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MANCHESIER It is Important to Understand the Flow Physics in

Conjunction with the Solid-State Physics
 What happens when an alloy melts?

© Welding direction Lasai BaEm
— Surface Tension '
— Temperature Dependence of Surface Tension
— Buoyancy #Recoil %
— Lorentz Force in case of Electromagnetically (Arc) driven _ &
processes
— Laser-Substrate Interactions
- V.U=0

z .  Mushzone
Y.
® Substrate

0 X —

e Additionally, what happens when an alloy vaporises?

— Vaporisation of substrate causes ~3 order of magnitudes I 1 T
change in density E\ //,/ E.‘\ 1 Evaporation
- Massive volumetric expansion s = i ey iUk | | 1 e
- V.U+0 //l\\‘ //T\\ . prossure
— Certain alloying elements vapourise more easily and the 3ox(V.) > 0 313x(V.) < O
substrate experiences preferential evaporation a/ay(V,) > 0 d/ay(V,) < 0 Keynole
Ve(V) >0 Ve(V) <0 1




Multi-Component Thermal Fluid Dynamics
Highlights

- . . .
P9) (U @U) = VP4 Vo7 4 Fy + By t S Developed new descriptions of alloy substrates experiencing fusion and

vapourisation state transitions.

(L) G (Uey) ~ V- (T) = g+ 7 VU — L, [0 (gtel) -V (Uﬁp)} - Lml *  Explicitly captures volumetric dilation due to density changes
through vapourisation/condensation transition

3 (o) o * My framework is multi-component — incorporates diffusive fluxes
= 4V ( )=V- (pDkV( : k)) + i, between components in the system

Only framework that fully describes alloy systems in the fluid states

Others use phenomenological models for recoil at vapourisation
and are only single-component

Other approaches assume divergence free velocity field —

cevhole Stabili Incorrect for additive manufacturing & power beam scenarios
1 Evaporation e ole Stabnilit
y Y *  Evaporation of elements is fully described by my framework

- .

. '::‘:::::Iure *  Complete description of multi-component flow in high energy density

processes — No magnetic fields in power beam processes

Flint, T.F., Scotti, L., Basoalto, H.C. et al. A thermal fluid dynamics

_ o framework applied to multi-component substrates experiencing fusion
1 Porosity Mitigation and vaporisation state transitions.Commun Phys 3, 196 (2020).

Keyhole
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T.F. Flint, etal, A
fundamental
investigation into the role
of beam focal point, and
beam divergence, on
thermo-capillary stability
and evolution in electron
beam welding
applications, International
Journal of Heat and.Mass
Transfer, 2023

(d) Mid-Plate focal scenario, t= 0.01s (¢) t=0.1s (f) t=0.15s

(g) Bottom-plane focal scenario, (h) t=0.1s (i) t=0.15s
t=0.01s
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Applications —= NAMRC: Numerical Tuning of Beam
Conditions to Minimize Porosity Formation
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Applications — Effect of condensation in mixing during L-PBF
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T.F. Flint, et al, A fundamental analysis of
factors affecting chemical homogeneity in
the laser powder bed fusion process,
International Journal of Heat and Mass
Transfer,
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The Two Approaches used in the Presented Work

= Both approaches solve a mementum conservation and energy conservation eguation

- Accounting for buoyancy, solidification and surface tension effects in the
momentum eguation

- Includes latent heats of vapourisation and fusion in enermgy equation

= Both approaches have been validated against Gallium Melting case and the Sen and
Davies Marangoni flow case

* Flint et al vaporisation implementation validated against vapour bubble growth case
= Differences are

- 1) The treatment of the vaporisation state transition
- 2) MULES vs ISO-Advector for interface

ﬂ{tﬂ:j] +V (pURU)=-VP+ V-7 + F, + Fy + Sm
dpc,T
'{1?; + V- (UeppT) — V- (kVT) = g+ Sy,

Flint et al.
In the approach by Flint et al. the volumetric change going from a
liquid metal to less dense vapour is explicitly captured and
produces an extra term in the pressure equation associated with
the material derivative of density — this approach by Hint et al.
fully conserves mass and can be applied to N component
mixtures experiencing fusion and vaporisation fransitions.

2
=i {‘?U + (VU}’F] - ilu.(‘@’».'if]l.

