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a b s t r a c t

Laser cladding with coaxial shroud protection offers the possibility to process reactive

metals in an open environment. The numerical analysis was performed on the thermal

field and dynamics of molten pool with the aim of clarifying themechanism of the complex

effects of the applied extra shielding gas on the resultant microstructure and surface

quality of cladding layers of Ti6Al4V. A three-dimensional (3D) computational fluid dy-

namics (CFD) model was first developed to investigate the extra shielding gas effect on the

molten pool. The simulation shows that the extra shielding gas influences both the surface

and internal flow field characteristics of the molten pool. The predicted solidification pa-

rameters imply fully columnar microstructure in the entire cladding layer. Comparative

analysis was then carried out between the numerical simulation and experiments. The

electron backscattering diffraction (EBSD) examination reveals that the high cooling rate

due to the extra shielding gas inhibits the formation of grain boundary a phase and

simultaneously refines the microstructure. The extra shielding gas reduces the surface

roughness of cladding layers, and its bunching effect improves the powder utilization. The

multi-track cladding experiments reveal that the extra shielding gas can effectively sup-

press crack formation with a large overlap ratio. This study provides a better under-

standing of the effect of extra shielding gas flow on molten pool, which helps control and

improve the quality of cladding layers.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Laser cladding, a promising additive manufacturing (AM)

technique is widely used in industries due to its high energy

utilization, low dilution, flexibility and portability [1]. The co-

axial nozzle has the functions of emitting laser and adding
iang).
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materials. The laser beam melts the object surface, creating a

molten pool to which additive materials such as metal pow-

ders or wires are added and then immediately solidify to form

a new metallurgical layer [2e4].

Many complex driving forces act on the molten pool

simultaneously, which are mainly caused by temperature

gradients and/or surface active element concentration [5].
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However, the rapid melting-solidification and high tempera-

ture make it difficult to observe and detect the molten pool

state. Therefore, accurate numerical simulation is an effective

tool to reveal some phenomena. Yang et al. [6] developed a

three-dimensional (3D) numerical model based on the com-

mercial software FLOW-3D to reveal the dynamics of the

molten pool during metal AM with ultrasound. Siao and Wen

[7] investigated the effect of Marangoni stress on the molten

pool by a 3D numerical model, and the results show that the

Marangoni stress is the dominant factor in the molten pool

motion. Zhang et al. [8] developed a computational fluid dy-

namics (CFD) model and found that the flow dynamics of the

molten pool has a remarkable influence on the heat and mass

transfer mechanisms. Li et al. [9] studied the relationship be-

tween the microstructure and the molten pool by considering

surface tension and buoyance force using a coupled multi-

physics numerical model. Arrizubieta et al. [10] used a nu-

merical model to study the effect of the thermal field on

dendrite arm spacing and mechanical properties in laser

cladding. However, there is a lack of reports on the effect of

shielding gas flow on the molten pool. In some literatures

[11e14] the shielding gas was considered to be relatively

small, and its role was directly disregarded.

Coaxial shroud protection is an auxiliary technology that

offers the possibility to process reactive metals in an open

environment [15,16]. Compared with as-received cladding

conditions, the extra shielding gas flow injected from the co-

axial shroud not only changes the powder-gas flow field

characteristics, but also directly affects the state and forma-

tion of molten pool. Furthermore, the high speed gas flow can

change the surface heat dissipation from free convection to

forced convection, thus influencing the solidification param-

eters. Chen et al. [17] and Song et al. [18] treated the shielding

gas pressure as a Gaussian distribution over the free surface of

the molten pool. Khamidullin et al. [19] derived an expression

for the slip velocity between the gas and liquid phases. How-

ever, there is no discussion of how the shielding gas affects

the thermal field of the molten pool. Moreover, the shielding

gas pressure does not necessarily satisfy the Gaussian distri-

bution due to its small size.

Ti6Al4V as a workhorse alloy in Ti is widely used in AM due

to the excellent comprehensive properties by the coexistence

of aþb phases at room temperature [20]. During multi-track

cladding, the internal stress concentration as a result of

multiple heating and cooling cycles tends to cause cracks. The

cracks are one of the most frequently formed defects that

reduce the quality of cladding layers. The classic solution is to

preheat the substrate to balance the internal stress expansion

[21]. However, it is not possible to preheat all substrates in

practical open processing situations. Therefore, the control of

the temperature field provides an alternative solution [22,23].

At the same time, the powder utilization rate should also be

considered in large area multi-layer cladding.

