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• What happens when an alloy melts?
– Surface Tension
– Temperature Dependence of Surface Tension
– Buoyancy
– Lorentz Force in case of Electromagnetically (Arc) driven 

processes
– Laser-Substrate Interactions
– 𝜵.𝑼 = 𝟎

• Additionally, what happens when an alloy vaporises?
– Vaporisation of substrate causes ~3 order of magnitudes 

change in density
• Massive volumetric expansion

– 𝜵.𝑼 ≠ 𝟎
– Certain alloying elements vapourise more easily and the 

substrate experiences preferential evaporation

It is Important to Understand the Flow Physics in 
Conjunction with the Solid-State Physics



Highlights
• Developed new descriptions of alloy substrates experiencing fusion and 

vapourisation state transitions.

• Explicitly captures volumetric dilation due to density changes 
through vapourisation/condensation transition

• My framework is multi-component – incorporates diffusive fluxes 
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 –
Incorrect for additive manufacturing & power beam scenarios

• Evaporation of elements is fully described by my framework

• Complete description of multi-component flow in high energy density 
processes – No magnetic fields in power beam processes

Multi-Component Thermal Fluid Dynamics

Flint, T.F., Scotti, L., Basoalto, H.C. et al. A thermal fluid dynamics 
framework applied to multi-component substrates experiencing fusion 
and vaporisation state transitions.Commun Phys 3, 196 (2020).

Keyhole Stability 

Porosity Mitigation



Applications – NAMRC: Numerical Tuning of Beam 
Processing Conditions to Minimize Porosity Formation

3.2 Effect of Beam Divergence on Thermo-capillary format ion and stability 9

present and the keyhole begins to collapse. It can be seen that as the degree of vapourisat ion

decreases, the vort icity (a measure of twist in the velocity field) significant ly decreases and

the streamlines become more aligned. It can be seen from Figure 2 that in this scenario the

walls of the keyhole make contact at the base of the structure, as liquid metal flows down the

side-walls due to gravity, surface tension, and the lack of recoil effects. Once the liquid metal

bridges the keyhole at the base of the domain, surface tension effects pull the remainder of

the thermo-capillary structure together unt il the keyhole structure has completely collapsed at

approximately t = 0.178 s. This demonstrates that the thermo-capillary structure collapses

quickly, in 8⇥103 s in this mid-plane focal point scenario.

While the main focus of this work is on the format ion and stability of the thermo-capillary

during the electron beam process; the mathematical framework that is used here - and is

required for the proper treatment of these problems - decomposes the substrate into mult iple

chemical components in the condensed and vapourised states. This allows the mathematical

t reatment, and predict ion, of preferent ial element evaporat ion in these processes. It is known

experimentally that certain elements vapourise at lower temperatures and greater rates for a

given super-heat ing above their respect ive vapourisat ion temperatures [36]. Figure 3 shows the

path and component fract ions of the condensed states corresponding to the later stages of the

mid-plane focal point scenario at t = 0.21 s.

(a) Sampling path through the computa-

t ional domain where the composit ions were

sampled.

(b) Volume fract ions of the condensed (solid and liquid) com-

ponents included in the simulat ion.

Figure 3: Composit ional changes predicted in the subst rate at t = 0.21 s, following complete collapse of the

thermocapillary due to beam ext inct ion at t = 0.17 s. The Mn component is expected to be preferent ially lost

from the subst rate due to a combinat ion of a lower vapourisat ion temperature and vapourisat ion rate.

In Figure 3 it can be seen that the thermo-capillary induces significant perturbat ions in the

alloying elements. It can be seen that the elements Mn and Cr have experienced significant

preferent ial loss from the substrate where the keyhole propagated. Note from Table 1 that Mn

and Cr have the lowest vapourisat ion temperatures of the elements included in the substrate.

This losspredict ion is in agreement with reported behaviour elsewhere in the literature [36]. An

animat ion of the keyhole formation, progression, and collapse is included with this submission

for this case where he beam focal point is placed at the mid-plane of the substrate.

