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Abstract

Metal additive manufacturing is promising for designing advanced metallic parts of complex
geometries. The challenge lies in process control on melt flow dynamics, alloy mixing and vapour
mass loss, which is significantly vital for the final quality. A high-fidelity thermal-solutal-fluid
modelling approach including accurate tracking of surface shape, thermo-capillary dynamics and
vaporisation has been developed. Multi-species formulations are also included for multi-metal
simulation. Using this method, the physical link between metal vapour mass loss and melt flow
process for 21 transition metals and 3 binary alloys is investigated. The mass loss rate is governed by
a fluid dynamic parameter of Reynolds number with a simple proportional correlation linked with
thermal-fluid behavior of the melt pool, and convective mixing further complicates the behaviour in
in-situ binary alloying. The digital materials approach is effective in understanding complex

interdependent thermal-fluid flow dynamics and can advance process-based materials design.

Keywords: Thermal-solutal-fluid modeling, Vapor mass loss, Multi-metal additive manufacturing,

Melt flow process



1. Introduction

Metal additive manufacturing (AM) is an emerging digital technology which possesses a large
degree of design freedom to fabricate intricate three-dimensional structures with minimum
waste/scrappage and aimed at minimum subsequent post-treatment [1]. The AM application in
metallurgy perceives a great attention from various industries, such as aerospace, automotive, nuclear
and biomedical sectors, which indicates a large potential of this technology [1-4]. For these
applications, various transition metals are used as base metals for electrical, functional or structural
materials.

During the metal AM process, a number of complicated thermal-fluid bahaviours at liquid-vapour
interface occur which include laser heating, melting, re-melting, vaporisation (metal vapour
dynamics), melt fluid flow, keyholing, spatter or entrainment of melt jet, denudation, and particle
ejection due to vapour plume [1,5-7]. Resultant microstructures will be strongly affected by these
inter-related multi-physics phenomena. Experiments have revealed complicated interactions of the
above dynamics and especially recent real-time visualisation methods such as X-ray imaging have
contributed much to enable time-resolved observation [8-15]. Accurate 3D observation is, however,
still difficult since the scales are small and the relevant phenomena are highly unsteady. For example,
the in-situ chemical changes and metal vapour dynamics due to the volatile elements induced by AM,
which is one of the over-arching goals in this study, has not yet been available.

Given the improved computational power, numerical simulation based on thermal-solutal-fluid
flow formulation has been becoming a powerful tool to elucidate detailed multi-scale physics of metal
AM [7,16-28]. For example, melt pool/keyhole formation [16-24,28] and spattering and denudation
[19,20,26] were reproduced in simulation. Material removal due to laser ablation has been
investigated from a fundamental viewpoint for a better modeling [29,30]. Mukherjee et al. [21]
discussed the process parameters using a simple computational approach. Recently, Khairallah et al.
[7] used a high-fidelity approach to see the interdependency of relevant interfacial phenomena.
Improvement of the computational methods relevant to AM is intensively continuing to include

complicated interactions of relevant phenomena in a more realistic and rigorous way such as



capturing powder motion with heating and melting [31-33], indicating the active research interests in
this field.

These experimental and computational studies have set important milestones. However, there are
still some remaining unsolved problems that have not been well understood yet. One issue is the metal
vapour dynamics and mass loss characteristics in metal AM, which is significant in determining the
local alloy structures and its thermal, mechanical and chemical properties [1]. For example, Ti-6Al-
4V, widely used for biomedical and aerospace applications, loses elements preferentially during high-
power laser melting and vaporisation, which alters the local composition and may lead to
unfavourable mechanical properties [34]. Elahinia et al. [35] suggested that NiTi, a shape-memory
and super-elastic alloy, generally tends to lose more Ni due to preferential vaporisation under high-
energy AM conditions, which leads to different transformation temperatures and different mechanical
behaviour. High-entropy alloys [36], which are unlike conventional alloys and have multiple principle
elements, are recently of great interest and may be more directly prone to the uneven mass loss when
AM is applied. These examples highlight the significance and impact of the investigation on the mass
loss in AM. At the current stage, the difference of mass loss among elements is still unknown, which
therefore has an impact in designing alloys.

Another unresolved issue is the relevance of mass loss to the process parameters such as Reynolds
and Péclet numbers, by which the melt flow dynamics is characterised as a function of materials. AM
involves small-scale as well as rapid and repeated melting/solidification phenomena, and in order to
address the above-mentioned issue of mass loss in alloys under different heating conditions,
considerations for highly transient and unsteady processes are definitely needed. Mukherjee et al. [21]
investigated the effect of process parameters, but the simulation method was simplified and
vaporisation was not comprehensively considered. In contrast to the traditional materials design to
solve the interaction of atomic bonds and energy, there is a pressing need to have chemistry-process
materials design tool for multi-metal AM. These points have motivated the present study.

