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Abstract WireArc Additive Manufacturing (WAAM) provides an alternative for the production of various
metal products needed in medium to large batch sizes due to its high deposititmweates the cyclic

heat input in WAAM may cause local overheating. To avoid adverse effects on the performance of the part,
interlayer dwelling and active cooling are used, but these measures increase the process time. Alternativel
the temperature during the WAAM process could be controlled by optimizing the welding power. Th
present work aims at introducing and implementioged temperature management approach by adjusting

the weldbead crossection along with the welding power to reduce the heat accumulation in the WAAM
process. The temperature evolution during welding of weld beads of differeeictiorssis invessitpd

and a database of the relation between optimal welding power for beads of various sizes and-different pre
heating temperatures was established. The numerical results are validated experinachiatkshébed

geometry. The results show that by the proposed method, the test shape made was welded with lower energy
consumption and process time as compared to conventional gumseEmtWAAM. The proposed

approach efficiently manages the thermal input and reduces the need for pausing the mecdss. Hen
defects related to heat accumulation might be reduced, pratéss efficiency increased.

KeywordsWirearc Additive Manufacturing - Numerical analysis - Experimemstigation - Welding
parameters - Welding power - Weddhd size - Heat accumulation- Pause time

electrical arc with consumable electrqdiee. a
gas metal arc welding proceBER-GMAW).
The process is capable of producing congiex

1 Introduction

Additive manufacturingAM) processesre
flexible manufacturing processuitable for unit componentg4,5]

as well asmallbatch productioril]. In the field In comparison to powderbed fusion AM
of AM, WireArc Additive Manufacturing processesthe cost and manufacturing time of

(WAAM) is categorized as directed energy larger components buiftroughWAAM is lower
deposition (DED) process in whialheat source asthe deposition rate is much highee.,of the
mels a metal wire and depasit by a computer order 24 kg/h [6] Recently, WAAM method has
controlled motion layer by layer on the substrate been successfully applied to manufacture various

[2,3] The heat source in WAAM is mostly an largescale parts an_d structurgs .i.e., marine
propelletbracke{7], stainlessteel diagrid column

Rameez Israr [8], landing gear rif®] and a 12.5 m long metal
Tel: +49 355 658962 footbridge[10] Ding et al[4] confirmedthat the
Fax: +49 355 68110 limitations of the other AM processare
E-mail:Rameez.Israr@h-de increasing the demand for tWéAAM process.
However, the repeatdteatinput can produce
1 Chair of Mechanical Design and Manufacturing, high local temperaturagsthe work piece, sthat
Brandenburg University of Technology, Cottbus a pausetime is requiredbefore the weldg
Senftenberg, KonradVachsmannAllee 17, Cottbus, procesan be continuedlocal overheatingads

D-03046, Germany

2 Advanced Manufacturing Lab, ETH Zurich, 1
Leonhardstrass&,28092 Zurich, Switzerland



to various defects like ‘running’ of the deposited
molten material thermal distortion, residual
stresses, and even the formation of cfadk$3]
Yang etal.[14]described that with the increase in
the welding layers.e, part height, the heat
accumulation  becomes more  significant.
According to Wu et dlL5] the heat accumulation
with increasing layers d@ue to the reduced
conduction tothe substrate. As the build heigh
increasesconvection and radiati become the
dominant heat transfer mechanism, which
insufficient as compared to the condudtitman
activelycooled substrate.

The heatccumulation not only influenche
geometry of the components but also affest
mechanical propertiesicrostructure and grain
size Xiong et al.[16] showedthat the heat
accumulation during WAAM of low carbon steel
resulted ira geometric deviation and irregularities
in the molten pool. Wu et §L.7] reportedheat
accumulation as the main cao$ewall width
enlargement and excessive oxidaifothe pre
welded beadduring WAAM of a titanium alloy.
Manwatkar et aJ18] al® verified that with the
increasing height af wallbuilt by WAAM, the

is

heat accumulation increases while the cooling rate stresses They

and hardness decrea&ecording to Hoshi et al.