3.2. Effect of Beam Divergence on Thermo-capil lary formation and stability

In this sect ion we take the case where the beam was focused on the top surface of the

domain (from theprevioussect ion) wherea full penetrat ion thermo-capillary failed to form, and

3.1 Effect of Focal Point on Thermo-capillary Format ion During Electron Beam Welding 6

(a) Top-plane focal scenario, t= 0.01s (b) t= 0.1s (c) t= 0.15s

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

(g) Bot tom-plane focal scenario,

t= 0.01s

(h) t= 0.1s (i) t= 0.15s

Figure 1: Time evolut ion of thermo-capillary st ructure and subst rate penetrat ion as a funct ion of elect ron beam

focal point within the domain for the same beam divergence. The envelope of the elect ron beam heat source is

shown for clarity.

As can be seen from Figure 1, the posit ion of the beam focal-point has a dramat ic effect on

the format ion and evolut ion of the thermo-capillary in the substrate. When the focal point is

located at the top surface of the plate, as shown in Figure 1a-c, the high power density init ially

causes rapid format ion of a keyhole with a high penetrat ion rate. In this scenario the power

density decreases as thebeam penetrates through thesubstrate from the top surface. At around

2.3⇥ 10− 3 m the power density is no longer sufficient to generate sufficient vapourisat ion to

form the keyhole any deeper. The result of this is that in this, top-plane focal point , scenario

only a part ial-penetrat ion thermo-capillary is formed and traverses along the domain as the

beam traverses.

When the beam is focused inside the material, as shown in Figure 1d-f the penetrat ion

T.F. Flint, et al, 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



Applications – Effect of condensation in mixing during L-PBF
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3.2 L-PBF within a ternary metallic system init ially comprised of two dissimilar binary alloys14

(a) Case 1

(b) Case 2

(c) Case 3

Figure 7: Volume fract ion of the Ti component following solidificat ion of all three power density scenarios.

As the power density is increased, more of the metallic substrate is vapourised leading to increased velocity

fields due to Marangoni flow and the recoil effect explicit ly due to vapourisat ion. The overall effect of greater

vapourisat ion is to induce greater chemical homogenisat ion.

It can be seen from Figure 7 that as the power density increased, the degree of chemical

homogenisat ion along the laser path increased. Theeffect of theMarangoni flow in thesubstrate

is also clear when comparing Figure 7(a) and (b), as can be seen in the more aggressive changes

in the surface profile of the narrower beam scenario (generated by larger transverse surface

velocit ies away from the laser heat source). For scenario 3, it can be seen that the thermo-

capillary extended through the ent ire powder bed, and even melted the base substrate material,

whereas for the lower power scenarios the substrate plate did not experience any melt ing.

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,





Multi-Component Thermal Fluid Dynamics

Flint et. al. Previous state of the art

t=0.001st=0.001s

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

Differences between my framework and state of the art



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

https://github.com/tomflint22/beamWeldFoam

3.1 Heat Source Modelling 8

beam behaviour in elect ron beam and laser welding applicat ions; namely the171

diverging nature of the beam (it is known that the repulsion between electrons172

causes the beam to diverge, creat ing an hour-glass beam envelope), and the173

oscillat ion pat terns often used in welding processes. The diverging nature of174

beam heat -sources is mathemat ically described as the radius of the Gaussian175

dist ribut ion being a funct ion of the depth co-ordinate. Figure 2 shows the type176

of heat source envelope used in this work, and the locat ion of the surface heat177

source found by using the ray-t racing algorithm.178

Figure 2: Diverging Gaussian Heat Source Envelope and Surface Dist ribut ion on a metallic

subst rat e, found using t he heat source applicat ion algorit hm.

The heat source parameters used in beamWeldFoam are specified in the sys-179

tem/ fvSolut ion file within each tutorial sub-folder. Due to the flexibility of the180

heat source provided, there are various parameters that have to be set . Table 1181

out lines the various parameters used in the heat source model in this work.182

183

Note that for the generat ion of a perfect ly collimated beam, where there is184

no hour-glass envelope, can be achieved by set t ing theY_R parameter to be some185

large value e.g. 10. As Y_R approaches zero, the beam characterist ics become186

morediverging in nature. In theoutput from thesolver, theheat sourceenvelope187

can be visualised by the ’BeamProfile’ field, and the locat ion and dist ribut ion188

of the applied heat source can be visualised by the ’sourceTerm’ field. The189

threshold to determine the cut-off for the heat source applicat ion is explicit ly190

set . This value HS_deposition_cutoff specifies the volume fract ion of ↵ that191

must be exceeded during the ray-t racing to specify a cell as an interface cell; we192

recommend a value between 0 and 0.5 for this.193

12

through the metallic domain. The molten material moves away from the laser248

due to the temperature gradient as shown in Figure 6. The weld line width249

predicted by the model is in good agreement with the experimental results [3].250

