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Metal additive manufacturing (3D printing)
produces metal parts layer-by-layer

Laser powder-bed fusion




Metal additive manufacturing uses metal powder or
wire, and a power beam (laser, e-beam, arc)
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Metal additive manufacturing has many advantages

e Customised designs

* Reduced weight

* Low waste

* Novel structures

* Porous structures (e.g. implants) |




However, there are also disadvantages

P,
Powder-bed processes are slow '

and the machines are expensive

Defects (lack of fusion, porosity) 'r

can occur
Repeated heating and cooling
cycles can cause large residual
stresses

Metal microstructures can be
difficult to control
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What does metal additive manufacturing have to do
with plasma?

1. The powder precursors are widely produced using thermal
plasma technologies

2. Wire-arc additive manufacturing (WAAM) is a thermal plasma
process

Atmospheric-pressure Thermal plasmas

non-equilibrium plasmas

Low-pressure
plasmas

Arc welding
Plasma spraying

Ozone production

Semiconductor etching Electrostatic precipitation '

Fluorescent lighting Polymer treatment Plgsma cutting

Thin-film deposition Gas cleaning Mineral processing
Sterilisation / medicine Waste treatment %

Plasma TVs Arc lamps



There are three main types of thermal plasma
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Powder production for additive
manufacturing




Powder production for metal additive manufacturing

* Gas atomisation

* Induction melted bar
atomisation

* Water atomisation

* Plasma atomised wire process
* Plasma rotating electrode process
* Plasma spheroidisation

Plasma processes suit high-melting-point
and oxidation-sensitive materials:
W, Ta, Ti, Mo, Ni-based superalloys, WC, ...




Plasma atomised wire process
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Plasma rotating electrode process
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Plasma spheroidisation
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Powder sphericity decreases with increasing feed rate

Feed powder 20kg/h

e S

Tap Density 3.2 g/cc 6.35 g/ce 6.25 g/ce
Hall Flow 36s 13.0s 14.0s

Mo powder
Tekna PS-70 torch, 100 kW, 110 kPa, Ar + H,

M | Boulos, Plasma Chem. Plasma Process. 36 (2016) 3
© Springer Nature, reproduced with permission




Increasing the powder feed rate decreases the plasma and
powder temperature
T(102 K)
11
Plasma Ig
temperature
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T(103K) H H
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3
Mo powder '2 ‘1 W | Wlﬁ ! W

Tekna PS-70 torch I1
100 kW, 110 kPa

Ar + H Melted fraction =100.0% 100.0% 67.0%
2 Evap. Fraction = 5% 1.7% 0.7%

Powder

Feed rate =7.5 kg/h 15 kgth 25 kg/h
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Wire-arc additive
manufacturing




Wire-arc additive manufacturing is based on arc
welding, and is used for producing large components
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There are two main approaches to modelling of
wire-arc additive manufacturing and arc welding

Computational fluid dynamic
(+ electromagnetic) model of

melt/weld pool and arc
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O. Muransky et al., Int. J. Solids Structures 49 (2012) 1045
© Elsevier, reproduced with permission



Computational fluid
dynamics

Advantages

e Contains all important physics
(fluid flow, electromagnetics,
heat transfer — conductive,
convective and radiative)

* Provides detailed information

Disadvantages
* Complex and relatively slow
* Limited to small components

* Canrunin steadY]-‘state mode to
speed up — but this can only
handle

* Straight line builds

* Complete cooling between each
layer

Finite element analysis

Advantages
* Relatively simple and fast
* Multiple layers straightforward

* Large components can be
modelled

* Can predict residual stress and
distortion

* Commercial software widely
available

Disadvantages

* Fluid flow, electromagnetics,
radiative heat transfer neglected

* Layer geometry is approximate

e See next slide



In finite element analysis, detailed experiments
are required to determine the heat source

The free parameters (g, a, b, c) are
determined by fitting predicted thermal
histories to thermocouple
measurements

The free parameters change when the WAAM parameters (current,
travel speed, wire angle, workpiece geometry, ...) are altered

O. Muransky et al., Int. J. Solids Structures 49 (2012) 1045
© Elsevier, reproduced with permission



We are adopting a hybrid approach to
model wire-arc additive manufacturing

4

Use our ArcWeld software (a
CFD/EM model of the arc plasma
and weld pool) to calculate the
shape of each layer and the heat
flux to the workpiece

¥ (mm}
L A R R T L I ST -

x {mm)
Use this data as the
input to commercial
finite element
software to calculate
the temperature and
residual stress
distributions




ArcWeld models the arc, electrodes & weld pool with CFD
equations + plasma & electromagnetic effects

op
Mass: —+V-(pv) =0
P (ov)

Momentum: opv)
ot

+V-(pw)=-VP-V-7 +jxB+ pg

-2
Energy: 6('0h)+V-(,0vh):j——U—V~ th +ﬁj-Vh
ot o Cp 2ec,,
Charge: V-j=0

Also: j=-oV¢, VxB=y,j

e Three-dimensional Cartesian geometry, usually steady-state
e Internal heat transfer boundary conditions imposed at arc-metal interfaces
* In-house code using a finite-volume approach %