There is much less research, however, dedicated to un-

derstanding how the gas interacts with the molten pool. In

this study a 3D CFD model using the Volume-of-Fluid (VOF)

methodwas developed in the commercial software FLUENT to

simulate the laser cladding process. The surface tension,

Marangoni stress, gravity force, buoyance force and Darcy

force were all considered to describe the mass and heat
transfer of the molten pool. In particular, the interaction of

extra shielding gas with the molten pool was implemented in

two aspects. For momentum, the impulse boundary condition

was introduced. For energy, the gas forced convection condi-

tion was used to represent the rapid heat dissipation. The

simulated flow characteristic and solidification parameters of

the molten pool were analyzed. Microstructure, crystallo-

graphic textures and quality of cladding layer were experi-

mentally measured and combined with the simulation results

to provide in-depth analysis. This study reveals the effect of

extra shielding gas flow on molten pool and gives a better

understanding of the coaxial shroud protection technology.
2. Mathematical models

In this research, molten pool fluid flow and heat transfer were

calculated under different conditions through the governing

equations of mass, momentum and energy conservation. The

VOFmethodwas used to track the free surface of molten pool.

Some assumptions were made to simplify the model as fol-

lows. 1) Laser-powder interaction is ignored. 2) Powders

become liquid when they are in the molten pool, i.e., the

temperature of adding material reaches the liquidus temper-

ature. 3) The flow in the molten pool is laminar and incom-

pressible. 4) Evaporation is not considered due to the

temperature below the evaporation point; 5) The impact of

powders on molten pool is neglected; 6) Carrier gas, central

shielding gas and extra shielding gas are linearly super-

imposed on the free surface.

2.1. Governing equations

The governing equations can be defined as

vr

vt
þV $ ðr v!Þ¼ 0 (1)

v

vt
ðr v!ÞþV , ðr v!v!Þ¼ �VpþV , ½mðV v!þV v!TÞ�þ r g!þ SF (2)

v

vt
ðrHÞþV , ðr v!HÞ¼V , ðkVTÞ þ SE (3)

va

vt
þV , ða v!Þ¼0 (4)

where r, m, k and VT are the local density, viscosity, heat

conduction coefficient and the temperature gradient respec-

tively, v! is the velocity vector, H is the enthalpy, SF and SE are

the source terms of momentum and energy, and a is the vol-

ume fraction. a ¼ 1 is defined for the gas phase, a ¼ 0 for the

solid or liquid (SorL) phase, and 0< a <1 for the free surface

between the gas and SorL phases.
2.2. Solid-liquid phase change

During the laser cladding process, the first phase trans-

formation is that the solid (powders) is melted to the liquid in

molten pool. Then, the molten pool solidifies to a cladding

layer. The laser cladding process is accompanied by rapid
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Fig. 1 e Physical properties of calculation domain.
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energy transfer within and between the phases. According to

Enthalpy-Porosity model, a liquid fraction b is defined to

identify the pure solid phase, pure liquid phase and mushy

zone.

b¼

8>>><
>>>:

0 T<TS

T� TS

TL � TS
TS � T � TL

1 TL <T

(5)

The total enthalpy of thematerialH is regarded asH ¼ cTþ
bL, where the c is the specific heat, and the L is the latent heat

of liquefaction. TS and TL are the solidus and liquidus tem-

peratures, respectively. Therefore Eq. (3) can be written as

8>>>>>>><
>>>>>>>:

vðrcTÞ
vt

þ v!,VðrcTÞ ¼ V,ðkVTÞ T<TS

vðrcTÞ
vt

þ v!,VðrcTÞ ¼ V,ðkVTÞ � vðrbLÞ
vt

� v!,VðrbLÞ TS <T<TL

vðrcTÞ
vt

þ v!,VðrcTÞ ¼ V,ðkVTÞ � vðrLÞ
vt

� v!,VðrLÞ TL <T

(6)

2.3. The VOF method and material properties

As mentioned above, the VOF method was used to track the

free surface between the SorL phase and gas phase. Therefore,

the physical boundary of free surface such as laser heat input,
Table 1 e Physical properties of materials used in the model.

Physical variables (Unit) Sym

Solidus temperature (K) TS

Liquids temperature (K) TL

Density (kg$m�3) r

Thermal conductivity (W$m�1$K�1) k

Viscosity (mPa$s) m

Melting latent heat (J$kg�1) L

Surface tension (mN$m�1) s

Thermal expansion coefficient (K�1) l

Specific heat (J$kg�1$K�1) c

Convective heat transfer coefficient (W$m�2$K�1) hc

Surface radiation emissivity ε

Stefan-Boltzmann constant sB

Initial temperature (K) T0

Laser absorptivity (%) hL
surface thermal convection and radiation, surface tension,

Marangoni effect and gas impulse effect should be added to

the cell with 0< a <1. For the given volume and space position

of mesh, the physical properties of interface elements are

related to the volume fraction of gas and SorL phase [24], as

shown in Fig. 1. The main physical properties of the material

(see Table 1 and Fig. 2) were calculated by the commercial

software JMatPro. In themodel, the substrate and as-solidified

cladding track were regarded as a fluid phase with high vis-

cosity [25].

