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ABSTRACT: Wire  arc  additive  manufacturing  (WAAM)  offers
distinct  advantages,  including  low  equipment  cost,  high
deposition  efficiency,  and  suitability  for  fabricating  large-scale
components.  921A  steel  (10CrNi3MoV)  is  widely  used  in  the
offshore industry and shipbuilding, making the development of
WAAM technology for 921A steel crucial for manufacturing and
repairing  ship  components.  In  this  study,  a  two-dimensional
melting‒solidification  model  was  developed  to  investigate  the
melt  pool  dynamics  and  microstructure  evolution  during  the
WAAM  process.  This  model  integrates  computational  fluid
dynamics  (CFD)  with  the  cellular  automata  (CA)  method,
utilizing  the  open-source  ExaCA  code  for  microstructural
simulation.  The  model  successfully  predicted  the  temperature
and flow fields, as well as the microstructural evolution within the deposition layer. Macroscopic metallography revealed columnar
grains  aligned  with  the  heat  flow  direction,  accompanied  by  acicular  and  granular  ferrite,  as  well  as  bainitic  morphologies.  The
simulated  forming  dimensions  at  various  deposition  speeds  agreed  reasonably  well  with  the  experimental  results.  An  increased
deposition speed reduced the fluid flow intensity within the molten pool. The ExaCA simulation demonstrated that columnar grains
grew  perpendicular  to  the  fusion  line,  whereas  nucleated  equiaxed  grains  formed  in  the  center  of  the  molten  pool  under  low-
temperature gradients, obstructing the progression of the original columnar grains.
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1  Introduction
Additive  manufacturing  (AM)  is  recognized  as  a  transformative
technology  driving  the  fourth  industrial  revolution  and  is
characterized by the layer-by-layer addition of materials based on
a  digital  model.  This  approach  offers  supreme  design  flexibility,
rapid  prototyping  capabilities,  and  the  potential  for  customized
production,  making  it  a  critical  tool  in  modern  component
manufacturing.  This  allows  individual  components  to  exhibit
targeted  characteristics,  such  as  hardness,  environmental
adaptability,  and  corrosion  resistance,  precisely  where  they  are
most  needed  [1,2].  As  one  of  the  key  AM  methods,  wire  arc
additive  manufacturing  (WAAM)  is  particularly  well  suited  for
producing  complex,  large-scale  steel  components  because  of  its
high  efficiency,  cost-effectiveness,  adaptability  to  complex
environments,  and  versatility.  However,  the  microstructure  and
mechanical characteristics of parts fabricated through WAAM are
critical  considerations.  During  the  WAAM  process,  the

temperature  of  the  deposited  material  repeatedly  fluctuates  as
additional  layers  are  added,  significantly  influencing  the
microstructure  and  resulting  properties.  These  temperature
fluctuations,  referred  to  as  thermal  cycles,  play  a  crucial  role  in
determining  the  final  performance  of  the  manufactured  part.
Consequently,  studying  the  effects  of  thermal  cycles  on  the
microstructure  and  mechanical  characteristics  is  essential  for
optimizing  processing  parameters  and  enhancing  material
performance [3].

921A  steel  (10CrNi3MoV)  is  a  domestically  produced  low-
alloy,  tempered  high-strength  steel  in  China,  renowned  for  its
excellent  combination  of  mechanical  properties,  toughness,
weldability, and corrosion resistance. These characteristics make it
a  preferred  material  for  manufacturing  critical  components  in
ocean  engineering,  particularly  in  shipbuilding.  Traditionally,
manual arc welding has been the primary method for joining this
steel. However, this technique is associated with limited efficiency,
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high  physical  demands  on  workers,  and  difficult  operating
environments. With advancements in automation technology, gas-
shielded welding has emerged as a viable alternative, significantly
enhancing  welding  efficiency,  reducing  labor  intensity,  and
improving  overall  operational  effectiveness  [4,5].  WAAM  offers
high  manufacturing  efficiency  and  cost-effectiveness,  making  it
particularly  advantageous  for  producing  massive  metallic
structures. It is well-suited for the cost-efficient, high-productivity
near-net  shaping  of  intricate,  large-scale  parts  and  has  extensive
applications  in  biomedical,  aerospace,  marine,  and  automotive
industries.  Consequently,  WAAM  technology  holds  significant
potential for the production and repair of critical ship components
fabricated from 921A steel.