produced by WAAM the heat accumulation
should be managed efficiently

In the past, differenapproaches have been
proposed to optimize the thermal history and to
avoid the adverse effects of heat accumulation
duringthe WAAM processs Rajamanickam et al.
[24] proposed thatwelding velocityand tool
rotation are the influencing parameters for
controlling thetemperature during weldiragnd
should be carefullpnanaged for multilayer arc
welding.Similarly Eagar and TsgR5] observed
variations in the maximum temperature of the
layersduring welding. They reported that the
welding power, weldingavelling speed of the
torch, and thermal diffusivity have a significant
role in determining the temperature history, and
the weld bead profile. Thesechnological
parameters should be properly adjusted to control
the welding temperature of each layer

During the last few decades, mauical
simulation methods have been develofmed
predicting the thermal behavior, residual stresses,
and distortiongn welding26-29] Kozamernik et
al. [30] gatedthat heat accumulatidn the mul
layer WAAM process leads to high thermal
contrééd the unwanted
temperature development between the layers by

[19] the accumulation of heat is associated with usingtwo different approachdse. by introducing
the material's heat capacity. For example, due to a delaytime between the layers andajpplying
higher heat capacity, the heat accumulation in compressedailflow to the tg layer during

titanium is more than in steel. Li et al. $2dted

that heat accumulation causes microstructure
inhomogeneity and results in large grain sizes in
areas withhigh temperatureChen et al[21]
indicated that high temperature dyriwelding
cause the final microstructure to coarsen and the
mechanical properties to deteriorate. According to
Pandey et dJl22] high temperature gradients and
heat accumulatiosiuring welding are responsible
for the inhomogeneous development of the
microstructurend also cause the variations in the
mechanical properties of theal parts Wu et al.

[23] illustrated that heat accumulation causes
changes in geometrical shape of the build WAAM
part. Furthermore, the onostructure and grain
size areaffected by the thermal history of the
WAAM process. Heat accumulation in specific
regionscauses slower cooling, resulting in larger
grain size anéhhomogeneityin microstructure
and mechanical propertiga3] Therefore, for
improving the quality ofmetal components

welding. Derekar et g31] reported that he
continuous welding dfeads in layers results in a
progressive amease in temperature anerthal
stressesThey implemented dwell time between
the beads to control the temperature in each of
the beads. Silva et[8R]showedhat the physical
properties of the specimen are affected by the heat
accumulation during the WAAM process due to
different temperatusén each lagr. Theyfound

that regulating the operating temperature by
introducing idle time help to minimize heat
accumulationHu et al.[33] developeda three
dimensional WAAMsimulationmodel for the
remanufacturingof hot forging dies. They
suggested that the temperature of the layatd

be controlled by adjusting the input podiging
weding.

The state of the art presented above meveal
thatone of the most criticasues that have to be
addressed in theWAAM processis heat
accumulation.Each of the abowvementioed
methods has itadvantages and shortcomings;
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hence,the goal is to develop method for
controllingheat accumulation irrespective of the
geometry of the specimen and without
compromising the productivin estimatef the
requirednput weldingpoweras a function of pre
heating temperature and thadsizes needed to
reduceheat accumulatioas much as possible.
This requires welding with beads of different
crosssection

This paper addresses the abuoeationed issues
and is organized as follows: In sec@porthe
material and methods anéroduced. A onbead
model is usedto establish the database and a
blockshaped geometrig usedto validatethe
databaseln section3, a detailed comparison of
the constant powerwelding strategynd the
proposed powetontrolled weldings presented
followed by the experimental validation of the
numerical resultsFinaly, in section 4, the
conclusions are drawwsased on theresented
results

2 Material s and Methods

In this section, the experiments are performed to

measure the heat accumulation in specimens

produced by convéaonal and powerontrolled
WAAM approachesWhereas, ot validate the
experimental results, the finite element anaigsis
performedwith the same geometries and input
parameters.