2.4. Energy conditions

On the free surface, heat transfer dominated by laser heat

(qLas) input, heat convection (qH) and heat radiation (qT) re-

places heat conduction in a pure phase. Therefore, the heat

conduction in energy equation can be deduced as

�kVT ¼ qLas þ qH þ qT (7)

where the top-hat laser heat is defined by qLas ¼ hLasPLas
pr2 , heat

convection is expressed as qH ¼ �hcðT�T0Þ and heat radiation

is written as qT ¼ � sBεðT4 � T4
0Þ. The final energy equation on

the free surface can be described as

vðrcTÞ
vt

þ v!,VðrcTÞ¼V ,

�
hLasPLas

pr2
�hcðT�T0Þ�sBε

�
T4 �T4

0

��

� vðrLÞ
vt

� v!,VðrLÞ
(8)

while the free surface beyond the laser irradiation range can

be written as

vðrcTÞ
vt

þ v!,VðrcTÞ¼V ,
�� hcðT�T0Þ�sBε

�
T4 �T4

0

��
� vðrLÞ

vt
� v!,VðrLÞ

(9)

where hLas is the laser energy efficiency. The laser absorptivity

of the TC4 substrate (Fig. 3) was measured in a spectropho-

tometer (LAMBDA 1050, Perkin Elemer, China) with 150 mm

integrating sphere. The absorptivity of 57.8% was used for the

laser wavelength 1064 nm in this study (Table 1). PLas is the

laser power, r is the laser radius, ε is the emissivity, sB is the
bol Value Reference

1928 JMatPro

1987 JMatPro

4510 [26]

Fig. 2(b) JMatPro

Fig. 2(c) JMatPro

3.48e5 JMatPro

Fig. 2(d) JMatPro

1.2e-5 [27]

Fig. 2(a) JMatPro

9.0 and 65.5 [28,29]

0.35 [30]

5.67e-8 [30]

300 e

AS 57.8 Measurement
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Fig. 2 e Temperature-dependent physical properties calculated by JMatPro: (a) specific heat; (b) thermal conductivity;

(c) viscosity; (d) surface tension.
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Boltzmann coefficient, T0 is the ambient temperature, and hc

is the heat convection coefficient. When the gas effect is

considered, the free convection changes to forced convection.

According to the literatures [28,29], the free convection coef-

ficient and gas forced convection coefficient used in the

simulation are 9 and 65.5 W m�2 K�1, respectively.
Fig. 3 e The laser absorptivity of substrature from 900 to

1200 nm of wavelength.
2.5. Momentum conditions

The momentum source term SF in Eq. (2) includes the body

force fbody and surface force fsurface, and can be expressed as

follows,

SF ¼ fbody þ fsurface ¼
�
fBouyancy þ fDarcy

�
þ
�
fSurface Tension þ fMarangoni þ fGas

�
(10)

where the body force includes Buoyance force fBouyance and

Darcy force fDarcy, and the surface force includes surface ten-

sion fSurface Tension, Marangoni stress fMarangoni and gas force

fGas Since the temperature is below the vaporization temper-

ature, the recoil pressure is ignored. The Buoyance force is

based on the Boussinesq model with a constant density:

fBouyancy ¼ � r0lðT�T0Þg (11)

where l is the thermal expansion coefficient, and r0 is the

constant density of the flow. Themushy zonewas treated as a

porous medium. The momentum sink due to porosity can be

expressed as

fDarcy ¼ð1� bÞ2�
b3 þ ε

�Amushð v!� ve
!Þ (12)

where b is the liquid volume fraction, ε is a very small number

(0.001) that makes division meaningful, Amush is the mushy

constant with the default value 105, and ve
! is the pull velocity.

https://doi.org/10.1016/j.jmrt.2023.08.163
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The surface tension and Marangoni stress are rewritten as

volumetric force with the continuum surface force (CSF)

model [31].

fSurface Tension ¼s , k , n!, jVaj,2rsurface
rL þ rG

(13)

fMarangoni ¼ vs

vT
,VsT¼ vs

vT
, ðVT�ðVT , n!Þ n!Þ , jVaj,2rsurface

rL þ rG
(14)

where s is the surface tension coefficient, n! is the normal unit

vector, k ¼ �V, n! is the mean curvature of molten pool sur-

face, jVaj is the Delta function to transfer surface force to

volumetric force, VsT is the surface temperature gradient, and
2rsurface
rLþrG

is a redistributing coefficient for smeared force toward a

heavier phase [32].

Although the molten pool lasts for a very short time, it is

affected by very complex gas forces. This was usually ignored

in the previous studies. As shown in Fig. 4(a), the carrier gas,

central shielding gas and extra shielding gas impact directly

on themolten pool. The carrier gas and extra shielding gas are

considered to be ideal gases perpendicular to the free surface,

while the central shielding gas can be decomposed into

tangential (FTangential ¼ FCentral shielding gas,cos a) and normal

(FNormal ¼ FCentral shielding gas,sin a) directions as shown in

Fig. 4(b). Though the tangential force increaseswith a from top

to bottom along the liquid surface, the carrier gas and extra

shielding gas are so large that the tangential force can be

negligible and only the normal force is considered. The carrier

gas, central shielding gas and extra shielding gas are linearly

superimposed on the free surface.