In this paper, by newly using a high-fidelity simulation method with multiple chemical species, the
aims are to investigate the mass loss characteristics of different elemental powders and also binary in-

situ alloys under AM conditions, and to identify the effect of thermal-fluid parameters in the melt
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flow and metal vapour dynamics. Computational methodology for AM so far has still lacked
formulations for the key features that must be precisely captured in multi-metal AM. They include
melted surface shape tracking with volume/mass conservation, thermo-capillary dynamics, surface
vaporisation and multi-species tracking with convection and diffusion. In order to understand the AM
physics, these numerical formulations are considered in this study as described in Section 2. Only
very recently such a modelling effort has begun to be pursued in AM simulation [7,32,33,37]. The
present method is therefore a state of the art approach to tackle AM issues including vapour dynamics
and multi-metal effects. By this study, it is expected that relevant processes will be understood toward

designing alloy systems using metal AM in various technological applications.

2. Numerical Methods
2.1. Thermal-Solutal-Fluid Flow

The key features that must be precisely captured in multi-metal AM are melted surface shape-
tracking with volume/mass conservation, thermo-capillary dynamics, surface vaporisation and multi-
species tracking with convection and diffusion. For each issue, respectively, the CLSVOF (coupled
level-set and volume-of-fluid) method, the continuum surface force method, vaporisation jump
conditions and species mass fraction equations are considered in this study, as described below. In
most metallurgical simulations of so far, these effects have not been considered rigorously, and only
very recently such an effort has begun to be pursued [7,32,33,37]. The present method enables solving
AM simulation issues including vapour dynamics and multi-metal effects.

Our in-house code TATM-MEX [38-42] is applied to AM to investigate the compositional
dependence and multi-species (multi-metal) thermal-fluid flow calculation. The governing equations
to be solved are the Navier-Stokes equations coupled with phase change, which are for continuity,
momentum conservation, energy conservation and chemical concentration conservation, given as [38-

42]
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where p s the density, u is the velocity, T is the temperature, p is the pressure and Y; is the mass
fraction of species i. The inclusion of species mass fraction equations enables to track mixing of
species in the vapour and the liquid. The ambient gas is air and the species i include N2, O, and the

metal element. Qy represents the Newtonian viscous force, given by
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Fusurt represents the interfacial surface tension force including the Marangoni effect, formulated by
the continuum surface force method [38-42]. Qr represents the heat transport, including heat
conduction by Fourier’s law, enthalpy transport by mass diffusion, viscous work, latent heat for

phase-change and radiation,
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where Vi is the diffusion velocity formulated by Fick’s law. Ah; is the latent heat of species i.
Radiation is included on the heated metal surface identified by the gradient of the colour function
[V¢|, with oss the Stefan-Boltzmann constant and ¢ the emissivity. g, is the volumetric laser heat

input given by Xu et al.’s model [43], which mimics ray tracing and keyhole profile. The volumetric

heat source is modelled as
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where Q. is the laser power in W, 7. is the absorption coefficient, z is the coordinate along the laser

beam, z is the laser inlet position, z; is the laser bottom position, ro is the radius distribution between



the inlet and bottom, y is the proportion factor, and E and F are geometrical factors determined by z.
and z;.

In typical AM simulations, the vapour mass has not been accurately incorporated. Here, in order to
accurately estimate the mass loss due to vaporisation, a volume/mass conserving interface capturing
method is needed. The level-set (LS) method [44] is often used for accurate shape tracking for surface
tension estimation, but it is known that the liquid volume/mass is erroneously lost. To assure the
volume/mass conservation, a volume-of-fluid method must be combined (CLSVOF) [38,45]. Here,
the MARS (Multi-interface Advection and Reconstruction Solver) method [38,40], a variant of
volume of fluid (VOF) method, is combined to assure that the interface shape between the liquid/gas
phase can be accurately captured by the LS method while assuring the volume/mass conservation by
the VOF method. The level-set function F is a signed distance function where F=0 represents the

interface, F>0 the liquid phase and F<O0 the gas phase. It follows
%+(U-V)F:—|VF|SL, ()

where s, is the surface regression speed due to vaporisation. F is converted into the colour function ¢,
a Heaviside function of F. For example, the density is given by p = (1-@)oc + ¢o. Where o and pg are
the liquid and gas density, respectively.

