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ARTICLE INFO ABSTRACT
Keywords: Dendritic growth is a common phenomenon during the solidification of alloys, and it has a significant impact
Alloy solidification on the final microstructure and mechanical properties of the material. This research study investigates the

Laser beam welding

solidification behaviour of quaternary X5CrNil18-10 alloys at thermochemical conditions similar to the laser
Quaternary X5CrNi18-10 alloy

beam welding (LBW) process. The aim of this investigation is to gain a comprehensive understanding of

Eg;;ii]l)dt;ﬁf:gons microstructure evolution at the microscale and their correlation with the macroscopic welding process condi-
Weld quality tions. To achieve this, a combined approach using the CALculation of PHAse Diagrams (CALPHAD) database

and phase-field simulations is employed. Based on the CALPHAD-derived Gibbs energy functions, phase-field
simulations are performed to simulate the solidification with dendritic/cellular morphology. The study focuses
on solidification microstructure evolution influenced by process conditions such as thermal gradient and LBW
velocity at steady-state conditions. By analysing the solidification microstructure morphology in 2D, valuable
insights into the solidification kinetics and the influence of local thermal conditions on dendritic growth are
obtained. Furthermore, the micro-segregation behaviour of key alloying elements during solidification in the
mushy zone is explored. This study will help to enhance the understanding of dendritic solidification in this
welding process, facilitating the optimisation of process parameters for improved mechanical properties.

Dendritic microstructure
Thermochemical modelling

1. Introduction

Dendrite growth can be influenced by various factors, including
alloy composition, cooling rate and solidification conditions [1,2]. Dur-
ing dendritic solidification, the inhomogeneous distribution of alloying
elements can have a significant effect on the microstructure and the me-
chanical properties of the resulting material [3]. In the case of dendritic
solidification, microsegregation can be particularly pronounced, due to
the complex growth patterns of the dendrites [4]. The solute atoms
can be trapped in the dendrite arms, swept by the solidifying interface,
resulting in a concentration gradient of solutes in the microstructure.
A particular manifestation of the detrimental influence of a highly
segregated microstructure can be observed, for example, during the
solidification of the weld pool after laser beam welding (LBW) of
X5CrNil8-10 alloy [5]. The concentration gradient of the solute leads
to a chemically inhomogeneous microstructure at the final stage of

solidification. This chemical inhomogeneity can cause the formation
of low-melting point phases in interdendritic areas or local changes
in solidification temperature ranges, potentially causing residual liquid
films to persist at grain boundaries. In-homogeneous solidification can
lead to differential thermal contraction, generating residual stresses
that may contribute to crack initiation and propagation [6]. Segrega-
tion of certain elements (e.g., carbon and nickel) to grain boundaries
can significantly reduce ductility, making the material more susceptible
to cracking under solidification stresses [7]. The multi-directional den-
drite arms form a network of morphologically complex solids in which
various points act as stress concentrators [8-10]. Even before the solid-
state phase transformation to y — Fe takes place, these points can no
longer withstand the stresses due to further cooling and are subjected
to considerable mechanical stresses, resulting in microcracks [11-13].
These microcracks can lead to hot longitudinal cracks along the centre
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line of weld seam [14]. Although the solidification cracking problem
has been studied by many researchers yet there exists a need of finding
correct and well-understood relationship of LBW process parameters
with local dendritic morphology and microsegregation behaviour.

The phase-field method is a useful computational tool for simulat-
ing the solidification of alloys. In the phase-field method, interfaces
are not explicitly tracked. Instead, they are represented as gradual
transitions over a finite region, typically through a smooth function.
This continuous representation enables a more natural and efficient
handling of complex interface geometries and topological changes,
using a diffuse interface. The combination of CALPHAD-based ther-
modynamic modelling and phase-field simulations enable investigating
solidification phenomena in complex alloy systems. Experimental stud-
ies such as [15-18] have made important observations which have
contributed to the understanding of the basic mechanisms of dendritic
solidification. Additionally, the phase-field method first developed for
dendritic solidification and used by Kobayashi et al. [19] revealed
the computational possibility of modelling such a complex system
of patterns. Warren et al. [20] developed a computational model of
isothermal dendritic solidification for a binary alloy and presented
a redistribution pattern of solutes with secondary and tertiary side
arms. They presented the results of a phase-field simulation with a
limited resolution of a simpler system, due to the scarce computational
resources available at that time. Later, numerous studies on the solidi-
fication behaviour of alloys were carried out with the aid of phase-field
simulations [19,21-24]. It was found that microsegregation is strongly
influenced by the interfacial energy anisotropy, undercooling at the
solid-liquid interface and the solute segregation coefficient. These local
chemical inhomogeneities lead to fluctuations in mechanical strength
and sometimes to solidification cracks, usually along the centre line of
the weld. The relationship between the processing parameters during
LBW and the microstructure of stainless steel is complex and a thorough
understanding of these interactions is still required to optimise the
microstructure and properties of these materials. Investigations are
required to characterise the influence of various factors on dendrite
growth in stainless steels and to develop strategies to control the
dendrite morphology. Therefore, there is an urgent need to understand
the problem in thermochemical environments with high temperature
gradients and welding speeds in industrially relevant, time-efficient
processes such as LBW.