Tian et al. [6] utilized cold metal transfer (CMT) technology to
perform multilayer single-pass tests on 921A steel, focusing on the
analysis  of  its  mechanical  properties.  While  these  experimental
results contribute to the optimization of process parameters, they
fail to fully elucidate the underlying mechanisms of additive layer
formation.  To  gain  deeper  insights  into  the  metal  deposition
process,  an  increasing  number  of  researchers  are  employing
numerical  simulation  techniques  to  study  macroscopic  heat  and
mass transfer behaviors.  For example, Ou et al.  [7] simulated the
single-pass  deposition  process  of  H13  tool  steel,  highlighting  the
importance of  cooling rate  and G/R solidification parameters  for
predicting  the  WAAM  solidification  microstructure.  Similarly,
Cadiou et  al.  [8]  established  a  three-dimensional  (3D)  model
incorporating  complete  coupling  between  the  welding  wire  and
the  molten  pool,  effectively  capturing  the  complex  dynamics  of
droplet transition in CMT-AM. Ji et al. [9] applied a CFD model
to  investigate  the  effects  of  ultrasonic  vibrations  on  WAAM,
revealing  that  acoustic  streaming  enhanced  heat  transfer,
increased  the  deposition  layer  width,  and  reduced  its  height  and
depth.

/
WAAM typically operates with heat inputs ranging from 10 to

100  J mm,  where  the  heat  dissipates  primarily  through
conduction  into  the  substrates  and  components,  forced
convection via the shielding gas, and radiation to the atmosphere.
However,  as  the  number  of  deposited  layers  increases,  heat
dissipation  through  conduction  becomes  less  effective.  The  large
substrate  area  facilitates  cooling  of  the  initially  deposited  layers,
reducing  heat  accumulation  in  subsequent  layers  [10].  The
WAAM  process  is  inherently  a  multi-scale  and  multi-physics
coupling process, encompassing macroscopic phenomena such as
heat and mass transfer and microscopic mechanisms such as grain
growth kinetics within the melt pool. The interplay between grain
growth  and  recrystallization  strongly  influences  the  final
microstructure and mechanical properties, as they depend on the
unique  thermal  history  experienced  during  manufacturing  [11].
Utilizing  microstructure  simulation  technology  is  crucial  for
understanding the complex dynamics of the additive process. This
knowledge  is  key  to  ensuring  uniform  internal  grain  structures
and  achieving  superior  mechanical  properties  in  the  fabricated
components [12,13].

Microstructure  simulation  methods  primarily  include  Monte
Carlo  (MC)  [14,15],  phase  field  (PF)  [16,17],  and  cellular
automata (CA) [18–20] methods. Among these methods, the CA
method,  which  combines  a  probabilistic  approach  with  the
physical  mechanisms  of  grain  nucleation  and  growth,  is  widely
utilized  for  microstructure  simulations.  This  method  offers
accurate  predictions  of  material  microstructures  and  effectively
replicates  experimentally  observed  grain  size  distributions  and
textures [21,22].

For example, Zinoviev et al.  [23] employed the CA method to
model  two-dimensional  grain  growth  and  texture  evolution  in

316L  stainless  steel  fabricated  by  selective  laser  melting  (SLM),
achieving results in good qualitative agreement with experimental
observations.  Gu et  al.  [24]  simulated  the  solidification  of  a
GTAW molten pool in a binary alloy (Al–Cu), demonstrating that
higher  cooling  rates  lead  to  finer  primary  dendritic  trunks  and
formation  of  secondary  and  tertiary  dendritic  arms.  The  Mines
Paris Tech team [25,26] modelled the evolution of grain structures
in  GTAW-processed  URANUS 2 202 duplex  stainless  steel  and
316L  stainless  steel.  Their  work  on  URANUS 2 202 introduced
parallel  computing  and  a  dynamic  allocation  strategy  for  CA
meshes to reduce computational costs,  while their study on 316L
validated the model’s accuracy through comparisons with electron
back  scattered  diffraction  (EBSD)  results.  Koepf et  al.  [21,27]
combined analytical solutions and finite element (FE) methods to
derive  macroscopic  thermal  histories  and  generated
microstructure  simulations  of  SEBM  solidification,  which  were
consistent  with  experimental  data.  Rolchigo et  al.  [28,29]  from
Oak  Ridge  National  Laboratory  developed  the  open-source
ExaCA  model,  integrating  macroscopic  temperature  field  data
from OpenFOAM to simulate the solidification microstructure of
laser-based powder  bed fusion (LPBF)  processes.  The  CA model
used  in  this  work  is  primarily  based  on  the  ExaCA  program
developed by their team.