3 (o |
) 5 (pllas) = V- (;;mv (‘”"L”')) ¥ i
ot I

LV ( L T.f"p) —V-o— v
.’4.]'}

MULES

Parivendhan et al.
The vaporisation transition is modelled by neglecting the
volumetric change induced going from liquid to metallic vapour —
this allows the more convenient divergence free velocity field
closure to be applied. However, a phenomenalogical recoil
pressure therm must then be added to account for the missing
volumetric dilation information in the framework.

alpha,=metal phase, alpha,=Argon phase V.U=10
T oy _
T=p|VU+(VU) } Y +V-(aU) =0
¢

ISO-Advector Pv(T) = poexp {y*{_u (ﬁ i ]lr)}



Multi-Component Thermal Fluid Dynamics

framework and state of the art

Differences between m

Flint et. al.

Max U ~150 m/s in
vapour plume

Max U ~15 m/s

Largest criticism of modelling of
welding, additive manufacturing
and other joining processes is
that they do not predict the
correct large magnitude velocity
fields measured experimentally

This is due to the neglection in
other approaches of the volume
increase/decrease due to
vapourisation/condensation
respectively

The change in density during
vapourisation largely determines
the flow dynamics in advanced
manufacturing processes




Open-Source Thermal Fluid Dynamics Implementations
Electron-beam substrate interactions

https://github.com/tomflint22/beamWeldFoam

. Includes circular beam oscillation with translation
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Thomas F. Flint, Gowthaman Parivendhan, Alojz lvankovic, Michael C. Smith, Philip
Cardiff, beamWeldFoam: Numerical simulation of high energy density fusion and
vapourisation-inducing processes, SoftwareX, Volume 18,




https://github.com/micmog/LaserbeamFoam

. The laser ray-tracing implementation works by discretising the
laser beam into N individual ‘Rays’

. These individual Rays are then tracked through the domain, until

they meet the liquid/gas interface

. At this point, the absorptivity is calculated and the fraction of
energy for the given Ray is deposited and the remainder is
reflected
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Flint, T. F., Robson, J. D., Parivendhan, G., & Cardiff, P. (2023).
laserbeamFoam: Laser ray-tracing and thermally induced state transition
simulation toolkit. SoftwareX, 21, 101299.

Open-Source Thermal Fluid Dynamics Implementations
Ray-Tracing

(c) Simulation, t=1000us

(f) Simulation, t=1600us

(a) Simulation, t=200us (b) Simulation, t=800us

(d) Simulation, t=1100us (e) Simulation, t=1400us

(g) Experimentally observed thermocapillary morphology, re-printed with permission from the
work of Cunningham et. al. [20]
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. Version 2
sources

Flint, T. F., Robs(
laserbeamFoam:
simulation toolKit.

Open-Source Thermal Fluid Dynamics Implementations
Ray-Tracing

LaserbeamFoam
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Magneto-Thermal-Hydrodynamics

Highlights
9 (pU)

5 TV (UeU)=-VP+V-7+(JxB) +&.

*  Derived a magnetic induction equation describing systems

with gradients in electromagnetic properties
* captures internally generated fields due to flow

*  Other formulations are simplified special cases of our

d (pra) PrOk
—ar TV (kal) + V- Ucor (1-04)) = V- <PD’€V (T)) formulation — others generally assume constant
properties
5~V (HOU-U®H)+V- [E (VH - VH)] =0. «  Qur approach also allows numerically stiff terms in the
induction equation to be treated implicitly
B = NMH VxH=J

*  Permitting larger time-steps and the simulation of
5.5x10° representative systems

* A complete description of flow in advanced manufacturing
processes driven by electromagnetic fields — e.g. arc
welding, WAAM etc.

|H |

Flint, T.F., Smith, M.C. & Shanthraj, P. Magneto-hydrodynamics of multi-phase flows
in heterogeneous systems with large property gradients. Sci Rep 11, 18998 (2021).