The jump conditions due to phase change are given at the surface [39,40,45]. The heat balance at
the liquid/gas surface gives

ARy =[1 = AVT -n—oa(T* ~T,)~h(T -T,)]

m, (Y, o —Y;.) =[pDVY;-n], (6)
where m, is the vaporisation rate, | is the laser intensity, h is the heat transfer coefficient, 4 is the
thermal conductivity and n is the surface normal vector. The subscripts L and G represent the liquid
and gas phase, respectively. The brackets denote the difference [f] = f.-fc. At the same time, the recoil
pressure [22-24] works on the vaporising interface. For the mass fraction, the above constraint is

given on the vaporising surface. The velocity satisfies [45]

m, =p (Us —U.)-N=ps(Us —Ug)-n. (7)



where the surface velocity us is the sum of the liquid velocity and the surface regression velocity, i.e.

us=uL+sL. The surface regression velocity is given as s, =s n=(m,/p,)n. The density satisfies

Ug —U, =—(pg —p )mn.
(8)
The vapour mass fraction and the vapour pressure at the surface are given by the Clapeyron-Clausius
relation. For a locally multi-component surface, mixture vaporisation is considered by Raoult’s law.
The equation of state (EOS) for gas is given by the ideal-gas law, and the EOS for liquid is given by

Tait’s empirical formulation [39,40]

p“\m:[/)jm, 9)
Po+A,

where the subscript 0 denotes the reference state, and A,=296.3MPa and 5,=7.415.
The temperature-dependent physical properties of metals are retrieved from databases and
incorporated into the code to simulate AM problems. Details are described in the Appendix.

The advective term is discretized based on the CIP (Cubic Interpolated Pseudo-particle or
Constrained Interpolation Profile) method [46], in which a third-order polynomial fitting is used for
flow variables and their derivatives to assure the accuracy. The pressure is obtained by solving the
pressure Poisson equation including the effect of the speed of sound. Other terms such as viscous term
and heat conduction term are discretized using the central differencing.

The method proposed in this work has been developed based upon the multiphase flow algorithm
[38-42]. Each phenomenon relevant to AM has been validated. Surface shape tracking by the
CLSVOF method has been validated for droplet and spray problems where surface tension plays an
important role [38-42]. Heat transfer, vaporisation and multi-species mixing have been validated in
[41,47]. The thermo-capillary migration due to the Marangoni effect has been quantitatively validated
and the role of Péclet number has been discussed [42]. The Stefan problem for liquid/gas phase
transformation (boiling) has been quantitatively investigated with good agreement with the theory
[40]. These validation cases indicate that the present numerical method can accurately capture the

thermal-chemical-fluid flow dynamics in AM. For the phenomena more directly relevant to AM,



temperature distribution by laser heating [48] was compared and the present model showed good
agreement. A validation example directly related to vaporisation in AM is shown here. Although
currently experimental data on vapour mass loss are not well available, a recent experimental and
modelling study of Zhang et al. [34] is referenced. The experiment was conducted for Ti-6Al-4V
alloy, where the laser power was 330W, the scanning speed was 250mm/s and the laser spot diameter
was 50um. Figure 1a shows the ratio of the evaporative fluxes of Al and Ti with respect to the surface
temperature [34], with the present result shown as circular dots. The trend of larger vaporisation for
Al is in agreement. Figure 1b shows the calculated composition of the metal after being heated and
evaporated. The experimental data [34] were obtained by an after-treatment destructive method using
the inductively coupled plasma optical emission spectrometer (ICP-OES). Although the simulation
data slightly overestimate the Al mass loss (smaller local Al composition), they are close to the
experimental values. It can be emphasised that the trend of larger vapour mass loss of Al is
reproduced in the present simulation and thus vaporisation is well predicted.
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Fig. 1 Vaporisation characteristics of Ti-6Al-4V [34]. (a) Ratio of vaporisation mass flux

and (b) composition of Al after vaporisation. The original figures are Fig. 3b and Fig. 5 of
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Ref. [34] and reproduced by digitisation. The numerical results at different simulation times

are plotted as circular dots.

Still, as this case exemplifies, exact quantitative analysis by experiments is difficult, but future
efforts must be pursued for better characterisation in combination with numerical simulation [1,49].
Currently, to set a future AM research direction, several methods are sought for increasing
sophistication in in-situ characterisation such as in-situ chemical imaging/photography using X-ray
synchrotron measurement or post-mortem analysis using mass spectroscopy, inductively coupled
plasma-optical emission spectroscopy (ICP-OES), electron probe micro analyser (EPMA), or energy
dispersive X-ray spectroscopy (EDS) [1,50]. It is expected that more thorough comparison will be

possible in the near future.

2.2.Case Setup
2.2.1 Elemental AM

21 elements studied in this paper are shown in Fig. 2. Transition metals relevant to superalloys
(shown in the enlarged area in the figure) are investigated in each case of pure element AM. Powder
size distribution is given by a dataset which mimics realistic powder settings. The cumulative median
diameter is 14um and the maximum powder diameter is 36um. The grid resolution is 4um. The initial
metal/air temperature is set at 300K. Since it is impossible to investigate all the effects of laser
parameters, the laser parameters are basically fixed in the present study. The laser power is set as
Qu=400W, ze-zi=128um, re=36um (spot diameter of 72um) and ri=8um for Eq. (4). The absorptivity

[51], as a local physical property value, is 77.=0.3. The laser sweep speed is 1000mm/s.
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Fig. 2 Transition metal elements investigated in this study.