To  address  the  identified  research  gaps,  this  study
comprehensively  investigated  the  single-pass  single-layer
deposition process for 921A steel in WAAM. This work combines
experimental analysis, FLOW-3D temperature field modeling, and
multi-scale microstructure simulation using the CA method. The
dimensions  and  material  flow  of  the  deposition  layer  are
examined  at  various  deposition  speeds,  and  the  structure  of  the
grains  in  the  cross-section  of  the  molten  pool  is  simulated.  The
primary objective is  to analyze the microstructural  characteristics
of  WAAM  systematically  and  elucidate  the  effects  of  process
parameters  on  the  resulting  microstructure  of  921A  steel.  This
research  aims  to  provide  a  theoretical  foundation  for  optimizing
the  manufacturing  and  repair  processes  of  critical  ship
components.

2  Materials and methods
The  experimental  substrate  used  in  this  study  was  a  921A  steel
plate (grade 10CrNi3MoV) with dimensions of 250 mm × 50 mm ×
5 mm. The feedstock material comprised a WM960S gas-shielded
welding electrode with a  diameter  of  1.2  mm. Single-pass  single-
layer  depositions  were  fabricated  using  a  gas  metal  arc  welding
(GMAW)-based AM process. The schematic representation of the
experimental setup for the GMAW-based AM system is depicted
in Fig. 1.

The shielding gas used in the experiment was a mixture of 80%
Ar and 20% CO2 with a  gas  flow rate  of  20 L/min.  The distance
between the top surface and the nozzle of  the substrate was kept
constant  as  15  mm.  The  deposition  current  was  210  A,  the
deposition  voltage  26.3  V,  and  the  wire  feed  speed  5.9  m/min.
Four  sets  of  deposition  speeds,  ranging  3–6  mm/s,  were  selected
for the additive samples.

3  Numerical model setup

3.1  Macroscopic CFD model
The macroscopic model is established using FLOW-3D software,
which  employs  the  TruVOF  method  to  accurately  track  the  free
surface  of  the  molten  pool,  making  it  particularly  well-suited  for
additive  manufacturing  simulations.  The  model  incorporates  the
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following simplifying assumptions: (1) the substrate is modeled as
an incompressible Newtonian fluid, and the flow within the melt
pool  is  assumed  to  be  laminar;  (2)  the  molten  droplets  are
assumed  to  possess  identical  physical  properties  to  those  of  the
substrate  material;  (3)  the  influence  of  the  shielding  gas  on  the
melt pool dynamics is disregarded.

The  mass  continuity,  energy,  and  momentum  equations  used
in the calculation process are as Eqs. (1)–(3):

∇ ·V=
ṁ
ρ

(1)

∂h
∂ t

+V ·∇h= 1
ρ

∇ · (k∇T)+hs (2)

∂V
∂ t

+V · (∇V) =− 1
ρ

∇P+ μ∇2V+SM (3)

V ṁ
ρ h

k T
hs P

μ SM

where  is  the  velocity  vector;  is  the  mass  source  term
associated with the formation of the droplet;  is the density;  is
the enthalpy;  is the thermal conductivity;  is the temperature;

 is the enthalpy source phase related to the mass source term; 
is  the  pressure;  is  the  kinetic  viscosity  coefficient;  is  the
momentum source term.

For  the  GMAW-based  AM  process,  the  heat  input  mainly
consists  of  the  arc  heat  and  the  enthalpy  of  the  molten  droplet.
The  enthalpy  of  the  molten  droplet  is  not  treated  as  a  separate
heat  source  in  the  model,  but  the  heat  of  the  molten  droplet  is
considered  together  in  the  arc  heat  source.  Therefore,  a  double-
ellipsoid  heat  source  is  used  to  characterize  the  arc  heat  flow
distribution,  and  its  distribution  functions  are  as  Eqs.  (4)  and
(5) [30]:

q(x,y) = 6
√
3ffηIU

afbcπ
√
π

exp
(
−3x2

af
2
− 3y2

b2
− 3z2

c2

)
(x> 0) (4)

q(x,y) = 6
√
3frηIU

arbcπ
√
π

exp
(
−3x2

ar
2
− 3y2

b2
− 3z2

c2

)
(x< 0) (5)

af ar

af ar b c
ff fr

ff fr

where  and  represent  the  front  and  back  halves  of  the  arc
heat  source,  respectively; , , ,  and  are  the  heat  source
distribution  parameters;  and  are  the  shares  of  the  arc  heat
input  to  the  front  and  back  halves  of  the  ellipsoid,  respectively;

 +  =  2.  The  double-ellipsoid  heat  source  is  applied  to  the
surface  of  the  molten  pool,  which  moves  along  the  deposition
direction at the specified deposition speed.