A quantitative determination of the temperature-dependent Gibbs
free energy in a multiphase multi-component (Fe—-C-Cr-Ni) alloy sys-
tem is crucial to get quantitative accuracy from phase-field simulations.
The driving force is dictated by these functions for phase composition,
solute rejection, and chemical driving forces for solidification. Although
the CALPHAD methodology has emerged as a robust tool for thermo-
dynamic coupling with phase-field simulations, but the computational
expense of directly coupling with a CALPHAD database [25] is high
due to the complex formulation of Gibbs energy functions given by the
general expression as:

AG,,, = AGHS 4 AGTh 4 AGEXSS, )
where AG,,, is the molar Gibbs energy of the alloy system. It is calcu-
lated by adding Gibbs energy contribution due to mechanical mixing
of species i.e., AG%I"’ and the excess energy i.e., AG:**** to the Gibbs
energy of alloy as per ideal solution model i.e., 4G, The complexity
increases drastically when the number of alloy elements in the system
is increased. To reduce this complexity, an efficient and easy-to-use
parabolic fitting method was recently reported by Dargahi et al. [26]
to fit the Gibbs energy functions near the thermodynamical point of
interest i.e., in a particular temperature and composition range. The
number of Central Processing Unit (CPU) cycles required to calculate
a single point in the simulation domain with full function coupling of
the CALPHAD database is almost ten times higher compared to locally
approximated Gibbs energy functions for a quaternary alloy [26]. The
reason for this computational efficiency is that the calculation of the
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regular and subregular solution models with several expressions is
replaced by a comparatively simple parabolic function. To leverage
the grand-potential-based phase-field model introduced by Choudhury
et al. [27] and Plapp [28] for simplified interface equilibrium con-
ditions, these parabolic Gibbs energy functions are easily invertible
and provide sufficient differentiability. The parabolic fitting method
with reduced calculation times has already been described in various
calculation studies for binary and ternary alloy systems [29-32]. There
is still a gap to extend this technique for a quaternary system and to ad-
dress the corresponding challenges and their potential solutions. In this
study, the methodology for fitting Gibbs energy functions for a quater-
nary alloy system is developed and applied on Fe-C-Cr-Ni alloy system
with high accuracy. Phase-field simulations for multi-component alloy
with multi-phase system are performed for conditions relevant to the
LBW process to see the microstructure evolution under various local
thermal conditions. The dendritic/cellular morphologies with respec-
tive quantitative segregation of alloy elements is investigated and its
correlation with the local heterogeneity is highlighted.

The phase-field method with Gibbs energy functions based on CAL-
PHAD database is used according to the method described in Section 2.
This section also describes the details of the governing equations of
the multiphase and multi-component phase-field model based on the
grand-potential. In Section 4, the results of the simulation study on
the morphology and microsegregation behaviour during solidification
of the quaternary alloy X5CrNil8-10, at different cooling rates are
described. Discussion of the results in context of the scientific state of
the art is presented in Section 5, followed by the conclusions of this
simulation study summarised in Section 6.

2. Material and methods

For modelling the solidification behaviour, the scope of this work
is focused on the two-phase region in terms of temperature range,
i.e., 1730K<T<1749K. An isotherm in Fig. 1 (A) calculated using
Thermo-calc [33] shows the two phase region of interest with a little
intersection sign where tie lines from Cr (20.28 at %) and Ni (9.07 at %)
meet. During solidification, this material undergoes a monotectic phase
transformation and forms a solid phase, referred to as § —Fe, with liquid
phase which has different concentrations from the original liquid and
is referred to as Lig in the pseudo-binary phase diagram in Fig. 1 (B).
The extreme solidification conditions that normally prevail during LBW
often lead to high cooling rates and thus to higher solidification driving
forces. The interface of the solidifying material becomes unstable due to
local thermochemical conditions, and a columnar dendritic structure is
usually observed. This complicated microstructure is studied by taking
into account the local thermal conditions with phase-field simulations
based on the following mathematical model.

2.1. Mathematical model

The grand-potential-based multiphase multi-component phase-field
model used in this study is derived from the grand potential of the sys-
tem Q (T, u,¢) depending on the temperature 7', the chemical potential
u, and the phase-field variable ¢ [28,35], reading as:

o ud) = [ [# Tt + (V0 + Lo@)]sc @
Q €
N
V(T pu.9)= Y ¥, (T, 0) h@,), 3)
a=1 .
W, (T, 1) = Gy (¢u(T. 1), T) = Y iy - (T, ). )
i=1

The grand-potential of the system over the domain Q2 represents the
total driving force in the bulk, which is written using the interpolation
function h(¢,) defined as:

hdy) = ¢23 = 2,). 5)
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Fig. 1. Thermodynamic equilibrium phase diagrams of a quaternary (Fe-C-Cr-Ni) alloy from CALPHAD database [34], (A) a pseudo-ternary phase diagram at 1738 K where the
point of interest is shown with the cross-section of tie lines and (B) a pseudo-binary phase diagram showing a dashed line corresponding to the concentration of chromium in the

alloy.

The parameter ¢ is related to the numerical interface thickness while
the interface contribution to the functional is given by the terms
a(¢,V¢) and w(¢) as gradient energy density and potential energy
density, respectively. Here G,, ¢, and c represent for any phase «
the Gibbs energy function, molar concentration vector and individual
concentrations of any component (i = Fe, C, Ni, Cr) respectively.

The Allen—-Cahn type evolution equation for the phase « i.e., ¢,
is derived from the grand-potential functional as shown in Eq. (6).
The evolution equation for the chemical potential vector u consists of
a parameter y; for each component (i = Fe, C, Ni, Cr) and is given
in Eq. (7). ¥, is the grand-potential of the phase a. For details on
the derivation and the associated discussion, the reader is referred
to [28,35].