fGas ¼ fCarried gas þ fCentral shielding gas þ fExtra shielding gas (15)

According to the conservation of gas impulse, the action of

gas can be written as

F ,Dt¼mG v!END �mG v!G (16)

where Dt is the duration time of the gas action, v!G is the gas

velocity before impacting the free surface and v!END is the final

velocity. Assuming that the gas velocity to the surface de-

creases to zero ( v!END ¼ 0), the gas force can be described as
Fig. 4 e Analysis of flattening effect on the surface of the molten

(b) the gas forces acting on the molten pool.
F¼�mG v!G

Dt
(17)

where the quantity of gas mG can be defined by

mG ¼ rG ,V¼ rG , v!G ,Dt,DS (18)

where V is the volume of gas, DS is the free surface area in a

cell. Finally the momentum source of gas for each cell can be

written as

fGas ¼ rG , v!2

G ,DS , jVaj,
2rsurface
rL þ rG

(19)

2.6. Material addition

In this research, a coaxial laser head with four powder exits

was used. The jet stream is considered as a turbulent jet

stream, i.e., the powder flux satisfies the Gaussian distribution

on the section of focus plane [33,34]. The strategy of adding

powders is to assign material properties to the volume-filled

mesh. Building the coordinates of XY plane with powder

focus as center at upper substrate on the section perpendic-

ular to the scanning direction, the number of filled volumes

for each column element can be written as [10]:

Ele¼ 2,
hp, _m,Dt

Dz,r,p,r2p
exp

 
� 2 ,

x2 þ y2

r2p

!
(20)

where _m is the powder feeding rate, and the experimental

value of _m ¼ 0.67 g/s is taken. hp is the powder utilization ef-

ficiency, increased by 10.37% as bunching effect of shielding

gas [16]. Dz is the height of the element, Dt is the fixed time

step in this simulation model, and rp is the powder stream

radius which is equal to the laser radius. Table 2 presents the

process parameters in detail. When the filled fraction of an

element equal to unity, namely, a ¼ 1, it is assigned the

physical properties of metallic material. The top element of

each element column is treated as free surface which 0<a < 1.

The cell is assigned the properties of ideal gas when a ¼ 0.

This simulation was carried out in FLUENT, and the

material properties, boundary conditions and value

extraction were realized by user-defined function (UDF)

with the C language. The pressure implicit with splitting of
pool: (a) illustration of the action of gases on molten pool;

https://doi.org/10.1016/j.jmrt.2023.08.163
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Table 2eMaterial addition process parameters applied in
this study.

Parameters (unit) Symbol Value

Powder feeding rate (g/s) _m 0.67

Powder utilization efficiency (%) hp 80.5 [35]/88.8

Height of element (mm) Dz 0.02

Time step (s) Dt 0.01

Powder stream radius (mm) rp 2

Fig. 5 e The applied boundary conditions of the model.

Fig. 6 e The laser cladding experimental setup: (a) the laser

nozzle, (b) assembly of the TACS and (c) the chiller and

argon.
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operators (PISO) method was used to solve the pressure-

velocity coupling. The Geo-Reconstruct scheme was

employed to calculate the volume fraction. The second

order upwind scheme was used to discretize the tempera-

ture and velocity fields. All the applied boundary conditions

are shown in Fig. 5.
3. Experimental setup and materials

3.1. Experimental setup
The laser cladding setup consists of a laser diode module

(LDM) semiconductor laser (LDM-2500, LaserLine, German)

equipped with 6-axis robot (IRB4600, ABB, Switzerland), a

powder feeding system (RC-PGF-D-2, Nanjing Zhongke Ray-

cham Laser Technology Co., Ltd.), a chiller system (MCWL-

70DTR-04X1-3385, Sanhe City Tongfei Refrigeration

Equipment Co., Ltd., China), and a self-designed three-layer

annual coaxial shielding shroud (TACS), as shown in Fig. 6.

The pure Argon (99.99%) was used as the protective gas. A gas

flowmeter (LZT M � 6, Jiangsu Kenchuang Instrument Co.,

Ltd.) was used to control the gas flowrate. The optimized value

of 30L/min that was determined in the previous work [16] was

used for the flowrate of extra shielding gas for each channel.

The parameters for the laser cladding experiments are listed

in Table 3. The geometry and surface roughness of cladding

samples were measured in a high-resolution 3D optical pro-

filer (KEYENCE, VR5000, Japan). The chromel-alumel (K-type)

thermocouples were used tomeasure the temperature history

of different locations on the substrate during laser cladding.

Scanning electron microscope (SEM, JSM-IT500LA, Japan)

equipped with an energy dispersive spectroscopy (EDS) was

used to observe the powders and the microstructure of
cladding samples. The EBSD detector was used to examine the

grain morphology and orientation in the selected area of the

samples.

3.2. Materials

The gas-atomized pre-alloyed TC4 powders (powder diameter

45e150 mm, Avimetal Powder Metallurgy Technology Co., Ltd.,

China) were used in this study. The chemical composition (wt.