The process of molten droplet formation and detachment from

the  wire  is  omitted,  with  the  droplets  assumed  to  be  spherical.
Under  the  influence  of  electromagnetic  forces  and  gravity,  the
molten droplets are modeled as entering the molten pool vertically
downward at a defined velocity, aligned with the centerline of the
deposited layer.  The droplet temperature is set to 2 100 K, with a
radius  of  0.7  mm and a  transition  frequency  of  125  droplets  per
second  at  a  velocity  of  0.97  m/s.  Furthermore,  the  model
incorporates  the  effects  of  gravity,  buoyancy,  electromagnetic
forces, and arc pressure on the molten pool fluid dynamics [31].

As  illustrated  in Fig.  2,  the  model  utilizes  a  half-domain
computational  approach.  The  domain  is  classified  into  two
regions:  air  and  substrate.  The X-axis  represents  the  direction  of
heat source movement; the Y-axis corresponds to the width of the
substrate; the Z-axis denotes the growth direction of the deposited
layer.  The  model  is  symmetric  about  the ZOX plane  and
encompasses  dimensions of  35 mm × 10 mm × 10 mm. Within
this domain, the substrate has a thickness of 5 mm, while the air
layer extends to a height of 5 mm.

In  the  model,  the  ZOX  plane  is  designated  as  the  symmetry
boundary (S), the top surface of the computational domain as the
pressure  boundary  (P),  the  bottom  surface  as  the  wall  boundary
(W),  and  the  remaining  three  planes  as  continuous  boundaries
(C).  During  the  deposition  process,  the  substrate  remains
stationary  while  the  arc  heat  source  moves  in  the  positive X-axis
direction.  A  mesh  with  a  size  of  0.25  mm  is  applied,  and  the
generalized  minimum  residual  method  (GMRES)  solver  is
employed to resolve the coupled pressure–velocity equations. The
sharp interface is tracked using the Split Lagrangian method. The
initial  time step is  set  at  1×10−5 s,  with  a  total  simulation time of
4.0 s. The model adopts the same deposition parameters as those
used in the experiments, and the thermophysical behaviors of the
materials are detailed in Table 1.

3.2  Microscopic CA model
The CA method operates by dividing the simulation domain into
a grid of regular computational cells, each associated with specific
state  variables.  When  a  time- and  space-dependent  temperature
field is  applied,  the state of each cell  is  updated at each time step
based on the thermal input. To simulate the solidification process,
macroscopic thermal history data must be integrated into the CA
model.  This  approach  enables  the  prediction  of  the  evolution  of
the  solidification  microstructure  during  WAAM.  However,
because the grain-scale CA method does not account for fine-scale
details  of  solidification  within  grains,  such  as  dendritic  arm
spacing  development  or  solute  partitioning  at  dendrite  tips,  it  is
particularly  suitable  for  modeling  solidification  across  a  wide
range of thermal conditions [29].

The  simulation  region  initially  consists  of  all  solid  cells.  The

 

Fig. 1    Experimental system of GMAW-based additive manufacturing.

 

Fig. 2    Boundary diagram of numerical calculation model.
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cells with a melt-solidification process input from the macroscopic
model  are  initialized as  liquid,  while  all  other  cells  remain in  the
solid state. The solid cells adjacent to the liquid cells become active
and are assigned octahedra.

The  grain  growth depends  on the  velocity  law of  the  dendrite
tip.  According  to  the  decentered  octahedron  algorithm  of  the
ExaCA  model,  the  semi-diagonal  direction  of  the  active  cell
octahedra is consistent with the preferred <001> growth direction
of  dendrite  solidification  [36].  The  growth  rate  of  a  given
octahedral envelope is as Eq. (6):

ΔL=
Δt
Δx

(
A(ΔT)3+B(ΔT)2+C(ΔT)

)
(6)

ΔL
L Δt

Δx
A B C

where  is  the  increment  dimensionless  size  of  the  semi-
diagonal  of  the  octahedron  at  each  time  step;  is  the  time
step;  is  the  cell  size;  ∆T is  the  local  undercooling  value;  the
polynomial is the interfacial response function [37]; , ,  and 
are  the  constants  of  the  interfacial  response  function  of  the
material.