2.2.2  In-situ binary AM

Three combinations of binary alloys are investigated: NiAl: basis for multi-component superalloys,
NiTi (Nitinol): shape memory alloy and TiAl (Titanium aluminide): light weight alloy. The spatial
powder distribution is set the same as in the elemental AM cases. To see mixing clearly, the substrate
is composed of one pure element denoted by the first element symbol. For example, for NiAl, the
substrate is composed of Ni, on which powders of two elements (Ni and Al) are randomly placed as
shown later in Fig. 4a. The laser parameters are set the same as in the elemental AM cases. The laser

heat absorption coefficient [51] is set at 0.3 and 0.6 to see the effects of flow process parameter.

3. Results and discussion
3.1. Melt flow dynamics

Figure 3a,b shows the schematic representation of the relevant phenomena in AM. During the
melting process, the thermal-fluid flow of melted metal exhibits formation of a keyhole, flow
circulation and pore formation in the melt pool. Mass loss is induced by periodic vapour jet ejection.
The vapour jets induce mixing with the ambient air as well, leading to a consideration of spatter
generation and possible surface layer oxidisation due to surface-air reaction. In in-situ alloying, liquid

metal mixing also occurs simultaneously with melting and the mass loss is either caused by isolated
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local vaporisation of each exposed element when multi-metal mixing is still not sufficient, or by
preferential vaporisation after liquid metal mixing proceeds. Fig. 3c shows a typical bird’s view of
heated powder bed of Ni at t=60ps. Laser is scanned in the x-direction and the high-temperature
region moves along with the laser motion. In the high-temperature region, molten metal flow is
induced both near the surface and deep inside, occasionally accompanied by spatter ejection. The
molten flow dynamics observed here is reasonably the same as experimental and computational
observations [17,18,22-24] and multi-species vaporisation is included and discussed hereafter.

The thermal conductivity and kinematic viscosity at melting point for each element are shown in
Fig. 3d with the bubble size corresponding to the liquid density. The thermal diffusivity is a measure
of the speed of heat spread, and the kinematic viscosity is a measure for the velocity spread (induced
motion), which leads to different thermal-fluid flow and vapour characteristics among elements. In
Fig. 3e-j, six representative elements significant for alloys are chosen to see the molten metal flow
inside. In the direction from Fig. 3e to j, the thermal diffusivity is larger, which means that the given
heat spreads faster. In all the cases, the overall dynamics is similar to the schematic picture in Fig. 3a.
In the left-hand-side part of the melt pool (the front side of laser scanning), the molten liquid flows
downward due to the recoil motion, forming a keyhole. Then, the flow circulates upward in the right-
hand-side of the keyhole, inducing secondary circulation.

The smaller thermal diffusivity of Fe, Ti and Ni makes a steep temperature gradient in the front
region (Fig. 3e,f,g). While the heat spreads slowly, the induced velocity is larger due to the larger
kinematic viscosity (later discussed), which results in fragmented liquid/solid boundary and
pores/spatter are sometimes formed (Fig. 3f,h) or temporary bridge formation (Fig. 3g) can be seen.
Au, with its high thermal conductivity, the heat spreads broader. The mass loss is larger (later
discussed) and due to the recoil pressure, the induced velocity is not small and the keyhole is deeper.
The observed liguid flow dynamics is highly unsteady and different from element to element, which

can be captured by high-fidelity numerical simulation.
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Fig. 3 (a,b) Schematic of relevant phenomena for elemental AM and in-situ alloying.
During the melting process, the thermal fluid flow of melted metal exhibits formation of a
keyhole, flow circulation and pores in the melt pool. In in-situ alloying, liquid mixing also
occurs. Mass loss is induced by periodic vapour jet ejection. For binary alloys, the mass
loss is either caused by local vaporisation of each exposed element or by preferential
vaporisation after liquid mixing. (¢) Bird’s view of melted Ni at t=60us. (d) Thermal
diffusivity and kinematic viscosity of each element. (e-j) Instantaneous snapshots of

temperature and velocity fields in the melt pool at t=60us.

In in-situ alloying, liquid mixing adds more complexity to the flow and metal vaporisation
dynamics (later discussed), which will have a large impact on the final composition. Figure 4a,b
shows the bird’s view of the NiAl case. It is clear that the initially separated Ni and Al are mixed after
being melted by laser. Inside, the keyhole and the melt pool are formed similarly as in the pure

element cases (Fig. 3c).
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Figure 4d-f compares the mixing inside. Overall, for all the cases, a mixture of two components is
formed in the melt pool. The streamline analysis in Fig. 4d shows that on the central plane, the
downward flow in the front of the keyhole and primary/secondary circulations in the melt pool
enhance species mixing, as indicated by the dashed yellow arrows. The 3D circular flow toward the
side is also formed, as indicated by the solid red arrows, which also carries species for mixing. This
flow pattern is very similar to recently-reported synchrotron images [14,15]. In the front part of the
keyhole, the powders are composed of a pure element and melting occurs reciprocally for each
element. Mixing initiates here but does not progress very much due to the lack of mixing time. The
larger circular flow in the melt pool contributes more to convective mixing due to a longer time scale.
Similar mixing behaviour can be observed for NiTi (Fig. 4e) and TiAl (Fig. 4f). The mixture size is
the largest for TiAl, since Ti has a larger kinematic viscosity and as a solvent, compared to Ni, a
larger flow motion is generated. In addition, the effect of the thermal diffusivity also exists. Since Al

has a larger thermal diffusivity, heat spread/melting of Al is always faster.