0, (aa (¢, V)
T€E— = —¢€ —
ot o,

0a@.V®)\ _100@) oy @b.uT)
oV, € 0, 0,

:=rhs,
1 N
N z (rhs,,) s
p=1
:=LagrangeMultiplier

(6)
9 N se. T.w\] "
u co (T, p
23w ()]
N
< Vo (M) Vi = Jy (T ) = Y e (To)
a=1
A dc, (T, p) aT>
S (e or )
; oT ot

In Eq. (7) the term J,, (T, u, ) represents the anti-trapping current
which is introduced to account for the solute trapping defect of thin-
interface. In thermochemical simulations, the temperature variation is
governed by an evolution equation taken from the frozen temperature
approximation as

oh, (@)
ot

7

oT _ 0

i (Ty+ G (x-V5t)) =GV, ®)

where T, = T, — AT and T,, AT, G and V; are the solidification
temperature, the thermal undercooling, the thermal gradient and the
thermal gradient velocity. The gradient energy density a (¢, V) with
cubic anisotropy (a, (g,)) is taken as

N.N
a@ V@)=Y Tup(a(4)” 1asl. ©)
P )
ey <3 —4"1‘“'4), a0
gqpl*

where q,; = ¢, Vé;—d; Ve, as normal vector and g, = q,,/1q,4| as unit
vector normal to the interface. The symbols y,; and §,, represent inter-
facial energy parameter and the interfacial energy anisotropy strength
between the phases « and f respectively. At the interface, a double
obstacle potential energy density is used, which is defined as

N.N

16 .

Y Yapbaty ifO<P<1
=1
l(xa<ﬂ)

o else.

(@) = 1D

The individual concentrations ¢; are calculated by inverting the corre-
sponding y; according to Eq. (12) and related to the relative mobilities
according to Eq. (13).

N

¢ =D cf W) h, (@), (12)
a=1
K-1
&—sz“ (P)V (13)
an A ij8a (P) Y H)»
oc*(u, T
me = pe 2T 14
i oy,

Here, i,j = 1,2,3,...,K denotes any component in the system for a
total number of K components. M i and Dy, given in Eq. (14) represent
a second-order tensor for the interfacial mobilities and diffusivities
between phase pairs respectively. Here mobilities are interpolated be-
tween different phases in the system using an interpolation function
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Fig. 2. Flow of activities in the process of fitting Gibbs energy functions for a quaternary alloy from the complex Gibbs energy formulation in CALPHAD database.

i.e. g, (¢), which is a different function from h(¢,). Off-diagonal mobili-
tiesie., M, Vi # j are ignored during the simulation study to minimise
the computational complexity of this quaternary system. Therefore,
D:.’/.,Vi = j values (i.e., on the diagonal) are used at the input of
simulations.

2.2. Gibbs energy fitting for quaternary alloy

The pre-processing step for quantitative phase-field simulations in-
volves getting parabolic Gibbs energy functions from the complex Gibbs
energy formulation of the CALPHAD database. For this purpose, the
parabolic fitting technique has been extended to a quaternary system,
and the process is explained step-wise in the flowchart in Fig. 2. The
CALPHAD database by Liu et al. [34] for four components i.e., Fe-C—
Cr-Ni is used. The alloy composition of carbon, chromium, nickel, and
iron are taken to be 0.092, 20.281, 7.586, and 72.040 at % respectively.

In the first step the equilibrium concentrations of each phase in
the two-phase region i.e., (1730 K<T<1749K) shown in Fig. 1 (B) are
calculated using any CALPHAD data reader software (for this study
Thermo-Calc [33] is used). In the next step, these concentrations are
used to find the local equilibrium concentrations for each element in
the vicinity of global equilibrium in each phase. For this purpose, some
suitable concentration steps (generally 100-1000) are considered in
each direction for each element. In doing so it has to be ensured that
the data points are enough to describe the behaviour of concentration-
dependent Gibbs energy as well as one has to stay in the vicinity
of the equilibrium point for that phase. For elements that are in
low concentration in the alloy such as carbon this process can be
challenging because the concentration steps cannot be chosen below
zero. For this purpose, smaller step size relative to the previously found
equilibrium concentrations are chosen for each phase. The step size
and number of steps need to be chosen small enough to avoid negative
concentrations and large enough to represent the parabolic behaviour
near the equilibrium point.

The next step is the isothermal Gibbs energy fitting from the indi-
vidual concentrations saved in the last step. This will give Gibbs energy

functions in the form G,(c;) as shown:
K K
Gule)= Y Agi-c+ Y Byy-c;+C,, a=5=Fe, Liq,i=C,Cr,Ni,Fe,
i=1 i=1
(15)

where A, ;, B,; and C, represent the coefficients of the fitted parabolic
function in an isothermal setting. When fitting an isothermal function,
ensure that the predicted Gibbs energy values at a single temperature
should correspond to the local equilibrium suggested by the CALPHAD
database with an acceptable error. The analysis of the relative error
in this process was performed for several isothermal functions. The
maximum deviation from the CALPHAD values for both the § — Fe
phase and the Lig phase is only 0.05% and 0.013% respectively.
With this negligible error, the next step for thermosolutal fitting of
isothermal functions in the desired temperature range is performed.
By linear or quadratic interpolation among various isothermal cases,
a thermally continuous representation of the Gibbs energy behaviour
throughout the intended temperature range is obtained. In this process,
the coefficients of the polynomial for the isothermal functions are made
temperature-dependent to get parabolic thermosolutal Gibbs energy
functions. The generalised form of these functions for any number of
phases and components (represented by the generic symbols « and i
respectively) in any alloy system is given as

K K
Gy(c, T) =Y A (T)c2+Y B (T)-¢;+Cy(T), a=5—Fe,Liq.,i=C,Cr,Ni,Fe,

i=1 i=1

(1e)

where A, ;(T), B, ;(T) and C,(T) represent the coefficients of the fitted
thermosolutal function. K, ¢;, and T stand for the total number of
components, their concentrations, and the temperature respectively.
The aim is to get the phase diagram from these fitted functions and
compare it with the phase diagram from CALPHAD, as shown in Fig. 3
(A-D). There are several challenges associated with this task to capture
the complex thermodynamic interaction of all the four components