L

For the growth of an active cell, the cell is considered “captured”
when  its  diagonal  length  reaches  a  certain  value  that  will  engulf
the  center  of  the  adjacent  liquid  cell.  Cellular  capture  events
include  changing  the  state  of  the  new  cell  to  the  active  cell,
assigning the grain identity (ID) of the old cell to the new cell, and
assigning  the  initial  size  ( )  to  the  octahedron  of  the  newly
activated cell. An active cell transitions to a solid state when it no
longer has liquid cell  neighbors,  and its  octahedral  growth ceases
to be monitored.

In  addition  to  grain  growth,  heterogeneous  nucleation  is
another  major  step  in  the  CA  method.  During  initialization,  a
random number between 0 and 1 is generated for each liquid cell
(Eq. (7)):

P= N0(Δx)3 (7)

N0

ΔTc ΔTc

ΔTN ΔTσ ΔTN

ΔTσ

where  is the largest nucleation density. If this random number
is  less  than  the  probability  value,  the  cell  is  initialized  as  a
“potential nucleus” cell. For each possible nucleation site, a critical
supercooling  is  specified,  and  the  value  of  follows  a
Gaussian distribution determined by  and ,  where 
is  the  mean  nucleation  undercooling  value  and  is  the
standard  deviation  [38].  When  the  subcooling  at  the  nucleation

site  is  lower  than  the  critical  subcooling  and  the  cell  is  not
captured  by  other  grains,  the  nucleation  is  successful  [39].
Formerly, the cell state changes from liquid to active, and the new
grain ID value and the corresponding octahedron are assigned.

S0
In  the  ExaCA  model,  the  cell  size,  time  step,  nucleation

parameters,  substrate  grain size  ( ),  input and output file  paths,
and  names  are  set  in  the  top-level  input  file.  The  material  input
files,  including  the  interface  response  function  parameters,  and
solidification  range  and grain  orientation  files,  are  set.  The  input
parameters used in the model are shown in Table 2.

3.3  Coupling scheme

K/s

Owing to the larger melt pool size and time step used in the CFD
method than in the CA method, a unidirectional coupling scheme
is employed in this study. Specifically, solidification data obtained
from the CFD simulation are interpolated in both space and time
using  a  linear  interpolation  method  and  then  fed  into  the  CA
method  to  model  the  evolution  of  the  grain  structure.  The
solidification  data  for  each  cell  include  the X, Y,  and Z spatial
coordinates,  the  start  and  end  time  of  solidification,  and  the
cooling  rate.  The  cooling  rate,  which  is  calculated  from  the
macroscopic  temperature  field,  ranges  from  4  to  420 ,  with
the results falling within a reasonable range.

4  Results and discussion

4.1  Experimental characterization results
The  results  of  single-layer  single-pass  experiments  conducted  at
varying  deposition  speeds  are  presented  in Table  3.  The
macroscopic metallographic analysis of the deposited layer reveals
distinct columnar grains aligned with the direction of heat flow. A
detailed examination of the microstructure in different regions of
the joint for case 2 was performed (Fig. 3). For 921A steel, which
is  classified  as  a  low-carbon,  low-alloy  material,  the  phase
transformation  behavior  is  influenced  primarily  by  the  chemical
composition and cooling conditions of the weld metal [10].

During  the  deposition  process,  different  regions  experience
varying  numbers  of  thermal  cycles,  resulting  in  the  development
of unique microstructures. Figure 3(a) depicts the metallographic
images  of  the  base  material,  921A  steel,  which  consists  of  ferrite
(F)  and  coarse  pearlite  (P),  exhibiting  a  ribbon-like  distribution.
As  shown  in Fig.  3(b),  the  microstructure  undergoes
austenitization  followed  by  rapid  cooling,  which  leads  to
significant  grain  refinement  and  development  of  a  fine,  uniform
martensite (M) structure. As shown in Fig. 3(c), the heat-affected
zone  (HAZ)  contains  coarse  martensite  due  to  prolonged
exposure  to  elevated  temperatures.  As  shown  in Fig.  3(d),  the
central  region  of  the  molten  pool  experiences  longer  high-