(a) t = 0.01 s (b) t = 0.07 s

Figure 6: Melt pool evolut ion during Power Beam welding. T he high energy density causes

a thermo-capil lary to form which penet rates through the domain. Larger magnit ude velocity

fields are induced local t o t his ’keyhole’ due to the recoil of t he vapourising interface.

5. I mpact and Conclusions251

Although therearestudies in modelling and simulat ion of advanced manufac-252

turing processes that includes the complex flow physics and topological changes253

in metallic substrates, the developed models are not accessible to the research254

community. In this work, a state-of-the-art model is developed, validated and255

made available to the researchers. beamWeldFoam provides a robust computa-256

t ional tool by which the heat and mass transfer in complex joining processes257

can be quant ified and predicted. beamWeldFoam is validated against common258

benchmarks for melt ing and surface flow problems. The availability of numer-259

ical tools that are capable of accurately predict ing transient thermal fields in260

metallic substrates, subjected to high energy density sources of heat , is cru-261

cial to bet ter understand the physics involved in these processes. Furthermore,262

the availability of such a numerical tool permits users to opt imise these pro-263

cesses in an indust rial set t ing through modelling and simulat ion. It is predicted264

that beamWeldFoam will permit industrial members of the welding and joining265

community to access high fidel ity predict ions for direct insight into real-world266

joining problems.267

268

beamWeldFoam is part of the OpenFOAM landscape, and therefore it is ex-269

pected that the solver will evolve further with the inclusion of addit ional phys-270

ics, and community suggest ions. The authors plan to release mult i-component271

4.3 Arc Welding Case 11

solver and the analyt ical solut ion is observed; the analyt ical solut ion predicts a224

height of fluid on the left and right walls of the domain to be 0.188 and 0.213225

m respect ively. Using beamWeldFoam the left and right wall fluid heights are226

predicted to be 0.187 and 0.21 m respect ively which is in bet ter agreement than227

other reported numerical implementat ions [20].228

4.3. Arc Welding Case229

In this example a surface heat flux is applied to an aluminium subst rate230

surrounded by argon gas, representat ive of an arc-welding process. The heat231

source is applied at t= 0 s, and at t= 0.25 s the power begins to ramp down232

unt il at t= 0.35 s the heat source is fully ext inguished. Short ly following the233

ext inct ion of the heat source the domain fully solidifies. The effect of Marangoni234

driven flow can clearly be seen in this example, as the surface flows are driven235

from regions of higher temperature to regions of lower temperature (due to the236

decrease in surface tension with temperature) as seen in Figure 5. Furthermore,237

once the weld-pool has fully penetrated the domain, surface tension prevents238

the material from falling out of the bot tom of the substrate.239

(a) t = 0.1 s (b) t = 0.15 s (c) t = 0.2 s

(d) t = 0.25 s (e) t = 0.35 s (f ) t = 0.4 s

Figure 5: Simulated melt pool evolut ion during arc welding. T he solid-l iquid boundary is

highlighted in pink, with velocity vectors plot t ed in greyscale. T he effect of t he temperature

dependence of the surface tension can be seen; as the surface tension decreases with temper-

ature, a large velocity is induced on the top surface of t he weld-pool directed from the hot

center t o the cooler ext remit ies.

4.4. Power-Beam Welding Case240

Finally, beamWeldFoam is applied to simulate the power beam welding of a241

t itanium alloy subst rate. In this case, a Ti6Al4V but t joint welded by a laser242

beam is simulated and the results are validated against an experimental study243

[3]. The simulat ion domain consists of a 2 mm Ti6Al4V plate surrounded by244

argon shielding gas. The energy deposited by the laser melts the material. The245

subsequent vapourisat ion of the liquid metal direct ly under the beam creates a246

recoil effect that pushes the melt pool into the substrate, generat ing a keyhole247

Thomas F. Flint, Gowthaman Parivendhan, Alojz Ivankovic, Michael C. Smith, Philip 
Cardiff, beamWeldFoam: Numerical simulation of high energy density fusion and 
vapourisation-inducing processes, SoftwareX, Volume 18,