2.1  Experimental work

In thisresearcha robotbasedVAAM system
has been used as showrFig. 1.The weldig
torch was installed on a-axs FANUC welding
robot. Theweldingpaths weregeneratedsing the
software Rhino 3D for slicing and Matfaip
converting the output of the slicing process into
the robot programming languadde job files
generated this wayere imported imo the robot
control systemA FroniusTPS500power source
was usedor GMAW welding The cold metal
transfer (CMT) welding mode was ugedteel
dectrode wire (ER76& with a diameter of
1.0 mmwas usedor the WAAM processTo
protect the molten deposited materfedm
oxidation,a mixtureof argon and C&in the ratio
of 80:20with a flow rate of 15.0 L/min was
applied as shielding ga3he temperature

distributions troughout the welding process were
recorded usingn infrared camera by InfraTec

GmbH, Germany,using a constant emission
coefficient of 0.9 throughbthe welding procss

L

CAD
geometry

Fig. 1:Robot-based WAAM system using CMT
technology

Robot
Control Unit

Manufactured
part

Robotic arm

A rectangular plaf@21.5 x 110 x i) was
mounted on thewelding tableand usedas
substrate.

2.2  Welding of test geometries

Conventional WAAM
A rectangular block (length: 81 mm; width: 18
mm) was manufactured using constant power
WAAM, i.e., by progressive welding of weld beads
with constant crossection and powelFig. 5.
Five layers were defined to weld the block. The
width and height of thdeads in each layer
correspondo 4.5 mm and 1.337 mm reaching a
total height of about 6.7 mrfihe beads were
weldedn such a way that the welding direction of
one layer was opposite to the next layer.
account for the relocation of the welding torch, a
delay/cooling time of 8 was set before welding
the next layer.
Power-controlled approach

In the powefadjusted weidg process, the
same block geometry was welded with variable
layer height, as the crssgtions ofthe weld
beadschangedin each layer of the blods a
function of travel speed and input pow@io
reach the same height as in ¢bastant power
welding process, dive-layer block with varying
crosssectionsof the weld beadwasset upto
elaborate and validate the cona&padjusting
welding power over the laydree values of bead
width and height to model the block were
determined using the equations (1) andv2ih
were alreadgeveloped in previous work [25] and
exXended using new experimental data.
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Fig. 2shows the comparison of the available
[34] and adapted interpolation functions between
the heat source travel speetveld bead height

and the weld beaddth- weld bead height
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Fig. 2 Comparison of the availabl¢34] and adapted (for
block) scatter chart and interpolation function between
heat source travel speetlead heightand between bead
width-bead height

Here v(h) and w(h)are obtained from the
interpolation curves that are reported by Lam et
al.[34] while tre velocity and width fitting curves
are expressed agq and wq The adapted bead
dimensiongor the blockagreed with theeported
value whichis also verified by the overlapping
curvesin the graphThe valuesisedfor the five-
layered block are shown in Tabl8Hese values
are used in the experiments and numerical
simulations.As a result of the simulations, a
database was set up that allows for choosing an
appropriate welding power depending on bead
geometry and piieeating temperature. This
database was used to adapt the welding power in
the experiments. The simulation approach and
setting up of the database are explained in the
subsequent section.

Table 1: Adapted velocity, weld bead widths and heights
in each layer

Layer Weld beac Weld beac Velocity

No. width [mm] height [mm] [mm/s]
1 6.00 1.85 4.5

2 4.50 1.33 6.4

3 3.60 1.09 9.6

4 3.00 0.935 13.0
5 2.57 0.812 17.6

2.3 FEsimulation and database generation

2.3.1 Heat source model

Heat source modelimgas accomplishegsing
Goldak’s double ellipsoidal heat so(8& The
distribution of the heat in the front of the heat
source is given tBg. (3). )
RYDGE (?L‘J@AO(?UéAO(?U*%GU
EYE+ S %

—*zY 3=

@)

For the rear volume, the heat souscdefined
usingEq. (4)