Fig. 4 Behaviour of binary in-situ alloying. (a,b) Mixture formation on the surface of NiAl.
Initially at t=0, white indicates Ni and blue indicates Al. (¢) Keyhole and melt pool
formation inside the substrate at t=140us (NiAl). (d) Inside view of melt pool molar

composition in terms of Al molar fraction. The dashed yellow arrows indicate flow
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motion on the central plane, and the solid red arrows show 3D circular motion. (e,f)

Molar fraction of Ti and Al for NiTi and TiAl, respectively.

3.2. Chemistry-process parameters

The chemistry-process parameters of Reynolds (Re) and Péclet (Pe) numbers are important for
thermal fluid flows. Re is defined as Re=UL/v, where v is the kinematic viscosity, and represents the
ratio of the flow inertia to the viscous force. Here, L is taken as the melt pool size in the laser
scanning direction and U is the maximum velocity magnitude of the liquid metal flow (Fig. 5a). Pe is
defined as Pe=UL/a, where « is the thermal diffusivity, and represents the ratio of convective heat
transfer to diffusive heat conduction.

Figure 5b-d shows the relationships between Re and Pe, and the keyhole depth, the liquid velocity
and the melt pool size. The bubble symbol size (=molar loss rate) will be discussed later in detail. The
induced liquid velocity is physically affected by the kinematic viscosity, and the trend of the
kinematic viscosity in Fig. 3d can be basically seen in Fig. 5. Generally, elements with larger molar
loss, such as Mn, Fe, Ni and Au, exhibit relatively larger melt pool and larger liquid velocity,
resulting in larger Re. Meanwhile, elements with smaller molar loss, such as Cu, Mo and Ta, show
relatively smaller pool size or smaller velocity magnitude. This suggests that the molar loss is larger
when Re is larger. This dependence is made clear in Fig. 6. Overall, the dependence of liquid velocity
and key hole size on Pe is not as strong as Re but the melt pool size is dependent on both parameters.

This indicates that Re and Pe link between the composition and process.
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Fig. 5 The effect of Re and Pe. (a) Schematic and definition. (b) Keyhole depth, (¢) liquid

velocity and (d) melt pool size.

3.3. Mass loss characteristics
The mass loss during AM is significantly important since it is strongly related to the final product
quality in alloys, such as local composition, microstructures and mechanical strength. Figure 6a shows

the mean mass loss rate against the rough estimation from the Hertz-Knudsen relation at boiling point

m, =/m/27kT, p, ~ /m/T, , where m is the atomic mass, Ty is the boiling temperature and p is the

vapour pressure [52]. Heavy elements, such as refractory metals (W, Hf, Ta) and precious metals (Au,
Pt), exhibit larger mass loss. Elements with medium densities (Mo, Ru, Nb) show medium mass loss
rates. Elements with relatively lighter densities (Ti, Al) are in the lower mass loss range. Overall, they
are correlated with the estimate. In the estimate, however, the fluid dynamic effects are not considered
and discussed next.

Figure 6b shows the mass loss rate normalised by the atomic weight. The elements are grouped

according to the atomic weight (3d, 4d and 5d in the periodic table) and the rates of the three groups
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become similar. The rate may be different by heating conditions, but it is important for prediction to
know that there is some similar range where different classes of elements reside.

Figure 6c¢,d highlights the link between the mass loss and Re and Pe. The dependence on Re is clear.
The mass loss is increased as ~In(Re), and the three groups are on the same correlation. The
dependence on Pe is less clear and the data points are more scattered, but the weak trend of increased
loss rate as ~In(Pe) can be also seen. Thus, it is indicated that the fluid dynamic effect is more
dominant in determining the mass loss rate.

For the binary alloys, vaporisation is mostly dominated by the preferential vaporisation of the
mixture except at the very beginning. Since the local temperature is common for the components, a
volatile element with a lower boiling point temperature and a lower latent heat tends to vaporise
faster, as indicated in Fig. 6e. For example, Al tends to vaporise earlier due to lower boiling
temperature. More Ni vaporisation is observed than Ti for NiTi. This is, however, not simply
understood by the physical properties only, since local mixing needs to be enhanced by the fluid
dynamic motion. Re in the solvent melt pool in Fig. 6e indicates slightly more mixing in TiAl with a
larger Re, which coincides with the visualised results in Fig. 4d-f. And the laser parameter (#=0.3 and
0.6 in this case) causes the variation of Re. Therefore, for in-situ alloying, the fluid dynamic effect

needs to be considered as well as properties of each element.