• Includes circular beam oscillation with translation



https://github.com/micmog/LaserbeamFoam

peak value. In the experiment a 156 W laser beam with a spot-size of 140µm347

was incident on a Ti6Al4V subst rate. The full experimental set -up is described348

elsewhere [20]. Figure 10 shows the numerically predicted, and experimentally349

observed, thermo-capillary morphologies at a number of instances.350

(a) Simulat ion, t= 200µs (b) Simulat ion, t= 800µs (c) Simulat ion, t= 1000µs

(d) Simulat ion, t= 1100µs (e) Simulat ion, t= 1400µs (f ) Simulat ion, t= 1600µs

(g) Experimentally observed thermocapil lary morphology, re-printed wit h permission from the

work of Cunningham et . al. [20]

Figure 10: Example applicat ion of laserbeamFoam solver used to simulat e an in-sit u laser

generat ed thermo-capil lary.

It can be seen from Figure 10 that the proposed solver accurately predicts351

the thermocapillary morphology and penetrat ion rates, part icularly the change352

in penetrat ion rate as more of the rays from the beam are reflected towards the353

base of the keyhole. The solver also predicts the change in oscillat ion modes of354

thekeyhole that wereobserved experimentally. However, the framework appears355

to slight ly over-predict the width of the thermo-capillary; This over-predict ion356

of the width is because the t reatment of the vapourisat ion state t ransit ion is357

relat ively simple in the open-source version of the solver and does not expli-358

cit ly account for the volumet ric dilat ion and vapour plume generat ion. For a359

more accurate predict ion of these systems, that are dominated by vapourisat ion360

and condensat ion events, the ray-t racing algorithm will be incorporated into361

a more robust mathemat ical t reatment of the vapourisat ion and condensat ion362

state t ransit ions (where the volumetric dilat ion due to these events is explicit ly363

20

• 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

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

Figure 4: Route of a single discret ised ray in t he Gaussian beam showing the pat h inside the

thermo-capillary in a laser welding scenario. T he magenta line delimit s t he solid/ liquid st ates,

and the green contour delimit s t he metallic/ non-met all ic phases.

As can be seen from Figure 4, each t ime the discret ised ray reflects at the192

metallic interface, a port ion of its energy is deposited into the substrate, and193

the path taken by the ray is a complex one with many reflect ions before the ray194

finally exits the domain; the ray exit ing the keyhole is coloured blue represent ing195

the lower energy state. It would not be computat ionally t ractable to write all196

ray paths out in the manner shown for a single ray in Figure 4; hence the197

amalgamat ion of all ray paths into two output files.198

3. Soft war e D escr ipt ion199

laserbeamFoam is free software dist ributed under the GNU general public200

license. laserbeamFoam has been developed using the OpenFOAM v6 libraries;201

however, a branch is available in the repository that compiles against the newer202

OpenFOAM-10 (and the ESI version) libraries. laserbeamFoam can be com-203

piled the OpenFOAM wmake build command. Full installat ion inst ruct ions are204

provided in the repository. The code is intended for use in applicat ions where205

9

Here ! p, f and δ are the plasma frequency, incident radiat ion angular fre-152

quency and damping frequency, respect ively and are given by:153

! p =

s

Neq2
e

M e"0

(17)

f =
2⇡c

λ
(18)

δ = ! 2
p"0Re (19)

Ne is the mean number density of free electrons in the irradiated material,154

qe and M e are the charge and mass of an electron, respect ively, "0 is the vacuum155

permit t ivity, c is the speed of light , λ is the wavelength of the incident radiat ion156

and Re the electrical resist ivity of the irradiated substrate material. Figure 1157

shows how this absorpt ivity changes as a funct ion of the angle of incidence for158

two common wavelengths of incident laser radiat ion; the material propert ies159

used to generate this figure was chosen to be representat ive of 316L stainless160

steel.161

Figure 1: Absorpt ivity as a funct ion of incidence angle, ✓, for two different wavelengths of

incident elect romagnet ic radiat ion.