M. Umar et al.

Computational Materials Science 249 (2025) 113627

*  §5-Fe phase: CALPHAD database

o-Fe phase: quadratic temperature Fitting

6-Fe phase: linear temperature Fiting

*  Liquid phase: CALPHAD database
Liquid phase: quadratic temperature Fit

Liquid phase: linear temperature Fit

A B
¥ 1745 | 1745
g
=
S 1740 | 1740
2
e
£ 1735 1735 1

00 01 02 03 04 200 202 204 206
C Concentration, (at.%) Cr Concentration, (at.%)

C .
= Liq D Liq
4 1745 1745 1
3
5 1740 1 6-Fe + qu 1740 - S-Fe + Liq
g
£ é-Fe
&2 17351 1735 1

II
6 7 8 9 70 7 7 73

Ni Concentration, (at.%)

Fe Concentration, (at.%)

Fig. 3. Comparative pseudo-binary phase diagrams for carbon, chromium, nickel and iron from A to D respectively, showing a comparison of the fitted thermosolutal functions
with the CALPHAD database. All the plots show linear and quadratic temperature fitting results for liquidus and solidus. The quadratic fit is adopted in this study due to its low

deviation from the CALPHAD database.

along with other state variables.

+ As per Gibbs phase rule, the degrees of freedom (F) for a qua-
ternary alloy is four i.e., composition variables, which interplay
to define the equilibrium between 6 — Fe and Lig at any point
in 4D space. The solution is to ensure that the error involved is
negligible at each isothermal fitting step and cannot potentially
become substantial during further processing for thermosolutal
fitting.

The second challenge is the lack of possibility to graphical rep-
resent the system in 4D to visualise and verify the chemical
potential equality at the equilibrium points even at discrete tem-
perature values. The solution is the mathematical representation
of the equality of chemical potentials at equilibrium by extending
the criteria as shown in Eq. (17).

The third challenge is the limited temperature range in which the
thermosolutal functions are fitted but in LBW process the 2-phases
window can persist longer compared with the predictions by the
equilibrium CALPHAD database. For this reason a prediction of
thermodynamic behaviour of metastable phases at lower temper-
ature is required. The fitted thermosolutal Gibbs energy functions
are capable to predict the approximated extrapolated behaviour
at lower temperatures well with reasonable accuracy.

Firstly, the generated thermosolutal functions are compared with
CALPHAD database and if there is still considerable difference and the
fitted functions do not satisfy standard CALPHAD data, then the modifi-
cation loop is applied. It is initially described by [26] for simpler binary
and ternary systems. For quaternary alloy systems the modification

loop is extended in the present work given as

G | eq eq eq = Gy | eq eq .eq
Liglcy g, Crrig-Nig, OFelCy g Crs peNis ke

C eq eq
¥ Horelegtyertonisty X Comre = Clg an
Cr eq eq
s relegt et wigt X (Crstpe = €Ty
Ni .eq .eq

+ Hs pelcet, ot it X (NigZg = Nip),
where, G;;, and G;_g, represents the Gibbs energy of phase Lig and
& — Fe at their chemical equilibrium states. The ' ., S, and uN'.
represents the chemical potential of carbon, chromium and nickel in
phase 6 — Fe at equilibrium concentrations respectively. This equation
takes three elements into account due to the condition that the sum
of all concentrations in mole fractions is equal to 1 at any time in the
whole domain, i.e. Z,K ¢; = 1. This modification loop defines only two
basic conditions for satisfaction of thermodynamic equilibrium between

6 — Fe and Lig by ensuring following two conditions:

» The chemical potential of each component is equal across the
coexisting phases. This condition is analogous to the common tan-
gent in binary and ternary systems but involves more dimensions.

« In a quaternary system, the concept extends to a common tangent
plane that touches the Gibbs energy surfaces of the phases in equi-
librium. This plane represents the condition where the chemical
potentials of all components are equal across the phases.

In this loop, the first condition of equal chemical potentials is satisfied
using the second condition namely the common tangent construction
to the Gibbs energy surfaces to ensure equilibrium conditions for all
components involved at the intended temperature. For phases § — Fe
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with maximum error less than 1%.

and Liq in a quaternary Fe-C-Cr-Ni system, the common tangent
plane touches the Gibbs energy surfaces of these phases at specific
compositions, indicating equilibrium. This means that the chemical
potentials of Fe, C, Cr, and Ni are equal in both phases at equilibrium
compositions. In this case, Eq. (17) can only the satisfied when the
product of chemical potential of any component i in § — Fe phase and
difference of equilibrium concentrations of i in both phases correspond
to the exact difference of Gibbs energy needed to reach the tangent
point in Lig phase in 4D space. With this strict criterion satisfied the
approximated phase diagrams are constructed and compared in Fig. 3.
It can be seen that the linear fits shown with the dashed lines do not
represent well the solidus and liquidus lines, however, the quadratic fits
shown with solid lines matche quite well with the CALPHAD database
with accuracy more than 99% in 6 — Fe and Ligq phases. The parabolic
Gibbs energy functions with quadratic temperature fitting are shown
for 6 — Fe and Lig phases in Eq. (18) and Eq. (19) respectively. It
should be noted that each function is described with three concen-
tration variables instead of four. This is due to the constraint that
the sum of all mole fractions must equal one. Consequently, the Fe
concentration is replaced with (1 — C — Cr — Ni) in both functions.
This modification in the representation of the functions helps to further
reduce the computational load during each iteration of the solver loop.