 

Table 1    Thermophysical characteristics of 921A steel and related parameters

Parameter Value

Density 7850 kg/m3

Liquidus temperature 1790 K
Solidus temperature 1760 K
Vapour temperature 2900 K [32]

Latent heat of fusion J/kg2.5 ×105 
Thermal conductivity 25.4 W/(m ·K)

Coefficient of thermal expansion K−12.5 × 10−5 
Specific heat Temperature-dependent [33]

Viscosity 0.006 kg/(m · s)

Temperature coefficient of surface tension −0.0003 N/(m ·K) [34]

Surface tension 1.2 N/m [34]

Convective heat transfer coefficient W/(m2 ·K)25  [35]
Radiation emissivity 0.8 [35]

Magnetic permeability 1.26× 10−6 H/m

Stefan–Boltzmann constant 5.67× 10−8 W/(m2 ·K4)

 

Table 2    Input parameter values in CA model

Parameter Value

Δt 10 μs
Δx 5 μm
A 7.325× 10−6 m/(s ·K3)

B m/(s ·K2)3.12 
C 0
N0 5× 1012 m−3

ΔTN 5 K
ΔTσ 0.5 K
S0 25 μm
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temperature  residence  time,  leading  to  a  smaller  temperature
gradient  and  a  slower  cooling  rate,  which  results  in  a  large

constitution  undercooling  zone.  This  zone  forms  a  columnar
crystal  structure  consisting  of  granular  bainite  (GB)  and  acicular

 

Table 3    Experimental results at different deposition speeds

Case /Deposition speed (mm s) Macroscopic morphology Cross-sectional metallography

1 3

2 4

3 5

4 6

 

Fig. 3    Microstructural analysis at various locations for a deposition speed of 4 mm/s in case 2:  (a) matrix structure; (b) fine-grained heat-affected zone (FG-HAZ);
(c) coarse-grained heat-affected zone (CG-HAZ); (d) columnar crystal region; (e) fusion zone interface.
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ferrite  (AF).  Finally,  the  fusion  line  zone  represents  the  uneven
interface  between the  weld  and substrate,  where  the  metal  above
the fusion line grows toward the weld center, exhibiting columnar
crystals (Fig. 3(e)).

4.2  Heat and mass flow behavior
Figure 4 presents both the experimental and simulation results of
the  molten  pool  cross-section  at  a  deposition  speed  of  4  mm/s

during  the  single-pass  deposition  process.  The  corresponding
simulated  and  experimental  geometric  dimensions  are  displayed
in Fig.  5.  Notably,  the  deposition  speed  generally  leads  to  a
decreasing trend in both the width and height of the molten pool.
Furthermore,  the  results  from  the  simulation  and  experiments
show  strong  agreement  under  identical  deposition  parameters,
highlighting  the  reliability  of  the  simulated  model  in  predicting
the molten pool behavior.

 
 

Fig. 4    Comparison of experimentally measured and simulated cross-sectional profiles at a deposition speed of 4 mm/s.

 
To  investigate  the  influence  of  the  deposition  speed  on  the

molten  pool  flow dynamics,  flow velocity  profiles  were  extracted
and  plotted  along  both  the  free  surface  and  just  beneath  the
substrate  (z = −0.000 1 m)  for  paths  1–4,  as  illustrated  in Fig.  6.
The results  presented in Fig.  7 reveal  that the flow velocity along
the free surface of the melt pool (paths 2 and 4) is generally greater
than that within the melt pool (paths 1 and 3). For paths 1 and 3
inside  the  melt  pool  (Figs.  7(a)  and 7(c)),  the  maximum  flow
velocity  and  its  spatial  extent  occur  at  a  deposition  speed  of
3 mm/s. As the deposition speed increases, both the flow velocity
and its distribution within the melt pool decrease. In contrast, the
flow velocity on the free surface of the melt pool fluctuates more
along  longitudinal  path  2  and  transverse  path  4  (Figs.  7(b)  and
7(d)). These fluctuations are attributed to the dynamic interplay of
transient forces, such as surface tension and the Marangoni effect,
at the free interface. Despite these variations, the overall peak flow
rate  on  the  free  surface  follows  a  trend  similar  to  that  observed
within  the  melt  pool.  Collectively,  both  the  internal  and  surface

 

Fig. 5    Comparison of experimental and simulated forming dimensions.