It can be seen from Figure 1 that the absorpt ivity does not change signi-162

ficant ly at small angles of incidence. Furthermore, the angle of incidence cor-163

responding to the peak absorpt ivity for the substrate material varies depending164

on the wavelength of the incident radiat ion. Figure 2 shows a laser beam and165

its reflect ion that has been discret ised into 4220 rays, incident on an interface166

6







https://github.com/micmog/LaserbeamFoam

• Version 2.0 is released – Multi-Component, Multi-laser 

sources

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(a) Example of M Claser beamFoam applied to simulate the laser joining of two

dissimilar metallic subst rates where there are three metallic components present in

the domain that mix in the liquid state.

(b) Example of M ClaserbeamFoam applied to simulate the melt ing of a dissimilar

powder-bed subst rate with three metallic components that melt then mix together.

Figure 1: Example output results from the M Claser beamFoam solver showing the ad-

vect ive and di↵usive mixing in the liquid state of dissimilar metallic subst rates.

4

(a) Example of M ClaserbeamFoam applied to simulate the laser joining of two

dissimilar metallic subst rates where there are three metallic components present in

the domain that mix in the liquid state.

(b) Example of M Claser beamFoam applied to simulate the melt ing of a dissimilar

powder-bed substrate with three metallic components that melt then mix together.

Figure 1: Example output results from the M Claser beamFoam solver showing the ad-

vect ive and di↵usive mixing in the liquid state of dissimilar metallic subst rates.

4



Highlights

• 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 

formulation – others generally assume constant 

properties

• Our approach also allows numerically stiff terms in the 

induction equation to be treated implicitly

• Permitting larger time-steps and the simulation of 

representative systems

• A complete description of flow in advanced manufacturing 

processes driven by electromagnetic fields – e.g. arc 

welding, WAAM etc.

Magneto-Thermal-Hydrodynamics

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).

2.3 Electrical Arc Welding 10

As can be seen in Figure 4, as the magnitude of the applied magnet ic field is

increased, the lateral oscillat ion magnitude of the rising bubble decreases, due

to the increasing magnitude of the Lorentz force.

2.3. Electr ical Arc Welding

One of the most excit ing areas where the presented framework may be used

to predict system evolut ion, is in advanced manufacturing scenarios, where high

energy density elect rical sources are used to induce state change in metallic sub-

st rates. Although arc welding of metallic components has been performed for

a century, the complex velocity, momentum and elect romagnet ic fields involved

means that the process is st ill poorly understood from a physical perspect ive.

This has meant that the development of welding technologies has largely been

based on experimental t rial and error. In this sect ion we use the derived frame-

work to predict thebehaviour in a dissimilar metal arc weld. Here, two alloysare

present in the domain under an inert argon atmosphere. The alloys invest igated

both contain Fe, Al and Ni with differing composit ions. Alloy 1 is composed of

30% Ni, 65% Al and 5% Fe; alloy 2 is composed of 90% Ni, 8% Al and 2% Fe.

The computat ional domain, highlight ing the init ial regions of the Ar region and

alloy regions, is shown in Figure 5a. An exploded view of the elect rode, and

the boundary condit ion in H at the elect rode surface are also shown in Figure

5b. The domain is 20 mm deep, 30 mm wide, and 30 mm long. The domain is

decomposed into 490057 computat ional cells. In the elect rical arc simulat ion,

the domain was decomposed into 512 processors.

(a) Computat ional domain for t he dissimilar

arc welding scenario. T he mesh is coloured

by the init ial init ial locat ions of t he various

phases; t he alloys are located in the cyan and

red regions, wit h the royal blue region contain-

ing the Ar phase. A long with the boundaries

of t he cuboid domain, t he elect rode and gas

inlet geomet ry are clearly visible.

(b) T he boundary condit ion for t he H field at

the elect rode of t he simulat ion domain. T he

magnitude of H is found using Ampere’s law

for an arbit rari ly assumed current in this scen-

ario, while the direct ion of H at t he elect rode

surface is obtained from the right hand rule.

Figure 5: Computat ional domain for t he elect ric arc welding case (a), showing an exploded

view of the elect rode and the boundary condit ion in H applied at t he elect rode surface (b).



• Validated up to Hartmann numbers of 10000 for single phase 
problems

• Validated against experimental data with extremely good 
agreement for multiphase problems

Magneto-Thermal-

Hydrodynamics

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).