. 5 U ¢ 0 . egi7y U
SCAREEE- T (R (R0
Here grand g representhe energy distribution

in the front and rear areatbéheat sourcandyx,
y, zare the local coordinate systems Hrat
aligned with the line of material deposition. The
weld pool energy can be calculated using the

following equation:
®)

Hereg u is the efficiency of the heat source and
is taken as 1, whileand vare voltage and current
of the heat source.The parameters of the
Goldak’s heat source that have been used in this
work are adapted fromhme literature review of
Israr et aJ36] and Prasad et dI37] and are
detailed inTable2.. The travelling speed of the
torch and the related weld bead height and width
are obtained frorEquatiors (1) and (2).

Table 2: Goldak's heat source parameters

}=p,u

Parameter Symbol Value
5,
Weld pool width ~ w —(Width of
bead)
Depth of
Weld pool depth d bead+0 1
Weld pool
(forward direction) G 2.0
Weld pool
(rear direction) G 8.0
Forward heat factor f; 0.6
Rearward heat factc f; 1.4
Exponent constant n 1.0

2.3.2 Material model
For material modelingthe existing thermal
materialdefinition from the LSDYNA material



librarywas usedAll FE analysewrerecarried out
with the*MAT_Thermal_CWM TOTodel The
weld beadswere modeled using thenaterial
properties ofsteel grade 309[36] while the
substrate was moddl with properties for
structural steelS235 [3840] To model the
material deposition on the substrate, dhest
element technigugasimplemented in this work.
In this techniquehte elements of all beads were
defined agyuiet/inactive at first and were later
activated layer by laygrthemoving heat source.

2.3.3 One bead nodel for establishing the
database

To determine the optimized power for the
given combination of bead width, height, and
velocity, single weld beads of different eross
sections weremodeéd on the rectangular
substrateThe locations of the weliead in the
model with some of the bead crssstions used
to create the database are shovmging.

Different bead sizes

way, a database containing all essential
information of weldead crossection and
corresponding power was conctied

For the onebead modes, more than 100
thermal simulations were conducted using
geomely dependent heat source parameters and
temperaturelependent convection/radiation
coefficients.The results of the simulations were
assessedbased on an average AN
temperature for every beslément during
welding and a database of the iqmrameters
and temperature output was established

2.3.4 Welding of a block geometry

The available geometric welding paramefers
the weld beagl as calculated by Lam et[34]
were used touild the basic simulation model to
estimate the optimized power for a specific bead
size. Some of the combinations of weld bead
width, height and corresponding velocity used to
build the basic simulation model are given in
Table3.

Table 3: Welding velocities and corresponding bead
height and width [34]

o

Fig. 3: lllustration of the numerical model for
establising a database to determine the influence of the
welding power on the heat input

The simple simulation model based on a single
weld bead was used for estimatimegminimum
power required to weld each of the different

Welding Correspondinc Corresponding
velocity v Height H Width W
(mm/s) (mm) (mm)
1.67 2.72 8.0

2.50 2.102 6.673
3.33 1.792 5.723
4.167 1.6 5.573
5.0 1.454 4.923
6.667 1.3 4.32
8.33 1.221 3.91
10.0 1.006 3.507
125 0.95 3.093
14.17 0.90 2.83

bead’s crossectionswith correspondingvelding
velocity Different values of welding power were
randomly used in sitations until the output
temperature of all elements of bead reached the
range of 1450550 °C for the steel. The power
was then recordetio estimate the power to weld
the beads in a muléiyer geometry, the substrate

The optimizegower for the aboveentioned
bead sizes was imported from taabase and
adapted tosimulate theweldng of the block
geometry, taking thdifferent layer temperatures
that were reached into accouwWelding was
performed on a rectangular substrate having a

was preheated to elevated temperatures before l€ngth L =1215 mm,awidth W = 1D mm anda

welding i.e. 200 °C, 400 °C, 600°C, 800 °C, and
1000 °C. At higher surface temperature, less
poweris needed for the WAAM procesence,

height H = 4 mmWeldbeads and substrate mesh
sizes were kept at 2.25 mm to avoid convergence
problemsand toensure sufficiergccuracyf the

the bead size was reduced while the velocity was OUtPULS. In simulations for constant power

increased following the atbn of velocity and
bead size as proposed by Lam €84].In this

constant layer height welding, Haene element
size was used in all lay@te crossection of the