G;s_(C,Cr,Ni,T) =
(=0.996T2 + 4894.093T — 3022599.155) - C?
+ (=2.505T7 + 8657.716T — 7446357.017) - Cr?
+ (55.937T2 — 193338.598T + 167156073.417) - Ni* + (0.548T?
— 1877.632T + 1618543.659)
(1 =C = Cr— Ni)* +(32.132T% — 112565.771T + 98564757.836) - C
+(2.205T?% — 7622.726T
+ 6587850.813) - Cr + (—=5.739T2 + 19817.129T — 17137117.347) - Ni
+ (=0.532T2% + 1737.52T — 1526027.948),

18

G1ig(C.Cr,Ni,T) =
(—12.430T2 + 44343.101T — 37198412.859) - C?
+(=3.709T7 + 12864.117T — 11116189.006) - Cr?

+ (46.481T% — 160714.381T + 138992355.291) - Ni*
+(0.539T2 — 1872.659T + 1634806.634)

-(1=C —Cr—Ni)? +(0.0002T? — 17.754T + 7699.232) - C
+(2.032T? — 7053.938T + 6120627.595) - Cr

+ (=6.064T2 + 20910.287T — 18056713.142) - Ni
+(—0.363T2 + 1167.7T — 1044886.325).

19)

The Gibbs energy values predicted with the fitted functions and from
the CALPHAD database for §—Fe and Liq phases are compared in Fig. 4
(A) and (B) respectively. The accuracy in the whole temperature range
is more than 99% for both phases which makes the functions suitable
as a computationally optimised thermodynamic framework to be used
in phase-field simulations. According to Eq. (3), the magnitude and
direction of the driving force for the entire system can therefore be
determined as a grand-potential from the Gibbs energies and their
respective derivatives for each phase.

3. Parametric and computational aspects

Before running the phase-field simulations of solidification, the
physical values are non-dimensionalised to reduce the finite precision
error in the results. The process of non-dimensionalisation involves
the systematic elimination of units from the governing equations by
introducing appropriate scaling factors. First, the characteristic length
and time scales of the system are identified. For instance, the thickness
of the solidification front, the diffusive time scale, and the solidification
temperature could serve as these characteristic scales, mentioned with
Iy, ty and T, in Table 1. Subsequently, physical parameters such as
diffusivities, interfacial energies, temperature gradients, and velocities
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Table 1

Suitable non-dimensionalisation scales chosen as the basis for the non-

dimensionalisation of the physical parameters.
Non-dimensionalisation scales
Scale Value Units
Length (/y) 1x1078 m
Time (1) 1x1078 s
Solidification temperature (7;,) 1749 K
Diffusivity (D) 1x1078 m?/s
Energy density (E,) 1x 10" J/m?
Surface energy (7,) Eyx 1, I/m?
Velocity (v,) 1 m/s
Molar volume (V,,) 1x1073 m?/mol

Table 2

Non-dimensionalised physical parameters used for various simulations.

Non-dimensionalised simulation parameters

Parameter

Numerical value

Physical value

Ax, Ay

Nx, Ny

At

Interface thickness parameter (e)
Initial temperature (7;)

Thermal gradient (G)

Thermal gradient velocity (V;;)
Surface energy (rs,.)

Relaxation coefficient (zg,,)
Solid diffusion coefficient (D;_g,)
Liquid diffusion coefficient (Dy;,)
Concentration noise amplitude, (&)
Cubic anisotropy strength, (¢,,)

1x1, 1x10%m

2000 x Ax, 2000 X Ay~ 20 pm Xx20 pm

X1, 1x107%s

4% Ax 4%x10%m

0.993529 x T, 1738K

1.8x 1077-1.4 x 10~° 16 K/mm-134 K /mm
0.005 - 0.033 0.005m/s-0.033m/s
0.0025 0.251/m? [36]

0.25 4x108Js/m*
0.0001 1x 1072 m? /s

0.1 1x 107 m?/s
0.00005 -

0.06 -

are expressed in the form of these basic scales, which are referred to
as non-dimensionalisation scales in Table 1. The physical values used
as inputs in various simulations for domain space as well as thermal
and kinetic conditions are then derived using the basic scales already
described in Table 2. The diffusivities of all components in solids and
liquids are considered as 10~'2 m?/s and 10~° m?/s respectively as
reported in the literature [37].

2D simulations are performed with relative spatial and temporal
resolutions, as specified in Table 1. The simulations were carried
out with a phase-field solver called PACE3D [38], which has already
been used to simulate various phase transformation processes [30,39—
44]. All 2D simulations are carried out on the hardware resource
’bwUniCluster 2.0’, with 2 x 40 CPU cores with Multiple Processing
Interface (MPI). Approximately 24 hours were taken by each simulation
to run up to the steady state growth conditions.

The moving window technique is applied in all simulations to
reduce computational effort. The moving window technique in the
solidification process is a computational strategy designed to reduce
the computational expense of simulating large domains by focusing
computational resources on a smaller and dynamically changing region
of interest. The technique ensures that the critical details of the solidifi-
cation process, such as dendritic growth and microstructure evolution,
are captured accurately within the moving window. The boundary
conditions of the window are updated dynamically to reflect the con-
ditions in the larger domain [31,45,46]. In doing so at least a distance
of 5 x diffusion length is ensured in front of the solidifying phase
in the growth direction, to provide enough liquid to avoid boundary
effects. The moving window technique is particularly advantageous
for thermochemically coupled simulations, where the efficiency of the
calculations is even more important.

4. Results
4.1. Validation of simulation results

To perform a 2D simulation study of the dendritic solidification
behaviour of quaternary alloy, the growth parameters need validation.