Magneto-Thermal-Hydrodynamics
Applications: Multi-Component Arc Joining Processes

14

(a) Ni fract ion at 0.25 s (b) Ni fract ion at 0.5 s (c) Ni fract ion at 1.5 s

(d) Final Ni fract ion dist ribu-

t ion following complete solidi-

ficat ion of t he subst rate.

(e) Final A l fract ion dist ribu-

t ion following complet e solidi-

ficat ion of t he subst rate.

(f ) Final Fe fract ion dist ribu-

t ion following complete solidi-

ficat ion of t he subst rate.

Figure 7: Temporal evolut ion of t he phase fract ions at a cross sect ion through the mid plane of

t he domain, normal t o the init ial boundary between alloys 1 and 2. T he boundary between the

solid and fluid regions is shown in yellow. As more of t he subst rate melt s, and the convect ive

flow is est ablished in the metal, t he two alloys begin to mix together, prior t o solidificat ion.

Note that t he difference in melt ing temperatures is evident from the melt -pool shape.

The various forces in the liquid metal flow act to homogenise the component

dist ribut ions, as can be seen in Figure 7. As the solidificat ion front advances,

the homogenisat ion caused by the mixing in the weld-pool is frozen into the

domain. In this work it is assumed that no diffusion occurs in the solid state,

and at t = 1.67s the metallic substrate is once again fully solidified.

It is interest ing to note that the amount of chemical homogenisat ion between

the two alloys, as shown in Figure 7, is not uniform. This is due to the highly

t ransient nature of the advancing melt , and subsequent solidificat ion fronts,

meaning regions of the domain experience varied t imes in the liquid state. Al-

though no experimental validat ion of the part icular arc welding case is available,

qualitat ively the asymmetry in the fusion zone is in agreement with dissimilar

welding cases reported in the literature as the alloy with the lower melt ing range

experiences a greater degree of melt ing and dilut ion [45, 46].

3. D iscussion and Conclusions

The availability of a mult i-phase magneto-hydrodynamic framework allows

the high-fidelity descript ion of many interest ing, and challenging physical phe-

nomena at mult iple length scales; from advanced manufacturing and fusion

plasma’s, to ast rophysical plasma and solar physics scenarios. In this work

2.3 Electrical Arc Welding 12

(a) 0.5 s

(b) 1.0 s

Figure 6: Evolut ion of t he U , H and T fields inside the computat ional domain. T he magnit ude

of the H field, init ially set t o 5.3⇥ 103 A m− 1 is set t o 0 A m− 1 at t = 0.52 s. As t he current

density rapidly decreases aft er t his t ime, so does the Ohmic heat ing effect , and therefore the

temperature in the vicinity of t he weld-pool decreases. Here U glyphs are plot t ed, along wit h

st ream lines for t he H field.

As can be seen from Figure 6; the magnet ic field propagates from the elec-

t rode, through the Ar phase and, after some t ime, into the lower magnet ic

• First complete physics description of arc based joining processes

• Captures all of the hydrodynamic and electromagnetic physics 

for a complete predictive capability



Magneto-Thermal-Hydrodynamics
Applications: Tetronics and Plasma Torch 
Modelling for Glass Sector

• It 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



• Cellular Automata 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

• Phase-Field Methods
– The fundamental Physics of phase transformation can 

more readily be included
– High fidelity approach to understand microstructure 

evolution

Microstructure Modelling



Multi-Phase Multi-Component Field Modelling

Dynamics Free Energy

True Anisotropic Energy

Kinetics



• Modelling permits meaningful 

investigations into the 

evolution of microstructure in 

HAZ: Heterogeneous thermal 

properties of second phase 

particles

Multi-Phase Field Microstructure Modelling
Applications: HAZ microstructure evolution effect of 
conductivity

Flint, T.F., Sun, Y.L., Xiong, Q. et al. Phase-Field Simulation of Grain Boundary Evolution In Microstructures Containing 
Second-Phase Particles with Heterogeneous Thermal Properties. Sci Rep 9, 18426 (2019)
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Phase-Field Treatment of Interface Anisotropy

• Phase-Field Modelling is all about finding the most 

efficient path down a hill – or Free-Energy 

Landscape – to minimise the global free energy

• Mathematically this means 

• With Alloy Solidification the energy term now 

strongly depends on the gradient in the phase field 

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…….I wonder why….