%) of powders is 6.06 Al, 4.04 V, 0.03 Fe and balanced Ti. The

TC4 substrates of 100 � 100 � 10 mm were polished with

sandpaper and cleaned with alcohol before laser cladding

(see Fig. 7). The cross-section of cladding samples was pol-

ished and etched using the Kroll's reagent [36] (2e3%HF, 4e5%

HNO3, 92e94% H2O) before the SEM observations.
4. Results and discussion

4.1. Transient velocity of molten pool

The surface tension temperature coefficient (vs=vT) de-

termines the fluid flow direction on the molten pool surface

[13]. When vs=vT>0, the liquidmetal flows from the periphery

to the center of the molten pool, forming an inward flow and

thus leading to a deeper and narrower cladding layer. When

vs=vT<0, the liquid metal flows from the center to the pe-

riphery of the molten pool, forming an outward flow and thus

leading to a wider and shallower cladding layer.

Fig. 2(d) shows that the surface tension of liquid TC4 de-

creases with increasing temperature, i.e., vs=vT< 0. In com-

bination with the Marangoni stress which is related to the

surface temperature gradient VsT, the liquid tends to flow

from the low surface tension region to the relatively high

surface tension region [37] and forms an outward flow. The

vortex-like flow velocity streamlines as shown in Fig. 8(b) are

similar to the X-ray observations by Guo et al. [38]. This

vortex-like flow facilitates the heat transfer in themolten pool

to obtain a uniform heat distribution.

https://doi.org/10.1016/j.jmrt.2023.08.163
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Fig. 7 e (a) SEM observations of TC4 powders and (b) TC4 substrate.

Table 3 e Main parameters for experiments.

Parameters (unit) Symbol Value

Laser power (W) P 1401

Scanning speed (mm/s) Vss 6

Carried gas flowrate (L/min) FR1 10

Central shielding gas flowrate (L/min) FR2 18

Extra shielding gas flowrate (L/min) FR3 30
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Although the molten pool exists for a very short time, its

motion is intense due to various complex driving forces [39].

Among these factors, the flattening effect of shielding gas is

rarely considered in the existing literature [25,40,41]. In this

study, the extra shielding gas was considered as gas impulse

condition on the molten pool surface. The following analysis

was performed on the X-Z and Y-Z planes indicated in

Fig. 8(a).

Fig. 9 shows the molten pool state on the X-Z plane at

different time under two conditions. Conditions Item 1 and

Item 2 are without and with extra shielding gas, respectively.

When t¼ 0.1s, themolten pool behind the laser radiation zone

(right side) solidifies faster as the laser sourcemoves along the

positive direction of the X-Axis (see Fig. 9(a) - Item 1 and 2).

When t ¼ 0.3s, the maximum velocity in the molten pool

without extra shielding gas effect is on the upper of the

molten pool which is mainly dominated by temperature

gradient between the molten pool and as-solidified track (see

Fig. 9(b) - Item 1 and Item 2). When t ¼ 0.5s, only the vortex
Fig. 8 e The schematic of simulated molten pool: (a) the X-Z an

molten pool.
flow at the rear of the molten pool forms when the extra

shielding gas is not considered (see Fig. 9(c) - Item 1). However,

the vortex flow does not form even if the velocity near the

surface of molten pool is increased when the extra shielding

gas is applied (see Fig. 9(c) - Item 2). When t ¼ 0.7s, two vortex

flows form, and the molten pool is in a steady state (see

Fig. 9(d) - Item 1). However, themolten pool is deformed by the

extra shielding gas, i.e. the space is narrowed, resulting in no

vortex formation (see Fig. 9(d) - Item 2). To sum up, though the

extra shielding gas increases the velocity near themolten pool

surface, it also inhibits the formation of internal vortices in

the scanning direction by shaping molten pool space.

Fig. 10 shows the molten pool state on the Y-Z plane. The

area of themolten pool on the Y-Z plane becomes larger due to

the bunching effect of shielding gas, implying an increased

powder utilization rate. The velocity near the molten pool

surface also increases under the extra shielding gas effect.

The simulation results are in good agreement with the

experiments.

4.2. Thermal field of cladding process

To validate the CFD model, the temperature history was

experimentally measured by the k-type thermocouples under

different convection conditions and compared with the nu-

merical results. Three thermocouple test points P1, P2 and P3

were placed on the substrate as shown in Fig. 11. Error per-

centage between the measurement and simulation results

can be calculated by [42].
d Y-Z plane diagram, (b) the outward flow diagram in the
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Fig. 9 e The simulated velocity field on the X-Z Plane of the molten pool at 0.1s, 0.3s, 0.5s and 0.7s. Item 1 and Item 2 is

without and with considering the flattening effect of shielding gas, respectively.
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100
Pn
i¼1

��	ðTmÞi � ðTsÞi

�ðTmÞi

��

%Error¼

n
(21)

where n is the total number of time increments in a simula-

tion, Tm is the measured temperature and Ts is the simulated

temperature.