 

Fig. 6    Schematic diagram of flow velocity extraction path.
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Fig. 7    Flow velocity profiles at free surface and within molten pool at various deposition speeds.

 

Fig. 8    Temperature and velocity distributions in longitudinal section of melt pool (Y = 0) at various time intervals.
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flow  characteristics  indicate  a  reduction  in  the  flow  capability  of
the molten pool as the deposition speed increases.

Figure 8 presents an analysis of the temperature and flow fields
in the longitudinal section (Y = 0) of the melt pool at various time
intervals in the case 2. The highest temperature is observed at the
center of the melt pool, gradually decreasing towards the tail and
bottom, with a steeper temperature gradient observed at the front
of the pool than at the rear. In the central region of the melt pool
where  the  temperature  gradient  is  most  pronounced,  the  surface
tension is minimized, and electromagnetic forces dominate. These
forces,  in  conjunction  with  gravity  and  the  impact  of  falling
droplets,  drive  the  molten  metal  to  flow  downward.  In  regions
further  from  the  center,  the  molten  metal  undergoes  reflux
motion along the bottom of the melt pool, circulating toward both

the front and rear.  In this area,  surface tension plays a dominant
role.  Ultimately,  the  molten  metal  contracts  inward  and  forms  a
bulging structure, resulting in the deposition of material at the tail
of the melt pool.

Figure 9 illustrates the temperature and flow field distributions
at different time intervals in the cross-sectional view of melt pool
(x = 0.008 375 m).  Initially,  the molten pool  area expands due to
the  combined  effects  of  the  arc  heat  and  droplet  heat  input.  As
cooling  and solidification progress,  the  molten pool  shrinks.  The
momentum  imparted  by  the  falling  droplets  is  absorbed  by  the
molten  pool,  driving  the  molten  metal  downward  to  the  pool’s
bottom  and  subsequently  toward  the  pool’s  sides.  This  flow
behavior  transports  high-temperature  liquid  from  the  center  of
the melt pool to the surrounding regions while also radiating heat

 

Fig. 9    Temperature and velocity field distributions in cross-sectional view of melt pool at various time intervals.
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to the pool’s edges. This results in an increase in the width of the
molten  pool,  resulting  in  a  shallow  and  wide  shape.  As  the
solidification  process  continues,  the  influence  of  droplet  impact
and electromagnetic forces diminishes. However, the tendency for
downward flow, driven by electromagnetic forces, remains in the
region beneath the melt pool,  although the flow rate significantly
decreases.  In  contrast,  the  upward  flow  becomes  more
pronounced in this area, driven by buoyancy and surface tension.

4.3  Simulation  results  of  the  microstructure  in  the  cross-
sectional view
In this study, the thermal history of case 2’s YZ cross-section (X =
0.005 125 m)  is  incorporated  into  the  ExaCA  model  to  simulate
the  solidification  dynamics  of  the  molten  pool  influenced  by  a
transient  temperature  field.  The  results,  as  depicted  in Fig.  10,
illustrate  the  microstructural  evolution  during  solidification.  The

 

Fig. 10    Microstructural evolution of YZ cross-section simulated using ExaCA model.
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nucleated  grains  are  represented  in  pink–purple  plots,  while
epitaxial  grains  appear  in  red-blue  plots.  Specifically, Fig.  10(a)
depicts the equiaxed grain microstructure simulated by the model.
Figures 10(b) and 10(c) show the initialization of cells undergoing
melting‒solidification, which transition to the liquid state (blue) in
response to macroscopic thermal inputs during the melting phase.

Grain  growth  in  the  deposition  layer  primarily  depends  on
epitaxial  crystallization  at  the  fusion  line  and  subsequent
competitive  grain  growth  processes.  As  shown  in Fig.  10(d),
during the  early  stages  of  solidification,  the  temperature  gradient
near  the  fusion  line  is  high,  and  the  constitutional  undercooling
region  is  narrow.  These  conditions  promote  the  nucleation  and
directional growth of columnar grains, which propagate along the
normal direction of the fusion line. During the continuous growth
of  grains  along  the  preferential  growth  direction  (the  direction
with  the  fastest  temperature  drop)  [32],  there  is  an  intense
competitive  growth  phenomenon  (Figs.  10(e)  and 10(f))  due  to
the decreasing growth space.