Dendritic Solidification Work - Anisotropy
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CFD:

Surface Tension 

Volume of Fluid

Conservation of Energy

Phase Field 

Nucleation 



microstructureFoam: SoftwareX

• Code is ready for release
• Paper is mostly written
• Just need to run high mesh resolution test cases, include the 

results in the paper and discuss.

Capabilities:
• Preferred crystallographic growth directions

• Cheap but effective method to include 
crystallographic orientation

• Anisotropy introduced in grain boundary 
mobility, but not surface energy (v. expensive)

• Grain Coarsening
• Heterogenous nucleation
• Laser ray-tracing heat source: L-PBF
• Powder substrate included.
• Latent Heat Conservation

Demonstration Cases:
1. Aniso_Solidification

• Orientation dependant competitive growth of columnar 
grains in a thermal gradient

2. NucTestCase

• Heterogenous nucleation and grain coarsening

3. PowderBed

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

4. KeyholdWeld

• Deep keyhole formation and solidification

2.2 Phase-Field and Nucleat ion Model 4

@⌘i

@t
= − LG

δF

δ⌘i

(7)

where F is the total free energy of the system. The kinet ic co-efficients related to the

interface mobility for the solid/ liquid and grain boundaries are LP and LG, respect ively. The

total free energy of the system is given by:

F =

Z

V

(f phase + f grain + f gradient ) dV (8)

where f phase and f grain represent contribut ions to the free energy density due to interfaces

between the liquid and the solid phases, and contribut ions from the grain boundary interfaces,

respect ively. f gradient captures the gradient contribut ions from the inter-grain and inter-state

interfaces.

f phase = mp (1− ⇠)2
φ+ ⇠2 (1− φ)

 
(9)

f grain = mg

(
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nX
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X
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⌘2
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(10)

f gradient =
p

2
(r ⇠)2

+
g

2
(r ⌘i )

2
(11)

In thiswork wetreat all interfaceenergiesas isot ropic, both grain boundariesand solid/ liquid

boundaries. However, we capture some of the anisotropic growth effects by incorporat ing an

anisotropic solid-liquid boundary mobility based on the solid grains orientat ion at the solid-

liquid interface; this is current ly implemented as a cubic form for FCC and BCC materials. For

addit ional details of the phase-field implementat ion please see [2].

Figure 1: Anisot ropic mobility plot ted at the surface of a growing crystal.



Single Component Multi-Phase Field 
Approach (microstructureFoam)



Solid Mechanics and Solid Dynamics Work: 

Eulerian Crystal Plasticity

Conservation of Mass

Conservation of Momentum

Conservation of Energy

Core principle in continuum mechanics is the conservation of various quantities



Solid Mechanics and Solid Dynamics Work: Eulerian Crystal 

Plasticity

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. 

The rate of deformation, and rate of rotation are decomposed additively into elastic (reversible) 
and plastic (irreversible) contributions

Resolved shear stress: 
stress in each slip-
system



• 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

Solid Mechanics and Solid Dynamics Work: Eulerian Crystal 

Plasticity



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

Solid Mechanics and Solid Dynamics Work: Eulerian Crystal 

Plasticity

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

• It is 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: 



Solid Mechanics and Solid Dynamics Work: Eulerian Crystal 

Plasticity

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

• 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: 

• 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)



Solid Mechanics and Solid Dynamics Work: 

Eulerian Crystal Plasticity



• 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

• Strong advocates for open-science and open-source modelling software
– MatFlow, laserbeamFoam, HEDSATS, PRISMS-PF,…….

Summary



Thankyou for the opportunity
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(a) 0.5 s

(b) 1.0 s

Figure 6: Evolut ion of t he U , H and T fields inside the computat ional domain. T he magnit ude

of the H field, init ially set t o 5.3⇥ 103 A m− 1 is set t o 0 A m− 1 at t = 0.52 s. As t he current

density rapidly decreases aft er t his t ime, so does the Ohmic heat ing effect , and therefore the

temperature in the vicinity of t he weld-pool decreases. Here U glyphs are plot t ed, along wit h

st ream lines for t he H field.

As can be seen from Figure 6; the magnet ic field propagates from the elec-

t rode, through the Ar phase and, after some t ime, into the lower magnet ic
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I’d love to answer any questions