Firstly, it is ensured that the speed of the dendrite tip V;, and the
input velocity V,; are the same under steady state growth conditions,
as shown in Fig. 5 (A). Similarly in Fig. 5 (B) steady state values of
dendrite tip radius R;;, are observed stable after about 75 ms. All simu-
lation results in Section 4 are recorded after at least 75 ms to establish
steady state values in results. In addition, the steady state values of the
dendrite tip radius R,;, show an inverse behaviour with V;;, in such a
way that its value decreases successively with increasing V;;,. This be-
haviour, shown in Fig. 5 (B) corresponds to the fundamental behaviour
of dendrites observed experimentally [4,23]. Secondly, according to the
classical Ivantsov solution [47] and later developed theory by Trivedi
et al. [48], two basic conditions for a dendritic growth problem should
be satisfied, i.e. V;;,R,;, and V;;,R? should be constant with respect to
each dendrite property. In Fig. 5 (C) and (D) these behaviours against
the ¥, are displayed. The coefficient of determination (R?) is above

tip
0.98 for both V,;,R,;, and V,,.pth[.p, which represents good agreement

ti
with the theoretié)al models of dendritic growth theory [48]. The minor
variations of V;,R,;, from the mean value in Fig. 5 (C) should be
attributed to the local variation of thermal and chemical driving forces
which increases with increasing solidification front velocity [49]. With
the validated parameters, 2D simulations are performed to investi-
gate different domains in the mushy zone adjacent to the weld pool
boundary or liquidus to show the different solidification morphology
depending on the local thermal conditions. Two important factors play
a role in defining the local thermal conditions. Firstly, the further away
from the centre line of the weld pool, the higher the value of the G
measured normal to the weld pool boundary as shown in Fig. 6. This is
obvious because the same heat is dissipated in relatively fewer spatial
units near the fusion line, which is also justified by the shape of the
mushy zone, which is thin near the fusion line, compared to the centre
line shown in Fig. 6. The growing solid is always directed perpendicular
to the weld pool boundary; therefore, the dendrite tip velocity V;;, is
always equal to a projection of the laser beam velocity (V; ) as V; =
Viip = Vi g-cos(a) [50],schematically presented in Fig. 6. It is important
to note here that the solidification front velocity is considered equal to
the V;; in all simulations because all the results are presented at steady
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Fig. 6. Local thermal conditions along the weld pool boundary, V,;, is always at an
angle a with the laser beam velocity V; , i.e., maximum at the centreline of weld and
minimum along the fusion line. Conversely G is minimum at the centreline of weld
pool and maximum at the fusion line. In between these extremes growth direction is
always perpendicular to the weld pool boundary.

state conditions. The angle « increases from 0 to 90 degrees moving
from centre line to the fusion line and changes the value of V;;, from
maximum to minimum, G from minimum to maximum and the cooling

rate is calculated as a product of V;;, and G.

Four domains are schematically defined at the weld pool boundary
on one side of the centre line as A, B, C and D, with decreasing values of
Viip @s 33,20, 10, and 5 mm/s respectively. Three values of increasing G
are considered along these domains from A-D as 16, 67 and 134 K/mm
respectively. The domain size is selected 20 x 20 pm? i.e., large enough
to avoid the effect of boundaries on primary dendrite arm spacing
(PDAS). At the same time the diffused interface thickness parameter
is taken 40 nm to ensure the resolution capable enough to converge the
R,;, at higher V;, values. The coordinates of the domains are chosen
in such a way that the growth is always perpendicular to the isotherm
and the front is regarded as a straight line, as the radius of curvature
of the isotherm is very large in relation to the size of the dendrite.
The simulation results in Fig. 7 show the different morphologies of
the growing 6 — Fe in the Lig, which are decisive for determining the
subsequent behaviour of the material and are discussed in detail in the
following section.
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(B) of growing dendrites as a function of the time to reach the steady state for different input solidification front velocities. The subplots (C) and (D) show
X Rlz,p for varying V,;, respectively.

4.2. Effect of G and V,;, on the microstructure evolution

tip

Simulations with a decreasing value of V,;,, from 33to Smm/s,
are illustrated from top to bottom in Fig. 7 while from left to right,
the increasing values of G in K/mm is displayed. The V;;, and G
are selected in such a way that the effect of growth rates can be
observed on morphology evolution. The results are shown at about
physical time of 120 ms when the steady state conditions of growth are
achieved i.e., the ¥, reaches almost the value of the input velocity
as verified in Fig. 8 (A). An important factor is the width of the
interdendritic region, which is dependent on V;;,. It is observed that
as the V;, increases for same G, a decrease in PDAS is observed as
shown in Fig. 7 (A1, B1, C1, and D1). Conversely, when the G increases
with the same V};,, an increase in the number of dendrite per unit
length perpendicular to the growth direction is observed as shown
in Fig. 7 (A1-A3). Since the local thermal conditions mainly determine
the morphology of the solidifying material [51], it is observed that
the morphology follows the pattern selection as cellular — columnar-
dendritic, when the velocity is increased as shown in Fig. 7 (D2-A2).
This is in accordance with the experimentally observed morphology by
Hunt et al. [52]. The appearance of the secondary dendrites is observed
in the regions where lower values of G and higher values of V,;, are
considered. The secondary dendrite arms (SDA) compete for space
and available solute. Those with more favourable orientations and
positions tend to survive. The microstructure becomes more interesting
because the critical local thermal conditions allow the dendrites to
grow perpendicular to growth direction. This interaction ultimately
contributes to interdendritic liquid being trapped in smaller residual
liquid pockets. It is observed in Fig. 7 that the fluctuations on the
solid/liquid interface are mostly on the higher V,;,. For instance, at 33
mm/s going from higher to lower G (from A3 to Al) the probability
of the secondary dendrite seems to increase. It is important to note
that thermal conditions with lower G and higher V;;, correspond to the
region adjacent to the centreline of the weld pool during solidification
as shown in Fig. 6. The complex morphology of dendrites with SDA is
associated directly with V;;, and inversely with G. These SDAs increase
the time for completion of local solidification which contributes in
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Fig. 7. Effect of G and V;;, on the growth pattern of § —Fe during solidification. The figures A1-A3, B1-B3, C1-C3, and D1-D3 show the effect of increasing G from left to right

for V,

ip value of 33, 20, 10and 5Smm/s respectively.
delaying the solidification of residual liquid films or pockets as shown
in Fig. 7 (A1 and A2) with rectangle RO and R1.