5



meshedlock along with its dimensions is shown power cannot entirely avoid heat accumulation, as
in Fig. 4. the CMT process requires a minimum power to
create a stable arc and melt the wire electrode. It is
hence necessaif, general, to includdle times
between layers. In the conventional constant
power process, the operator can choose between
minimizing welding time and accepting a large
heat accumulation, thus jeopardizing part quality,
or optimizing the process temperature for targets
such as maintaining a constant average layer tem
perature. In the latter case, process time is
sacrificed to quality. Between these extremes,
various process settings are conceivablarei® P

Fig. 4: Qosssection of the meshedFE model of the

block. optimum between welding time and part
propeties/quality. Adjusting the power should
Fig. Sillustratesthe suggestedpproach for make it possible to shift tharBto curve in such a
managinghe power andhe corresponding bead way that, e.g., at the same process time, a higher
sizein comparison to the constant poW¢AAM quality, or, at the same target quality, a shorter
approach that uses a constant power and bead process time should be feasible.
size.In the sugyested approaclthe heat from To investigate th Raretocurves for constant

previously welded layers is used to weld the bead. power and powecontrolled WAAM, a simulation
By welding the actual bead with a reduced power model ofalarge block with 30 layers is considered

and smaller crosection, the heat builgh shall as shown ifrig. 6.The simulatioewererun with
be reducedThe crossection of the elements constarfpower and with power control, with
constant power and poweontrolled approach different pause times between the layer9 s,
after each layerpsesenteth Table4. 5 s, 10 s and 20 apd the maximunaverage
Table 4: Crosssection ofAM elements fordifferent surface temperature on the layees retrieved

layers in constant power and powecontrolled approach from the simulations

Layer Crosssection of Crosssection  of

number AM Elements in AM Elements in Power controlled
constant  power power controlled
approach approach
(Ixw x h) (I xw x h)

2.25x2.25x0.6t 2.25x 3.0x 0.92
2.25x2.25x 0.6t 2.25x 2.25 x 0.66
2.25x2.25x0.6t 2.25x 1.8 x0.54
2.25x2.25x 0.6t 2.25x1.5x0.47
2.25x2.25x0.6¢ 2.25x 1.28 x 0.40

Constant power

abhwiNPEF

Hot
Reduced powe
and bead size
with height

Constant powe
and bead size

Time t [s]
]
]
I

-_ -- Fig. 6. 30layered block model to control the surface
_ reseseesss EESSsaE Co'd temperature using Pareto principle
Substrate Substrate
Constant power approach Power controlled Approach 3 Results and discussion
Fig. 5: Schematic illustration of constant powerand
power controlledWAAM approachfor a block 3.1 Data-driven models of single beads based

on simulations

It'is important to state here that adapting the Table5 presents the results of the optimized

6



welding power required for weldingeads of
various crossections.

Table 5: Estimated welding power for steel 309L
(substrate at room temperature) with corresponding
values ofvelocity, bead height and widthfrom Table 3.
Welding Welding Bead Bead
power P velocity v Heighth  width w
kw) (mm/s) (mm) (mm)
1.499 1.67 2.72 8.0
1.399 2.50 2.102 6.673
1.342 3.33 1.792 5.723
1.302 4.167 1.6 5.573
1.281 5.0 1.454 4,923
1.249 6.667 1.3 4.32
1.230 8.33 1.221 3.91
1.199 10.0 1.006 3.507
1.180 125 0.95 3.093
1.150 14.17 0.90 2.83

The bead sizeeducesas the input power
decreasesA third degree polynomial could be

fitted based on the numerical results, as presented o

in Fig. 7.