Fig. 12 shows the numerical and measurement results of a

single cladding layer without considering gas forced convec-

tion heat dissipation. The temperature increases sharply

when the laser just approaches, and the temperature imme-

diately starts to cool down as the laser moves away. The
numerical results agree well with the measured data for the

feature of rapid heating and cooling at the threemeasurement

locations. The overall error percentage of P1, P2 and P3 are

4.93%, 5.63% and 6.27%, respectively. The temperature results

under gas forced convective heat dissipation condition are

shown in Fig. 13. The peak temperature of all three points

reduces due to abundant heat loss by gas forced convective

heat dissipation in surface. The measured temperature his-

tory of P1 and P2 has a V-shaped valley at the cooling stage

after the peak temperature. This is because as the extra co-

axial shielding gas moves away, the dominant factor of heat

https://doi.org/10.1016/j.jmrt.2023.08.163
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Fig. 11 e (a) Positions of thermocouples on substrate. (b) The schematic of real experimental test.

Fig. 10 e The simulation and experimental results on the Y-Z Plane: (a), (c) without extra shielding gas; (b), (d) with extra

shielding gas.

Fig. 12 e Experimental and predicted results of temperature at different measurement points under free convection

conditions: (a) P1, (b) P2, (c) P3.
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transfer changes from convection to conduction, i.e. more

heat is transferred from the as-solidified cladding track by

conduction. This numerical model did not capture this feature

and can be further improved. But the numerical results are

still in good agreement with the measurement with the

overall error percentage of 5.83%, 6.29% and 6.88% for P1, P2

and P3, respectively. The developed CFDmodel can accurately
Fig. 14 e (a) The Schematic of molten pool solidification. The sim

(b) without extra shielding gas; (c) with extra shielding gas.

Table 4 e The temperature gradient and solidification rate of t

Location R(mm/s) G(

A1

2
4Rx

Ry

Rz

3
5 ¼

2
4 6

0
2:2

3
5

2
4Gx

Gy

Gz

3
5

B1

2
4Rx

Ry

Rz

3
5 ¼

2
4 6

0
3:7

3
5

2
4Gx

Gy

Gz

3
5

C1

2
4Rx

Ry

Rz

3
5 ¼

2
4 6

0
5:1

3
5

2
4Gx

Gy

Gz

3
5

Fig. 13 e Experimental and predicted results of temperature at

conditions: (a) P1, (b) P2, (c) P3.
simulate the heat transfer process in laser cladding under

extra shielding gas.

The solidification rate R and temperature gradient G at the

solidification interface are the two main parameters to influ-

ence the solidification microstructure [43]. The cooling rate

G*R determines the size of the microstructure. The shape

factor G/R determines the morphology of the microstructure.
ulated temperature gradient distribution of cladding layer:

he points in Fig. 14(b).

K/mm) G*R(K/s) G/R

¼
2
4 524
0:004
854

3
5 5022.8 156.8

¼
2
4 366
�0:023
586

3
5 4364.2 98.0

¼
2
4 265
�0:026
403

3
5 3645.3 61.2

different measurement points under gas forced convection
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Table 5 e The temperature gradient and solidification rate of the points in Fig. 14(c).

Location R(mm/s) G(K/mm) G*R(K/s) G/R

A2

2
4Rx

Ry

Rz

3
5 ¼

2
4 6

0
2:3

3
5

2
4Gx

Gy

Gz

3
5 ¼

2
4 852
�0:043
1010

3
5 7435.0 205.6

B2

2
4Rx

Ry

Rz

3
5 ¼

2
4 6

0
4:1

3
5

2
4Gx

Gy

Gz

3
5 ¼

2
4 645
0:051
626

3
5 6436.6 123.7

C2

2
4Rx

Ry

Rz

3
5 ¼

2
4 6

0
5:3

3
5

2
4Gx

Gy

Gz

3
5 ¼

2
4 412
0:107
869

3
5 7077.7 120.1

Fig. 15 e Different positions under different laser cladding

conditions in solidification map of TC4 alloys [46].
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The solidification rate on the liquid-solid interface is

related to the scanning speed. Fig. 14(a) illustrates that the

direction of solidification rate is always perpendicular to the
Fig. 16 e Themicrostructure of cladding track from bottom to top

shielding gas. (c1) and (f1) are the EDS results of (c) and (f) at an
tangent of the interface. The solidification rate in Z-direction

is VZ ¼ VSS,tan j [25], where VSS is the scanning speed and j is

the angle subtended by the tangent line and the horizontal

line parallel to the scanning direction. This fix cross-section

style method was also employed to calculate the solidifica-

tion rate from the simulation [44,45]. Tables 4 and 5 show the

solidification rate and temperature gradient results at the

bottom, middle and top of the cladding layer by simulation.