16



Liquid density (kg/m® b Liquid density (kg/m?)
0.016 A T T

= 19800 _ 19800
> 17619 o g 17619
=0.0124 ] 15438 X 15438
% 13256 L 6] Me Fa 13256
; 0.008 4 1 11075 g ‘I‘i CO‘I‘ ﬁ';ﬁ\ 11075

= 4 Cr I \
8 8894 - 4 \ ;}3 ‘I 8894
= = AL Jlzr Ry
4 0.004 Nb 1 o 6713 g, v TRCu' | ) 6713
i o /
© Co 4531 Mo/ 4531
= ALTE
0.000 : : . , . 2350 0 - i ; ; 2350
000 005 010 0415 020 025 0.30 0 50 100 150 200
miT, Atomic weight m (g/mol)
C o d B
10 Liquid density (kg/m?) 10 Liquid density (kg/m3)
- R 19800 _ " " 19800
© . 17619 O 17619
— 84 _ ~AuT — 84 Au i
X - 15438 X 15438
—_ - —
L 4] Fe  .Mn 4 It 13258 L 4  Fe . MR - 13256
[} Ni [s] pp NI =-
£ CoW: o 11075 = Wy, €S 11075
~ 4 cr 4 ~ 4 - Cr 4
= Pd ——1 Ag N 8894 < Al Ry AT - Pd 8894
Uz @& Re-zZr Ru 29~
= Ta @ =i Htcu 6713 = Ta5c, @R yHRE T 6713
g 24 R 1 2 2 PR J
Mo - Mo
L 4531 4531
of 2350 0 : : : 2350
0 100 200 300 400 500 600 700 0.1 1 10 100
Re Pe
4
- @ 1320
9 34 /
X 1
X I 280
‘_5 24 14
£ 1240
£ ]
=
= H’ ’, H {200
= 0
Ni [t AT N [TiNi] Ti [ A TilAl Ti
03 | 06| 03 06| 03|06
NiAl NiTi TiAl

Fig. 6 (a) Mass loss rate plotted against the estimate. (b) Mass loss rate normalised by the
atomic weight plotted against the atomic weight. (c,d) Dependence of mas loss rate on Re
and Pe. The bubble size indicates the liquid-phase density. (e) Mass loss rate of
components (indicated by bars) and Re (indicated by symbols) in in-situ binary alloying.

0.3 and 0.6 mean the laser heat absorptivity tested in this study.

3.4. Vapour mixing dynamics with vortex generation
In order to identify the vapour dynamics, cases of Ti are used with different laser powers. Compared
to the baseline laser spot size of r.=36um (spot diameter of 72um), an additional case of re=70um
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(spot diameter of 144um) is conducted here. Figure 7 shows the results. For the smaller laser spot
diameter (Fig. 7a), a keyhole is formed, similarly as in the cases in Fig. 3. The vapour is generally
ejected normal to the melted surface and in this case in the upper right (-x+z) direction. Here, an iso-
surface of T=2500K in the gas phase is drawn. For the larger laser spot case, the conduction mode
appears without a distinct keyhole (Fig. 7b). The melted surface is rather flat due to the smaller

temperature gradient and the vapour plume ejection direction is mostly upright in the +z direction.
The ejected vapour mixes with the ambient air. The scalar dissipation rate (SDR) y = D|VZ|2
represents the inverse of the mixing time scale z,, ~ »*, where the mixture fraction Z is the vapour

mass fraction here (Z=Y.). Typically, the front and periphery regions of a jet are where the SDR is
large and intense mixing occurs. The colour on the T=2500K iso-surface represents the SDR in the
natural log scale. The jet front and the root regions can be observed as high SDR regions, where
mixing between the metal vapour and the ambient gas occurs. A larger metal powder needs to be
heated longer than a smaller powder due to the difference in the volume-to-surface ratio. Therefore,
small short-duration jets are locally made along the laser scanning direction where the powder size
variation exists, and the vapour ejection is highly unsteady and intermittent. The black ring-like
structure in Fig. 7 indicates the iso-surface of the magnitude of the vorticity @ =V xu. Itis clear that
the ejected vapour creates a gaseous vortical structure at the jet root, which strongly entrains the
ambient air into the vapour gas. For both the keyhole and conduction modes, this motion is basically
the same except the slight difference in the inclination angle of jet ejection. Due to the entrained air,
the melted surface is exposed to the oxygen stream and thus surface oxidation is an important issue in
AM regarding the final product quality. Although the present simulation does not include surface
oxidation reactions, it is an interesting issue to be investigated in the future. The overall vapour
ejection characteristics have been also experimentally observed [10] and are overall the same. The

simulated results here add more information on the detailed vapour vortical structures.

