface of the plate, and
lower for results at the top surface. This would suggest
that the weld pool narrows in width faster than it
shortens in length through the increasing depth of the
material (Figure 10).

The method of incorporating the heat source may
initially seem a trivial one, and given the very slightly
slower run-times of the Cartesian tabular method, this
may initially appear a backward step. However, there is
a concerted effort toward developing integrated compu-
tational materials engineering (ICME)-type modeling
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Fig. 10—Scatter-plot showing how the ratio of weld pool length to
width varies for different welds. The input parameters of laser power
and travel speed have been combined in to one input, namely the en-
ergy inputted per unit length.
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approaches currently. Given that different software
packages are often required to perform the various
different length-scale modeling work, in order to inte-
grate the models together a method of translating the
output from one model to the input for the next is
needed. Further, due to the fact that software packages
often produce output file formats that may not be
compatible with other software packages’ input require-
ments, this Cartesian approach offers a method of
incorporating the weld pool shape which could be
calculated from an earlier modeling approach, such as a
CFD model, as opposed to the traditional but time-con-
suming and experimentally reliant method of weld pool
cross-section metallographic analysis.

IV. CONCLUSIONS

A series of weld simulation FE models have been
computed, to demonstrate the capability of a Cartesian
co-ordinate method of describing the weld pool shape
compared to a traditional double ellipsoid weld pool
function. Further, a small parametric study on the two
key process variables (laser power and travel speed)
using this Cartesian approach was undertaken to
demonstrate the robustness of the method, and the wide
range of varying weld pool shapes capable of being
formed for different parameters. The following conclu-
sions are drawn from this work:

1. Simulations suggest that for welds using a medium or
a fast travel speed (100, 200 mm/s), the cross-section
of the weld pool boundary becomes considerably
more tapered, with a narrowed “waist”” but a flared
base. Using the Cartesian approach to describe the
fusion boundary, as illustrated here, allows for an
improved representation of the weld pool, with a
matching narrowed “‘waist”.

2. Whereas, simulations suggest that the slower weld
pools (50 mmy/s) display a far less tapered weld pool
boundary, and would likely be capable of being
accurately predicted with the double ellipsoid func-
tion. Given the superior calculation speed of the
double ellipsoid over the Cartesian tabular method, it
clearly makes sense to utilise the equation-based
function in these cases.

3. An approximate weld pool length to width ratio has
been calculated for all the simulated welds, and re-
sults strongly suggest that a linear increase of this
ratio is present with increasing energy per unit length.
However, significant scatter in results at lower energy
per unit lengths suggest this relationship is less
well-defined in this regime.
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