Fig. 15 shows the predicted G and R at different positions of

the cladding track in the solidification map of TC4 alloys. The

columnar to equiaxed transition (CET) will happen during

solidification when the local undercooling is larger than the

nucleation undercooling [47]. No CET can occur in the solidi-

fication process of laser cladding as shown in Fig. 15. In

particular, with the extra shielding gas, the fully columnar

region is expected in the entire cladding layer due to the

change of solidification parameters.

4.3. Microstructure and crystallographic textures

To clarify the relationship between the solidification param-

eters and microstructure, the microstructure of the corre-

sponding bottom, middle and top parts of the cladding layer

was observed in the SEM (Fig. 16).
, (a) to (c) without extra shielding gas and (d) to (f) with extra

acceleration voltage of 20 keV.
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When the extra shielding gas is not considered, the tem-

perature gradients from the bottom to top of the solidification

interface at points A1 (1001.9 K/mm), B1 (690.9 K/mm) and C1

(482.3 K/mm) show the same decreasing trend as the cooling

ratesatpointsA1 (5022.8K/s), B1 (4364.2K/s) andC1 (3645.3K/s),

as shown in Fig. 14(b) and Table 4. Fig. 16(a) and (b) shows the

martensitic a0 grains at points A1 and B1, and the prior b grain

boundaries can be clearly seen. Fig. 14(c) and Table 5 show that

with theextra shieldinggas effect, the temperature gradients at

points A2 (1321.4 K/mm), B2 (898.8 K/mm) and C2 (961.7 K/mm)

are all higher than the gradients without gas effect. The
Fig. 17 e The EBSD analysis of cladding layer without extra shiel

(d) grain boundary distribution map and (e) grain boundary his
temperature gradient at point C2 (961.7 K/mm) is larger than

that in the middle point B2 (898.8 K/mm) due to massive heat

dissipation on the surface by the extra gas. Fig. 16(d) and (e)

shows that the typical martensitic a0 basket-weave micro-

structure at points A2 and B2.

With the extra shielding gas, the martensitic a0 grains

become finer especially in the top of the layer due to the faster

cooling rate (Fig. 16(c) and (f)). A thin low-oxygen and well-

defined oxide film was obtained in both the cladding layers

with and without the extra shielding gas. Fig. 16(c1) and (c2)

shows the EDS results of (c) and (f), respectively. The oxide
ding gas effect: (a) band contrast map, (b) phase map, (c) IPF,

togram.
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film of cladding layer in the absence of extra shielding gas

consists of massive oxide and is relatively thick, while the

extra shielding gas prevents the oxygen from reacting with Ti,

resulting in a thinner oxide layer of about 3 mm, as shown in

Fig. 16(f).
Fig. 18 e The EBSD all Euler maps, pole figures, inverse pole fig

(e), (g), (i) without gas effect and (b), (d), (f), (h), (j) with extra shi
The Kikuchi patterns are unique to each crystal structure

and orientation, and they can be used to determine the crys-

tallographic information. To perform EBSD analysis, the

specialized software Channel-5 was used to analyze the

Kikuchi pattern of the selected areas. The grain size
ures and grains statistics analysis of cladding layer: (a), (c),

elding gas.
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Fig. 19 e Three zones of molten pool [54].

Fig. 21 e Schematic of height and effective surface.
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distribution, grain morphology, grain orientation, grain

boundary informationwere analyzed on the samples obtained

under different cladding conditions.

Fig. 17 shows the EBSD results of the cladding layerwithout

extra shielding gas. The ND, TD and SD represent the normal,

transverse and scanning directions, respectively. The phase

map (Fig. 17(b)) shows that the cladding sample is almost all

hexagonal a-Ti crystal, reaching a content of 99.9821%. During

the cooling process after solidification, the solid-state phase

transformation from cubic b-Ti to hexagonal a-Ti occurs in

cladding layer. The cooling rate is so high that the martensitic

aʹ phase forms in the majority of the sample in the non-

diffusion phase transformation. Because of the crystal char-

acteristics the two types of Ti crystals keep the Burgers, i.e.,

{110}b||{0002} a and <�11�1> b||< 2-1-10> a [48]. Thus, up to 12

crystal equivalent orientation variants may exist during the b

to a transition. The presence of multi-variants mitigates the

anisotropy of the material. The inverse pole figure (IPF) shows

that multiple variants (multiple colors) are present inside the

prior b grain, while the similar variants appear near the grain

boundary a phase, as shown in the white box in Fig. 17(c). The

variant selection caused by grain boundary a phase has a

significant impact on the mechanical properties [49,50].

Fig. 17(d) and (e) shows the different angle grain bound-

aries and statistical histogram of the transformed a phases.

The frequencies at the sharp peaks 2�, 10�, 30�, 60� and 90� are
similar to the results of Ullah et al. [51]. High angle grain

boundaries (HAGBs, >10�) dominate the microstructure. Low

angle grain boundaries (LAGBs, 2e10�) mainly occur on the

prior b grain boundaries.