The relationship between V;;, and R, is crucial in dendritic so-
lidification, as it significantly influences the final microstructure and,
consequently, the material properties. This interdependence determines
key features such as PDAS and secondary dendrite arm spacing (SDAS),
which in turn affect the mechanical and physical characteristics of the
solidified alloy. In the current study Ry, is observed to be decreasing
with the increasing V;;,. This relationship is in agreement with the
published fundamental literature by Trivedi et al. [48] on dendritic
growth given as,

1
Ry ¢ ——,
tip
shown in Fig. 8 (B). Similarly, PDAS is also inversly related to V;, as
depicted in in Fig. 8 (C). This relationship is often expressed as power
law equations where PDAS is proportional to V;;, raised to a negative

exponent often -0.25 as discussed under Fig. 12.

4.3. Effect of microsegregation

It is important to elucidate the microsegregation behaviour of key
alloying elements within the mushy zone, namely carbon, chromium
and nickel, and correlate their distribution patterns with the under-
lying solidification kinetics and process parameters. The simulation
results show the intricate microsegregation patterns of the alloying
elements within the dendritic arms. As the dendritic arms grow and
compete for solutes, different segregation profiles develop along the
arms, representing enrichment and depletion zones of alloying elements
as depicted in Fig. 9. This phenomenon can be attributed to solute
partitioning between the liquid and solid phases, driven by the local
solidification front curvature and thermal undercooling, which in turn

is an effect due to V};,. It can be seen in Fig. 9 for any element that the
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Fig. 9. Component segregation behaviour in quaternary alloy during dendritic solidification at 33 mm/s for (A1-A3) carbon, (B1-B3) chromium and (C1-C3) nickel with G increasing

from left to right.

dendrite experiences more undercooling as the velocity increases and
thus, in the projected phase diagram, the concentration in both phases
increases. This is due to increased growth rate and in agreement with
the experimental observations [53].

The influence of solute mobility and diffusivity further determines
the extent of segregation. Carbon diffuses into the § — Fe phase in a
limited amount due to its partition coefficient K, = 0.19 being less
than unity. As there is not enough time to reach perfect equilibrium
conditions, § — Fe absorbs more solute i.e., 0.08 at % of the available
0.092 at %. Carbon is rejected substantially by growing solid around
the dendrite tip. A similar trend is observed for nickel which is also

10

considered to participate in limited amounts in § — Fe formation due
to its partitioning coefficient Ky, = 0.796 (i.e., less than unity).
The segregation behaviour of the elements observed is in quite well
agreement with phase-field simulation conducted for similar alloys and
under similar cooling rates by Hariharan et al. and Gao et al. [54,55].
Warren and Boettinger also highlighted the similar segregation patterns
of solute with different solid phase diffusivities [56]. As the dendrite
further grows, the interdendritic region becomes carbon and nickel
rich and the colour contrast represents this behaviour in Fig. 9 (Al-
A3) and (C1-C3). Conversely, the chromium concentration is lower in
the interdendritic region due to its partition coefficient K., = 1.02
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Fig. 11. Microsegregation behaviour of alloying elements: (A) evolve microstructure
showing § —Fe dendrite (blue) and Lig phase (red). (B) line plots of the concentrations
along the horizontal line in (A) for carbon, chromium, and nickel. Interdendritic liquid
is chromium deficient while rich in carbon and nickel.

slightly higher than unity. The segregation behaviour of chromium is
shown with light colour in the interdendritic region in Fig. 9 (B1-
B3) unlike the carbon and nickel. Concentration plot is shown with
the help of line scan in Fig. 10 and Fig. 11 where carbon and nickel
are observed concentrated in the interdendritic region, pushed by the
growing dendrite interface. Chromium is a 6 — Fe former; therefore,
it is used by the growing solid, hence has a low concentration in the
interdendritic region.

In case of SDA appearance, carbon and nickel are rejected by the
growing solid and are trapped in between the primary arms, giving rise
to the carbon-rich residual liquid pockets. The long interdendritic liquid
channels in Fig. 10 (B), which are in contact with the bulk liquid, have
a possibility to exchange solute and therefore produce a uniform solute
profile parallel to the growth direction indicated with line 1 in Fig. 10
(A). The line plots for carbon and nickel in Fig. 10 (B) visualise non-
uniform concentrations along line 2, where Sharp concentration jumps
are seen at the S/L interface represented by a dashed line in Fig. 10