16
14

Nl
pad

, port”

12

[y
o

Power P [kW]

o N M O ©

1|P =-0.1355w+ 2.2313%- 10.175w + 22.1
R2? =0.9809

4 6 8 10
Bead width w [mm]
Fig. 7: Scatter chart and interpolation function between

welding power and bead width

0 2

A correlation between the heat source power
and the substratemperature was also established
based on the resultd FE calculationslf the
surface temperature of the substracrease, less
welding power is needed to reach the optimal
welding temperaturdo model the influence of
the substrate temperature a third order polynomial
could be fitted through the simulation results, as
shown inFig. 8.

1.6

1.4 A\
1.2 \
g1 +
o <
- 0.8
G;) \\
5 0.6 ~$
0.4
0.2 1|P =-2E-09T° + 5E-06T2 - 0.0046T + 2.3799
Rz = 0.987
0

200 400 600 800 1000 1200 14
Pre-weld surface Temperature T [K]

Fig. 8: Interpolation curve for estimating the relation

between the power and the initial temperature of the

pre-welding surfacetemperature

0

The 3Dscatter plot(established dm the
generated databasehf Fig. 9 shows the
relationship between the optimized powers and
the height and width of the beads atedift
surface temperatures

2

Height of bead h [mm]

Width of bead w [mm]
Fig. 9: Optimized powers at various preveld surface
temperatures for different crossections of beads based
on the established database

As mentioned beform the state of the art,
increasinghe height of the model reduces the
conduction andenhances heat accumulation.
Smaller beads with decreased power are therefore
suggested for the upper layéss reducethe
energynput

A datadriven surrogate model svastablished
usingan artificial neurahetwork ANN) with 1
hidden layer of 20 neurons. The ANN is trained
by backpropagation learning, for which 70 % of
the available data were used as training data and
the remaining datasets for validation. The ANN
acts as surrogate model that outputs thienabpt
welding power for different beads and surface
temperatures. The surrogate model established on
the basis ofhe database is presentedFig. 10
The optimized weling power was chosen as
output parametgwhile the bead width and initial
temperature of the substraveere, the input
parameterése€erableb).



Table 6: Input and output parameters forANN analysis

ANN analysis Input Output
parameters parameters
Initial
temperature Welding power

Width of beads

105 Training: R? = (.987 108 Validation: R? = 0.99913
x %

g A 3
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Fig. 1Q Surrogate model based on the database showing
the regression of the targetgower in mW) and ANN -
output

An overalregressiogoefficientRz = 0.91was
achievedvith a flatANN structure using the data
obtainedrom 100simulations. Errors in different
instance were estimated using equatiod6gd
on target and output valugfspower, as shown in
Fig. 11 The regression error for half of all
simulations amaiedto 2.67Wats.
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Fig. 11 Error Histogram for ANN -regression of the
welding power

3.2  Simulation of the block geometry

Two blocks of the same size wesiraulated
using the constant poweand powecontrolled
WAAM to estimate the effectiveness of the
proposed power control. The temperature
distributionis shownin Fig. 12 at two different

instances, i.e. after welding of the second layer and

last layer.

Constant power

Power controlled Temperature

[°C]
1500.0
135200
1204.00
1056.00-
(@) 908.00-
760.00-
Layer 2 Sd

464.00-~

316.01

168.0
20.00-

(b)

Last layer

Fig. 12 Temperature distribution in blocks welded by
constant powerand power-controlled WAAM after the
2nd Jayer (a)and welding the complete block (b)

The temperature distribution dhe block
obtainedwith constant power welding stsow
larger regionwhere heaaccumulate This high
temperature region remained confirted the
current position of the torclin the power
controlled process

The temperature digbution along the cross
sectionof the modejust after welding is shown in
Fig.13
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Fig. 13 Crosssection view of tempeature distribution
on the block and substratejust after welding

A larger region with heat accumulation
appeared in the constguwer WAAM
simulationglue to higher total energy inphiot
only does the accumulation of héatrease the
cooling rate bt could also cause various defects,
such as an inhomogeneoggain structure,
thermal stresses and distortions.