As  solidification  progresses,  the  temperature  gradient  within
the  deposition  layer  decreases,  while  constitutional  undercooling
increases,  reducing  the  grain  growth  rate  and  promoting
nucleation. As depicted in Figs. 10(g) and 10(h), newly nucleated
grains  begin  to  obstruct  the  growth  of  initial  columnar  grains,
resulting  in  the  formation  of  finer  equiaxed  grains.  Similar
observations have been reported for the additive manufacturing of
Ti–6Al–4V,  where  columnar  grain  formation  and  epitaxial
development  are  prevalent.  Radial  columnar  grain  distributions,
aligned  with  heat  flux,  are  commonly  observed  in  cross-sections
perpendicular  to  the  heat  source  scan  direction  during

single-track  processing,  as  demonstrated  in  selective  electron
beam  melting  of  Ti–6Al–4V  microstructures  under  varying
processing  conditions  [40,41].  This  columnar  structure  arises
from steep thermal gradients  within the melt  pool,  with the base
plate  and  solidified  material  serving  as  heat  sinks,  while
surrounding  loose  titanium  powder  provides  thermal  insulation.
These  conditions  enable  rapid  columnar  grain  growth  along  the
thermal  gradient,  with  limited  nucleation  ahead  of  the
solidification  front,  resulting  in  epitaxial  regrowth  across
successive melted layers.

Figure  11 displays  the  simulated YZ cross-section,  represented
by  an  inverse  pole  figure  (IPF)  map  generated  in  MTEX  [42]
relative to the Z direction. The substrate region exhibits a relatively
uniform  crystal  structure,  characterized  by  random  grain
orientation  and  weak  texture,  with  no  distinct  preferential
alignment.  Within  the  melt  pool,  the  grain  size  varies,  yet  a
consistent  growth  direction  is  evident  in  the  columnar  crystal
region.  This  alignment  results  from the  uniform heat  dissipation
direction within this area during the deposition process.

Figure  12 presents  the  pole  figure  map  of  the  simulated YZ
cross-section, revealing a pronounced texture strength at the (100)
plane, which is the result of solidification along the direction of the
maximum  thermal  gradient.  The  orientation  density  functions
(ODFs)  derived  from  EBSD  data  can  be  compared  with  those
estimated from pole  figure  data  using  the  calcerror  command in
MTEX [42]. Additionally, the simulated EBSD function in MTEX
allows the simulation of EBSD data based on a given ODF. One of
MTEX’s  key  functionalities,  calcODF,  estimates  ODF  from  pole
figure  or  EBSD  data  using  an  advanced  method  that  discretizes

 

Fig. 11    Simulated microstructure of YZ cross-section from ExaCA simulation.

 

Fig. 12    Pole figure textures from corresponding ExaCA-simulated YZ cross-section.
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the  orientation  density  space  with  unimodal  radially  symmetric
functions  and  employs  their  fast  spherical  Fourier  transform  for
efficient computation.

5  Conclusions
In this study, single-layer single-pass deposition of 921A steel was
performed using WM960S wire as the feedstock and an arc as the
heat  source  to  enable  rapid  additive  manufacturing.  The
microstructural  morphology  and  dimensional  characteristics  of
the deposition layer were examined at  various deposition speeds.
Additionally,  the  macroscopic  temperature  and flow fields,  along
with the melt pool cross-sectional microstructure, were simulated.
The study yielded the following key conclusions:

(1) Macroscopic metallography of the deposition layer revealed
distinct  columnar  grains  aligned  with  the  heat  flow  direction,
accompanied  by  acicular  ferrite  and  small  amounts  of  granular
bainite.

(2)  As  the  deposition  speed  increased,  both  the  width  and
height  of  the  deposition  layer  decreased.  The  simulated  and
experimental  results  for  the  forming  dimensions  were  in  good
agreement. At higher deposition speeds, the flow capability of the
molten pool was reduced.

(3)  In  the  center  of  the  melt  pool,  metal  flows  primarily
downward  because  of  the  combined  effects  of  electromagnetic
force,  gravity,  and the impact force from molten droplets.  At the
edges of the melt pool, metal undergoes reflux at the pool’s base,
where surface tension predominates.

(4) The ExaCA model simulated the growth of columnar grains
along  the  normal  direction  of  the  fusion  line  in  the YZ cross-
section,  with  nucleated  equiaxed  grains  forming  in  the  center  of
the  melt  pool,  thereby  obstructing  the  growth  of  original
columnar grains.
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