0.0




I\/IANCHESEER

viagneto-1nermail-
o androd namics

Validated up to Hartmann nu rs of 10000 fOr single phase

problems
 Validated against experimental data with extremely good
@ agreement for multiphase problems
=
MHD_Validation
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multi-phase flows in heterogeneous systems with large property
gradients. Sci Rep 11, 18998 (2021).
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3+ Magneto-Thermal-Hydrodynamics

Applications: Multi-Component Arc Joining Processes

* First complete physics description of arc based joining processes

* Captures all of the hydrodynamic and electromagnetic physics
for a complete predictive capability

0.8 -0.9 0.9 Experiment 5 mm
,:s § [ & =320 ms TG 1370 s =3005 ms TG 5350 msT—_———
0.0 0.0 0.0 n
A)
(a) Ni fraction at 0.25s (b) Ni fraction at 0.5s (c) Ni fraction at 1.5s Simulation
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(d) Final Ni fraction distribu- (€) Final Al fraction distribu- (f) Final Fe fraction distribu-
tion following complete solidi- tion following complete solidi- tion following complete solidi- E t =200 ms { =700 ms t =1400 ms ¢ =1800 ms
fication of the substrate. fication of the substrate. fication of the substrate.
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Applications: Tetronics and Plasma Torch
Modelling for Glass Sector

* |t turns out that once you capture all the physics — you can
apply the same frameworks to different sectors

* Sprint project with Tetronics to demonstrate the power of
advanced modelling techniques in plasma torch design for
decarbonisation of the glass sector

* Trained a Royce application scientist on how to use the
numerical implementation

* Investigated fundamental behaviours of plasma in plasma-
heating scenarios for the glass sector, specifically Tetronics




Microstructure Modelling

Cellular Automata Methods

Phase-Field Methods

Use simple rules to describe the growth of solid nuclei into
liquid melt

Based on Conways “Game of Life”

Can re-produce some features of the complex
solidification microstructure at the component scale

Do not contain the driving physics of other higher fidelity
approaches

— The fundamental Physics of phase transformation can

more readily be included
High fidelity approach to understand microstructure
evolution
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Dynamics

N N
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Multi-Phase Multi-Component Field Modelling

Free Energy
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Applications: HAZ microstructure evolution effect of
conductivity

* Modelling permits meaningful -
investigations into the
evolution of microstructure in
HAZ: Heterogeneous thermal
properties of second phase
particles

—Casa 1 f-F-U
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1824 Phase-Field Treatment of Interface Anisotropy
* Phase-Field Modelling is all about finding the most ag = %,
efficient path down a hill — or Free-Energy Vel a=1 + & (4(”i +ny +nZ) — 3)

Landscape — to minimise the global free energy

* Mathematically this means g—i =-V- % + %

* With Alloy Solidification the energy term now
strongly depends on the gradient in the phase field Height
variable —i.e. the normal vector at the liquid/solid
interface

*  For Cubic materials this is to the power 4

* Makes the free energy minimisation “non-trivial”

*  Others neglect this....... | wonder why....
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Dendritic Solidification Work - Anisotropy
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microstructureFoam: SoftwareX ACVWNNA

* Code is ready for release ’ '
- Paper s mostly writen solrtwjare
* Just need to run high mesh resolution test cases, include the é 0

results in the paper and discuss. Demonstration Cases:

1. Aniso_Solidification

Capabilities: * Orientation dependant competitive growth of columnar
* Preferred crystallographic growth directions grains in a thermal gradient
* Cheap but effective method to include
crystallographic orientation 2. NucTestCase . _ _
« Anisotropy introduced in grain boundary * Heterogenous nucleation and grain coarsening

mobility, but not surface energy (v. expensive)
* Grain Coarsening .
* Heterogenous nucleation
* Laser ray-tracing heat source: L-PBF
* Powder substrate included.
* Latent Heat Conservation

3. PowderBed

* L-PBF single track melting and solidification
* Powder substrate
* Ray tracing heat source

4. Keyholdweld
* Deep keyhole formation and solidification




MANCHESIER Single Component Multi-Phase Field
Approach (microstructureFoam)
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Core principle in continuum mechanics is the conservation of various quantities

0 R
9% . v.WUp)=0  Conservation of Mass

ot
8(ng) +V-(pU®U)~-V-0 =0 Conservation of Momentum
VPE) | G (UE) —V-(6-U) - V- (kVT) = 0 .
ot A (0-U) -(kVT) = Conservation of Energy

sl et =l 0 AL e
e—a—— e —

E = e(T) + & with e(T) = C,T

We consider a material with Eulerian velocity U(x,t) and Cauchy stress tensor o (x,t). The total velocity
gradient tensor, L = VU is additively decomposed into elastic and plastic parts: L = L® + LP, as well as
into rate of deformation, D = VU*Y™™  and rate of rotation (spin), Q = VU*¥? respectiveley.
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Plasticity

The rate of deformation, and rate of rotation are decomposed additively into elastic (reversible)
— & € P - € p ’
D =D"+ D" Q=9 +Q and plastic (irreversible) contributions

The macroscopic plastic velocity gradient links different scales of the problem, and considers
activation of crystal slip-systems. The plastic velocity gradient is expressed as the super-
position of shear deformation caused by crystallographic slip, per order-parameter.