The poweicontrolled WAAM processsulted
in a reducedaccumulation of heat. During the
entire process, the heated region remained
confinedto the heatffected zone close to the
welding torchThis notonly decreased the power
input but also savedprocess time. The
comparison of the temperature history on the
blocks simulated bgonstarfpower and power
controlled WAAM at two different points is
shown inFig. 14
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Fig. 14 Temperature history of theFE simulations of a
block at two points: P1 (second layer middle) and P2
(last bead middle) welded through the constant power
and power controlledWAAM approach

Constarpower WAAM generate higher
temperature peaks each weld bead, resulting in
an increase in the model's overall temperature
after each layer. In contrast, temperature peaks
the blockproduced bypowercontrolled WAAM
only showeda maximum wherthe heat source
passed over the reference pdistthe number of
layers increasthe preexisting heais utilized to
weld the new beadsd the average temperature
does not rise considerably

Therefore, compared to the constamwer
process the block simulated using power
controlled weldingaccumulated less heat after
each layer. The comparison between the total
energy input and the total time taken to
numerically weld block of 81 mm length, 18 mm
width, and 6.7 mm height with bottonstant
powerandpower controlleds given inrable?.

Table 7: Comparison between the total energy and time

required to simulate a block by constant power and
power controlled WAAM

Variable Constant Power
power controlled
approach approach

Total Thermal 2401 1736

energy [Wh]

Total Time [s] 294 244

The proper management of the welding power
and bead size reduced the eniengyt by 27.7%
and saved about 50 s mfocesstime. Further
decreases in welding power and time can be
achieved by usirgyensmaller beads in the upper
layersThe minimum bead thickness is determined
by the minimum power required to weld the wire
and the largest torch speed at which stable weld
bead are formed. Therefore, in this work, only
the cases that can be welded in reality were
simulated while the othdyead sizes were not
considered.
3.3  Experimental validation
Fig. 15 and Fig. 16 show the temperature
distributiors in the experiments and simulations
just after welding each layer of the block using
constant poweandpower controlledVAAM. In
the constant powemethod, after each bead, the
constant input energypcreasedhe temperature
from layer to layer causing rge in block
temperature.



Constant power method Experiment
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Constant power method Simulation
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Fig. 15 Comparison of thetemperaturedistribution after
every layer of the block welded byconstantpower
WAAM (simulation vs. experiment).

With the powercontrolledapproach, due to
improved power and cressction control, the
region ofhigh temperature remained confined to
the zone around the welding torchshewn in
Fig.16

Power controlled approach Experiment

300 500 700 900 1100 1300 1500

200 400 600 800 1000 1200 1400
Power controlled approach Simulation

900 1100 1300 1500
600 800 1000 1200 1400

100

100 300 500 700

200 400

Fig. 18 Comparison of the temperature distribution
pattern after every layer of the block welded byower
controlled WAAM approach(simulation vs. experiment).

To validate the numerical resulte thermal
histories at different positions of the block were
extracted from both the experimeni@ia and the
simulation modeldhe resultsverecompared at
three different pointsn the block (P1-P3)as
shown inFig.17.
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Fig. 17 Thermal history comparison at different points
in the experiments and simulations

In both simulations and experiments, tempe
rature histories show similar trendThe power
controlled WAAM procesdevelopslower tern
perature peakss compared to the constant power
WAAM. The interlayer temperature was also
lower in the powercontrolled process, which
shows the effectiveness of this approach in
mitigating heat accumulatiand keeping the
process time to a minimum

During welding, less energy was introdirced
the powercontrolled process, resulting in lower
temperature peaks after each welding layer.
Microstructure inhomogeneity and areas with large
grain sizes caused by high temperatures can
therefore be avoided, and mechanical properties
can be improved. Two different components
welded under different operating conditions
indicate variations in the microstrucaumrd
mechanical properties. Higher temperatures
during welding resulted in larger grain sizes (see
Fig. 18 (b) with lower tensile strength and
hardness,.a. 475 N/mm? and 135 HV, while
lower temperatures resulted in smaller grain sizes
(seeFig. 18 (a)) with higher tensile strength 470
N/mm2and hardness 145 HV respectively.
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3.4  Pareto optimal processing

In this section, the results of &imulation of
the large block of 30 layersare presented to
discuss thePareto concepfor constarpower
and powecontrolled WAAM.