18



Conduction mode (Ti, Diaser=144um)
Fig. 7 Vapour ejection, air entrainment and mixing for Ti. (a) is for the laser spot diameter
of 72um (keyhole mode) and (b) for 144um (conduction mode). The SDR is shown on the
iso-surface of vapour of T=2500K. The black iso-surface represents the vorticity iso-

surface.

4. Conclusions

Using the multi-species multi-phase thermal fluid flow simulation method, very complicated AM
processes have been elucidated including the fluid flow dynamics and mass loss characteristics due to
metal vaporisation. The following key findings have been obtained.

1. Formation of the melt pool, keyhole and flow for each element has been captured by the present
simulation method. The behaviour is determined by the two process parameters of Re and Pe,
where the physical properties of thermal diffusivity and kinematic viscosity play a role. The
dependence of melt pool liquid velocity and key hole size on Pe is not as strong as on Re, but

the melt pool size is dependent on both parameters. When the loss by vaporisation is larger, Re
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is larger. These element-by-clement differences indicate that Re and Pe link between the
composition and process.

2. The mass loss rate for each element is more dependent on Re, with the correlation of mass loss
as ~In(Re). The dependence on Pe is less clear, but the weak trend of increased mass loss rate
as ~In(Pe) is also observed. Therefore, the fluid flow process strongly determines the mass loss
rate.

3. In the in-situ alloying for binary alloys, after the melting of each pure-element powder, metal
liquid mixing is enhanced due to the circular flow motion in the melt pool and the composition
of elements varies locally. Similarly, as in the pure element cases, the melt pool size and the
magnitude of the flow motion are determined by the physical properties of thermal diffusivity
and kinematic viscosity, and thus by the chemistry-process parameters of Re and Pe. The trend
of vaporisation loss of each component can be predicted by thermal-chemical-fluid flow
simulation, and it is suggested that the mass loss can be again depicted by the dynamic process
characterised more strongly by Re. Therefore, the fluid dynamic effect, as well as the properties
of each element, is a significant factor that determines the mass loss characteristics.

4. The vapour ejection dynamics is tracked in the gas phase. The ejection direction is determined
by the dynamic shape of the melt pool and the keyhole. Due to the ejected vapour jet,
entrainment of the surrounding gas is induced with strong mixing with the vapour. Such a gas
motion may affect surface oxidation, and further investigation is needed in the next step.

5. Above all, high-fidelity simulation can be a powerful tool to predict complicated thermal-
solutal-fluid flow in AM and the present study highlights the significance of digital materials

design, which will advance an understanding for further applications of AM in industries.

Appendix
A. Physical properties of each element

The physical properties such as solid/liquid densities, melting temperature, boiling temperature,
heat capacity, latent heat, thermal conductivity, surface tension, viscosity and diffusion coefficients

are retrieved from databases and experimental works in the literature [53-68].
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For the heat capacity, open source databases [53,54] are utilised to construct the temperature
dependent table for heat capacity as shown in Fig. A.1. In the code, the data are included as curve-fit
polynomials. In the liquid phase, the temperature dependence is very small. In the vapour phase, the
temperature dependence is neglected for simplicity. Data are not completely available, especially in
the high temperature region, for Ru, Pd, Ag, Re, Pt and Au. The high temperature values are
extrapolated from a lower value.

Figure A.1 also shows the thermal conductivity. It is more difficult to obtain the thermal
conductivity data in a wide range of temperature, compared to the heat capacity [53,54]. Therefore,
values for the low temperature region and for the molten metal are used to interpolate the values in the
middle. Cu, Al, Ag and Au have much larger thermal conductivity than other elements. In the code,
the data are included as curve-fit polynomials.

For the atomic weight, solid density, liquid density, melting temperature, boiling temperature,

latent heat of melting and latent heat of boiling, constant values are used as shown in Table A.1.
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Fig. A.1 Heat capacity (J/mol/K) and (b) thermal conductivity (W/m/K).

Surface tension data are available from levitation experiments [55-67]. The general formula for the
surface tension coefficient of a molten metal is

o(T) = 0y + 52 (T = Tynere) (10)
where Trer is the melting temperature. Table A.2 gives the values for each element.

The viscosity data are available from the open database [54] and the experiments [55-67]. Table
A.3 summarises the formulations. These fitted formulations are for the range near the melting point.
In the higher temperature liquid beyond the range, the viscosity value at the high-limit temperature of
the recommended range is extrapolated.

The binary diffusion coefficients in liquid metals are very difficult to estimate, and a typical value of

D=1.0x10® m?s is used [68].
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Table A.1 Physical properties of elements.