N A Resolved shear stress:
— Z 4> 82 S =L e i 2 ¢ stress in each slip-
system
o 7208 3
- =@ X sgn (Tl )
1 T g
Dz i(Lp_‘_Lp ) nyzpz
P 1 pT « Il «@ @ o o
0r = - (L2 = 127) = Zw Pl = 3 (m @ nf +nf @ mf)

® = 5 (mf @n¢ —ng @ m?)
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Plasticity

We then consider an ensemble of N grains in a poly-crystal aggregate

Each grain/phase may plastically deform on its unique slip systems in its local reference
frame

Convert from local to global reference frame through a rotation matrix, R

cos X; cos; sin@; sin y; cos; — cos@; sin1;  cosb; sin x; cos Y, + sin 6; sin ),

R; = cos x; sint;  sin6; sin y; sin; + cos 0; cos1;  cos B, sin x; sin ¢; — sin 0; cos ¥,
— sin x; sin 6; cos x; cos f; cos x;
/

C;=R. R;-C,, -Ri R

/
ms = R; - m§

/
RN ey
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Plasticity

* We have relationships that relate the slip rates on all slip systems to the hardening between
slip-systems

Tsi — TOZ-

B = oo (225 ) i =S hePe
B

* Finally, we can relate the rate of deformation to the stress rate through the 4t order
stiffness tensor of each grain/phase in its local reference frame

* Itis essential for the rate dependent elastic—plastic constitutive equation to be frame
invariant (or objective); however, frame invariance of the stress rate is not guaranteed

even if the strain rate is frame invariant
* The stress rate in all phases is computed using the Jaumann rate, given by:

6;=C,:(D-D?)—otr(D—-DY)=6,+(c-(2—-Q2)—(Q—-9Q7)-0)

M
fT:E 00
a
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Plasticity

6;=C,:(D-D?)—otr(D-DV)=06,4+(c-(2—-Q0)—(2—-QF) . 0)

Use a diffuse interface description: need to average the stress rates by the volume
fraction of each phase present at a given location

M
o= ZSDi,d'i
As we are concerned with the Eulerian frame of reference these orientation fields, 6;, x; and ; must

be advected through the domain, and updated by the appropriate components of the corresponding elastic
spin tensor, QF = Q@ — QF that describe rotation around each axis:

The local orthonormal basis of each material point is then updated by the elastic part of the
spin tensor

It can be shown that the expansion of the matrix exponential used to solve these rate
equations can be analytically found with a 3rd order series expansion

For computational tractability, we then find the euler angles corresponding to the elastic
rotation matrix and advect these three fields (per phase)
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Plasticity

Other fields that describe material point information must also be advected, including
the order parameter fields, and slip-system fields:

Oppi pe
W*'V‘(PU%)*O

pgy"

20D = (05
Bz Y (PUg;") = (pgi")

9pvf
ot

+ V- (pUr{) = (p¥)

This completes our system of equations that fully describes high strain rate deformation
in a Eulerian frame of reference, for poly-crystalline and multi-component multi-phase
materials

The substrate can be any number of phases, with any number of slip systems (e.g. alpha
— beta microstructure, mixture of HCP and BCC phases etc)
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1824 Summary

e _If we want a truly predictive mathematical framework — we have to include all of
the physics, at least in the first instance

* At Manchester we have developed the most mathematically rigorous, and
physically robust descriptions of:

Multi-Component fusion and vapourisation: preferential element loss, true keyhole stability
analysis

Multi-Component MHD with property gradients: Full physics simulation of arc based processes
(e.g-Alternating Current, not possible previously), Fusion plasma collapse

Multi-Component laser-substrate interaction: multiple reflections of laser source within keyhole
Multi-Phase, Multi-Component, Phase Field Frameworks: prediction of solidification and HAZ
microstructure formation, phase transformations

Developing Eulerian high strain-rate Poly-Crystal-Plasticity frameworks

e Strong-advocates for open-science and open-source modelling software

MatFlow, laserbeamFoam, HEDSATS, PRISMS-PE........
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Thankyou for the opportunity

I’d love to answer any questions

Dr Tom Flint (Left)
Tom.Flint@Manchester.ac.uk