The simulationgvererun with different pause
timesbetween the layefise, 0 s, 5 s, 10 s and
20 s, toretrievethe maximumaveragesurface
temperaturen the layerbefore weldinghe next
layeras shown ifrig.19

600
— X ¢ Constant
2500 \ power
'q—) 400

2 m Power-
2 300 \‘\‘ control
2 200 %_

Q 100

0 ; ; ;

0 5 10 15

Pause time t [s]

Fig. 19 Pareto curves showing the mximum average

layer temperatue in constant power and power

controlled WAAM as a function of idle time between
layers

20

The maximum average layer temperature was
computed by averaging themperature of all
elements in the top surface just before welding the
next layer, and extractittge maximum value of
all layersin the model with constant power, the
maximum layer temperature always occurred
before welding the last layer, because of the
continuous accumulatiasf heat. Although the
pause timereduce thenaximuntemperaturghe
maxmum prewelding temperature alwaypears
in the top layer. In powepntrolled processhe
maximumlayertemperaturegloes not necessarily
coincide with the top layer. For exampith 10 s
paug timebetween the layers, the maximum pre
welding temperature appearedtm27h layer as
shown inFig.20

Temperature

[°Cl
1500.00
1352.00
1204.00
1056.00
908.00-
760.00-
612.00-
464.00-
316.00-
168.00-
20.00-

Fig. 20 Maximum average layer terperature with 10 s
pause between each layarccurs in layer 27.

With anincrease in process tinme.by adding
pause between the layers, theeragenaximum
temperature on the lageeducs. Compared to
constanpower WAAM, pwer control with
pause time shifts the Rareto curve Thus, the
samdayertemperaturean be obtained at shorter
process times or, if process time is kept constant,
the layer temperature can be decreased

In summary, the heat accumulation in WAAM
is reducedy controlling the powednput without
compromisingprocess time too much

It has to be stated, however, that pewer
control approachis accompanied by different
weld bead cross sections, so that theepso
design for more intricate geometries needs to
handle noruniform layer thicknesséBhe non
uniformity of the thickness powercontrolled
WAAM evolves due talifferent melting rate
which depends on the current, whilghermines
the actual operatimpint of the power sourée.,
voltage and power. Changing the power thus
resuls in a change of the weld bead sh8pee
the weld beadsilso need an optimal overlap
distance, weld beads that are optimal for power
input may not be optimal forming tre precise
geometryln order to keep the weld bead shape
and hence the layer thickness constant, it would be
necessary to find operating points on alternative
process characteristics. However, with commercial
power sources, this cannot easilgdoemplished.
Designing process strategies for more complex
parts thus needs to rely on advanced path
planning.

4  Conclusions

The currentwork introduces and explores the
potential of powecontrolledWAAM to address
the problems of heat accumulatibine llowing
conclusions can be drawn:
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X In muli-layered WAAMparts welding
with the samebead crosssection and
input power leads to heat accumulation
particularlyas the distance of the layers
from the substrate increasige to the
higher prewelding surface temperature
and lesteatconductiorto the substrate

X Adjusting the input power in the WAAM

process helps reduce the accumulation of

heat and allows for shorter iAf&yer
pause times.

X The relation between average {ayer
tempeature and pause time fol® a
Pareto curve. Poweontrol can shift this
curve s that the same desired layer

temperature can be maintained at shorter

pause times.

The proposed method has shown
promising results in  minimizing heat
accumulation. Ithe future,this work will be

expanded to set up a database of welding
parameters for a wide range of materials and

geometriesIin addition, path planning with
nonuniform weld bead geometries will be
tackled.
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