Atomic | Solid Liquid Melting Boiling Ahmert Ahpoil
Element | weight density | density temperature | temperature | (kJ/mol) | (kJ/mol)
(g/mol) | (kg/m®) | (kg/m®) | (K) (K)
Ti 47.87 4506 4110 1941 3560 14.2 425
\ 50.94 6000 5500 2183 3680 21.5 459
Cr 52.00 7190 6300 2180 2944 21.0 340
Mn 54.94 7210 5950 1519 2334 12.9 221
Fe 55.85 7874 6980 1811 3134 13.8 340
Co 58.93 8900 7750 1768 3200 16.1 377
Ni 58.69 8908 7810 1728 3186 17.5 378
Zr 91.22 6520 5800 2128 4682 14.0 573
Nb 92.91 8570 7830 2741 5015 30.0 690
Mo 95.96 10280 9330 2896 4912 37.5 598
Ru 101.07 12450 10650 2607 4423 38.6 592
Hf 178.49 13310 12000 2506 4876 27.2 571
Ta 180.95 16654 | 15000 3258 5783 36.6 733
W 183.84 19250 | 17600 3695 5828 35.3 807
Re 186.21 21020 18900 3459 5869 60.4 704
Al 26.98 2700 2375 934 2792 10.7 294
Cu 63.55 8940 8020 1358 2835 13.3 300
Pd 106.42 12023 | 10380 1828 3236 16.7 362
Ag 107.87 10490 9320 1235 2435 11.3 251
Pt 195.08 21450 19770 2041 4098 22.2 469
Au 196.97 19320 17310 1337 3129 12.6 324

Table A.2 Values for surface tension.

(o do

Element | (mN/m) dT
(mN/m/K)

Ti 1557 -0.156
V 1935 -0.27
Cr 1642 -0.20
Mn 1152 -0.35
Fe 1862 -0.39
Co 1881 -0.34
Ni 1796 -0.35
Zr 1512 -0.37
Nb 1937 -0.199
Mo 2290 -0.26
Ru 2258 -0.24
Hf 1620 -0.1
Ta 2150 -0.21
wW 2480 -0.31
Re 2710 -0.23
Al 871 -0.155
Cu 1330 -0.23
Pd 1482 -0.279
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Ag 925 -0.21
Pt 1746 -0.307
AU 1145 -0.20

Table A.3 Formula for viscosity (R=8.314 J/mol/K)

Element | x (mPa-s)

Ti w(T) =442 — 6.67 X 1073(T — Tpporr)
Vv u(T) = 1.23exp(2.27 x 10*/RT)
Cr u(T) = 1.7 x 10~*exp(185 x 103 /RT)
Mn u(T) = 0.12exp(20 x 10%/RT)

Fe u(T) = 0.2388exp(47.44 x 103 /RT)
Co u(T) = 0.2042exp(48.13 x 103 /RT)
Ni u(T) = 0.3155exp(38.85 x 103 /RT)
zr u(T) = 4.83 —5.31 X 1073(T — Tpor)
Nb u(T) = 450 — 5.62 X 1073(T — Tpor)
Mo u(T) = 0.27exp(73 x 103 /RT)

Ru u(T) = 20.53 —5.52 x 1073T

Hf u(T) = 178.36 — 5.24 x 1073T

Ta u(T) = 0.0035exp(213.3 x 103/RT)
W u(T) = 0.11exp(12.8 x 10*/RT)
Re u(T) = 0.08exp(1.33 x 10°/RT)
Al u(T) = 0.2565exp(13.08 x 103 /RT)
Cu u(T) = 0.5287exp(23.85 x 103 /RT)
Pd w(T) = 4.22

Ag u(T) = 0.453exp(22.2 x 103 /RT)
Pt u(T) =20.0—7.36x1073T

Au u(T) = 1.099exp(17.62 x 103 /RT)

B. Influence of energy reflection during laser selective melting: Ray tracing

Although the heat model of Xu et al. [43] has been known to well predict the heat distribution in
AM, the laser heat is, in principle, carried by the laser light and heating initiates from the exposed
surface. Here, the ray tracing technique [7,69,70] is tested to compare with the heat model. The laser
parameters are set the same as those of Fig. 3. Multiple reflections are considered and the energy is
deposited at the surface at each reflection with the absorption coefficient of 0.6.

Figure B.1 shows the temperature distribution for Ni at t=53 and 55us. The laser rays undergo
multiple reflections inside the keyhole. Compared with the heat model [43] where the heat is
averagely distributed, local surface inclination determines the temperature rise and the direction of
reflected rays. Therefore, local variance tends to induce additionally small and faster fluctuations in

keyhole shape, as seen in the figure. But overall, surface melting and keyhole/melt pool formation are
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similarly reproduced and the present method with Xu et al.’s heat model [43] is well effective and
efficient in AM simulation.

Trapp et al. [51] and Khairallah et al. [7] investigated the melt flow dynamics and reported the
effect of the variation in the surface heat absorptivity in accordance with the laser scanning speed and

power. Such an issue is one of the future topics to be investigated.

a

Fig. B.1 Temperature distribution for Ni at (a) r=53us and (b) /=55us. The brown loci

indicate the photon paths on this plane.
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