(B).
5. Discussion

The dendritic solidification morphology evolution during LBW is

sensitive to the local thermal conditions i.e., G and V};,. One of the most

important influencing factors for determining the quality of the result-
ing weld is PDAS. PDAS is a key microstructural feature that determines
the overall solidification structure which in turn is strongly responsible
for the mechanical properties of the LBW products. It directly influences
the distribution of solute, secondary phases, and defects within the
solidified microstructure [57]. The results of simulations, as depicted
in Fig. 7, demonstrate the significant influence of the V;;, and G on the
morphology evolution during dendritic solidification. Systematically
varied V;, from 33to Smm/s show the effects under different G values
from 16 K/mm to 134 K/mm. A critical observation is the relationship
between V;;, and the PDAS. As V,,, increases for a constant G, there is a
noticeable decrease in PDAS, as illustrated in Fig. 7 (A1, B1, and C1).
This inverse relationship of PDAS with Viip is illustrated in Fig. 8 (C).
Similarly, an inverse relationship with R;, with V;, is also observed as
depicted in Fig. 8 (B). This inverse relationship aligns with established
theories that faster growth rates result in finer dendritic structures [53].
The simulation results are compared with the PDAS relationship from
the analytical work of Hunt et al. [58] in Fig. 12. It is evident that for
every case of G, the slop of the GV, 7% from simulation results
align reasonably with the slop of relationship predicted by the Hunt
et al. This means that the scaling of PDAS with the growth rate is reli-
able in the simulation results. The comparison indicates a fixed offset
in every case of G values. The complex thermodynamic interactions
in quaternary alloy may influence stability criteria of the dendrites
and may change the PDAS. For instance, the growth competition of
dendrites in the presence of rejected solutes i.e., carbon and nickel in
constitutionally supercooled liquid may affect the PDAS.

As can be observed in the morphological evolution in Fig. 7, den-
drites at higher velocity and low G form SDA and after mutual inter-
action trap residual liquid causing delayed solidification due to local
change in concentration. The trapped liquid pockets exhibit strong
jumps in concentrations at the S/L interface and limit the further solute
exchange with the bulk liquid as in Fig. 10 (B). The volume change
of these regions upon solidification is observed experimentally [6]
to result in high local strains. On the other hand, continuous liquid
film exhibits a homogeneous change in local concentration parallel
to the growth direction. The presence of the liquid film may act as
longitudinal weak plane if it exists in the incompletely solidified mushy
zone unsolidified before the thermal contraction of adjacent solid starts.
This effect leads to the formation of pores at the solid-liquid interface,
once the solid network is formed at centreline of weld resulting into
a defective solidification process. These phenomena are reported by
experimentalists as the cause of the difference in mechanical behaviour

11
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of adjacent phases [59,60].

The microsegregation effects are closely linked to the dendritic
morphology. Dendrite tip undercooling induces localised strong solute
gradients in faster cooling rates, causing solute atoms to preferentially
accumulate on the liquid side, in the vicinity of the dendrite tips, as in
the case of carbon and nickel [61]. The formation of secondary arms,
driven by competitive growth, leads to further partitioning of alloying
elements. The complex interplay between dendritic growth kinetics,
solute diffusion and capillary effects is central to shaping the observed
microsegregation profiles [62]. The simulation outcomes substantiate
that dendritic morphology acts as a crucial mediator for the extent and
distribution of components within the mushy zone. The microsegrega-
tion patterns show a strong dependence on the local thermal conditions
and consequently on the global welding process parameters such as
heat input and the speed of laser welding head. Elevated cooling rates
tend to amplify the segregation effects by accelerating solute partition-
ing, leading to more pronounced segregation. Variations in the welding
speed change the solidification kinetics, which at higher speeds leads
to entrapment of solute-rich/deficient liquid in the dendritic arms.
Consequently, higher welding speeds result in higher concentration
gradients, due to a shortened solute enrichment time as observed
in Fig. 7. These morphological aspects have a strong correlation with
the micro segregation behaviour of solutes and consequently with the
phenomenon of solute trapping. For this purpose considerations of non-
equilibrium solidification for extreme local thermal conditions i.e., V;;,
dependent partition coefficient will be used in the further simulation
study.

6. Conclusion

This study provides an insight into the dendritic morphology evolu-
tion and microsegregation effects observed during the solidification of
the quaternary X5CrNil18-10 alloy, using phase-field simulations. For
this purpose thermodynamic functions are derived from the CALPHAD
database. The simulations show the complicated interplay between
the dendritic morphology, the solute segregation and the process pa-
rameters, which together determine the resulting microstructure. With
respect to the modelling and simulation results the following brief
conclusions can be drawn:

+ The parabolic fitting method of the Gibbs energy functions from
the CALPHAD database for a multiphase quaternary alloy (i.e.,
Fe—C—Cr-Ni) is successfully applied. The maximum error observed
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in the reconstructed phase diagrams and Gibbs energy functions
is less than 0.3%. This work will serve as a basis for further
numerical investigations of such alloys of great industrial impor-
tance with computational efficiency of 10 times as compared with
CALPHAD direct coupling.

The validation of the simulation results with the dendritic theory
of Trivedi et al. with R> more than 0.98 shows reliability of the
study.

At lower V; » (i.e., at 5or 10mm/s), irrespective of the G values the
cellular microstructure is observed with absolutely no SDA. Con-
versely, columnar dendrites are observed with SDAs at higher V},,,
especially at lower values of G (i.e., at 33 mm/s and 67 K/mm).
The simulation results follow the slope of analytical PDAS G~
V,ip‘o'25 relationship reported by Hunt et al. with a fix offset in
the values which is attributed to multi-component interactions,
which needs further investigation.

The study of effect of the local thermal conditions in the weld pool
shows that along the centreline the dendrites grow SDA which can
entrap the liquid in the form of pockets or long thin films.
Pronounced microsegregation near the interface of the 6 — Fe and
residual liquid makes this region most vulnerable to mechanical
defects such as voids, due to the local chemical inhomogeneity. It
can increase the likelihood of local dissociation at the microscale,
which can pose a risk of failure at the last stage of solidification
as microcracks.

In view of these observation and findings, it is concluded that
presented approach to thermodynamically model the quaternary al-
loy for quantitative phase-field simulations is suitable for dendritic
solidification microstructure evolution study under LBW conditions.
There exists a complex correlation of local thermal conditions with
the microstructure evolution and microsegregation of alloying elements
which is decisive for the quality of weld.
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