Important complications have to be treated

Wire motion along weld seam Weld pool flow has to be tracked

)

Transform
equations
into frame

of reference — — it
of moving gwﬁ g _1I_ (

wire & arc

Calculate flow, considering Marangoni force, droplet
momentum, magnetic pinch force, arc drag force and buoyancy

Transfer by droplets of momentum and energy to the weld pool

Average the transfer of momentum and energy from arc and to
weld pool over time and over droplet cross-sectional area %



Important complications have to be treated

The weld pool surface profile is

Calculate the surface profile of
not flat

minimum energy, taking into account
surface tension, arc pressure, droplet
pressure, buoyancy and volume of
metal transferred by droplets

Cross-sectional
Droplets l. area of reinforcement

Welding direction

Production of
metal vapour
from the wire,
droplets and
weld pool

Calculate the rate of
vaporization of wire,
droplets and weld pool,
and solve equation for
conservation of metal

vapour mass %




Three sets of results are produced

Weld cross-sections
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The model has been extended to treat several layers
Temperature (400 - 14,000 K)
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Benchmarking against measurements 1
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Measured
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A. Gomez Ortega et al., Sci. Tech. Weld. Join.
23 (2018) 316

* Cold-metal transfer

* Current: 2 ms @ 150 A peak, 9 ms @ 70 A base,
6 ms @ 40 A short-circuit

* Arclength: 5 mm peak, 3 mm base

e Wire feed rate: 5.15 m/min

* 1.2 mm AA4043 wire, 6 mm Al base plate

81 Width 0.5 mm above base plate
vs layer number, 1.2 m/min
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Benchmarking against measurements 2

W. Zhao et al., Weld. World. 65 (2021)
1571

;5 layers 5 layers with
continuous cooling
8_
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Free-flight transfer

Current: 135 A

Arc length: 5 mm

Wire feed rate: 9 m/min

Travel speed 1.2 m/min

1.2 mm ER5356 wire, 4 mm 5A05 base
plate (both Al-Si-Mg alloys)
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Five heat transfer mechanisms are considered
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Finite element heat transfer model — initial layer

Input from ArcWeld: droplet temperature, heat flux,
layer height and width

T(K) 51 mm long x 21 mm half-width x 6 mm thick &

1971e+03 3.25 (0.1 s intervals)

1.804e+03
1.637e+03
1.470e+03
1.303e+03
1.136e+03
9.684e+02

8.013e+02

6.342e+02

4.671e+02

3.000e+02

Max: 1.971e+03 @Node 265 Welding Vl\x

Min: 3.000e+02 @Node 571687 Temperature



Finite element heat transfer model — five layers

Input from ArcWeld: droplet temperature, heat flux,
layer height and width

Time: 0000e100 51 mm long x 21 mm half-width x 6 mm thick
1] 1300 3.2 5 (0.1 s intervals) for each layer
17406 403 30 min wait between layers

1.580e+03
1.420e+03
1.260e+03
1.100e+03
9.400e+02
7.800e+02

6.200e+02

4.600e+02

300 T (K) Y
Max: 3.000e+02 @Node 318 WAAM_thermal_only_with_L1_8&_ L2 VI\X
Min: 3.000e+02 @Node 318 Temperature



We have so far modelled five layers with the finite

element model
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Agreement between ArcWeld and finite element
model temperature distributions is only fair

ArcWeld prediction Finite element prediction
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Residual stresses lead to deformation
e, 2050400 W

- Von Mises stress Deformation
0-270 MPa ; 0-0.15 mm
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:
“ After deposition — metal is clamped at ends ..

Max: 2.755e+08 @Node 1107687
Min: -2.507e+07 @Node 1428382

ie: $B60e02 Von M ises St ress KM Hie: Banesx Deformation Qﬂ

_0—270 MPa o 0-0.81mm

2.438e+08
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-6.9226+06 v 52640.05 v

I 1L

Max: 2.717+08 @Node 87 Deformation 72X
Min: -6.922e+06 @Node 1135218 Equivalent Yon Mises Stress

After release from clamps %



Conclusions

* Metal additive manufacturing has several properties that make it
attractive in industries including aerospace, biomedical, energy, ...

* Thermal plasma approaches are used for production of powders for
metal AM, particularly for high-melting point or oxygen-sensitive metals

* Wire-arc additive manufacturing is suitable for rapid production of large
parts

* We are extending our computational fluid dynamic / electromagnetic
(CFD/EM) model of arc welding to wire-arc additive manufacturing

* The CFD/EM model is limited to small components and (for reasonable
running time) steady-state operation

» We are therefore developing a hybrid CFD/EM — finite element model

* The CFD/EM model predicts the layer geometry and heat flux to the
metal

* The finite-element model can calculate time-dependent temperature
and residual stress distributions in large, complex components



Thank you

Tony Murphy
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