During solidification, the a phase preferentially pre-

cipitates from the supersaturated b phase to replace the b

grain boundaries [52]. Under the gas forced convective heat

dissipation by extra shielding gas, the higher cooling rate

leaves no time for the grain boundary a phase to precipitate
Fig. 20 e The 3D profile of single cladding layer: (a) without extr

gas.
and grow. However, the position of b grain boundary can

still be identified as shown in Fig. 18(b) and (d). The LAGBs

have lower interfacial energy. Dislocation slip can occur

easily near the LAGBs during deformation, and cracks tend

to propagate along the LAGBs. Comparing the statistics

analyzed in Fig. 18(c) and (d), the fraction of LAGBs de-

creases from 42.3% to 19.8% under extra shielding gas con-

dition, implying an increase in the strength and fatigue

properties of cladding layer. In addition, the statistical re-

sults show that the average grain size reduces from 0.557 to

0.399 mm under extra shielding gas condition in Fig. 14(i) and

(j), which means the mitigation of property anisotropy

[6,53]. Because the hexagonal a-Ti dominates, the pole figure

and IPF were analyzed only for this phase. The pole figure

results show that the orientation density extremum reaches

55.05 without extra shielding gas, indicating a severe

meritocratic orientation in cladding layer. This is mitigated

when extra shielding gas is used, and the extremum reduces

to 26.24. The IPF shows that a strong texture appears as the

extreme value of orientation density reaches 13.44 without

gas effect. In contrast, this extreme value drops to 3.66 in

the presence of gas effect, implying that no strong textures

appear.

4.4. Surface quality and geometry of cladding layer

According to Volpp et al. [54], three zones were found in the

molten pool by a high speed camera. They are direct input

zone, floating zone and rest zone, as shown in Fig. 19. In the

direct input zone, the energy is high enough to melt powders

immediately. However, unmelted powders float in the vicinity

of the direct input zone and even remain at the track surface

due to energy attenuation.
a coaxial shielding gas and (b) with extra coaxial shielding
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Fig. 23 e The fitting of cladding layer under different overlap ratios: (a) The relative layer flatness S; (b) The effective surface

area ES.

Fig. 22 e Section of overlapping cladding with different overlap ratios: (a) 30%, (b) 45%, (c) 60%.

Fig. 24 e The schematic diagram of the center shift effect.
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Under the simultaneous flattening effect of shielding gas,

the increase in surface velocity accelerates the velocity of

powders in the floating zone to some extent to compensate for

the energy attenuation and promote the surface powder

melting. The reduction of unmelted powders on the surface

theoretically increases the surface roughness. The 3D

macroscopic profile of single cladding layer was characterized

by the high-resolution 3D optical profiler, as shown in Fig. 20.

It can be pronouncedly seen that a smoother surface of single

track was achieved by using extra coaxial shielding gas. The

Ra of 18 mm on the cladding layer surface under extra shield-

ing gas (Fig. 20(b)) is lower than that of 21 mm on the surface

without extra gas (Fig. 20(a)).

Large area parts are manufactured by multiple cladding

steps [55]. In the case ofmachining-based post-processing, the

surface smoothness determines the machining allowance,

thereby affecting the machining efficiency [56]. The extra

shielding gas effect on geometric profile of the multi-track

cladding layers needs to be further investigated. Defining the

distance from upper surface of substrate to minimum valley

as hmin and to maximum peak as Hmax, the layer flatness of

multi-track relative to substrate can be quantified as
S¼Hmax � hmin (22)

Inmost cases, the cladding layers need to be further processed

to meet the service conditions, so hmin is taken as the height

and a rectangular area can represent the maximum effective

surface, as shown in Fig. 21.

The overlap ratio ε of adjacent tracks is the main factor to

dimensional accuracy, surface quality and mechanical per-

formance [57]. To investigate the extra shielding gas effect on

the surfacemorphology ofmulti-track cladding layers, 7 levels
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Fig. 25 e The velocity simulation results on Y-Z Plane of liquid molten pool of overlap track: (a) without extra shielding gas;

(b) with extra shielding gas.
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of overlap ratios distributed uniformly from 30% to 60% were

taken to clad 8 tracks. The different overlap ratios imply

different heat transfer conditions and further represent

different residual stress [58]. The cracks appeared with the

overlap ratio larger than 50% under as-received condition due

to higher residual stress by intensive repeated heat treatment.

However, in the presence of extra shielding gas, no cracks

appear under all the tested overlap ratio (30%e60%). This is

also due to the reduction of the LAGBs, which improves the

crack resistance, as described in Section 4.3. Notably, the ac-

celeration of heat dissipation leads to inter-run porosities due

to a lack of fusion (LOF) [59] when the overlap ratio reaches

60%, as shown in Fig. 22(c). This can be explained by the fact

that the increase of tangential angle of the track outline at the

overlapping zone decreases the laser energy absorption [60].

Fig. 23 plots the relative layer flatness S and effective sur-

face area ES as a function of overlap ratio ε. As shown in

Fig. 23(a), with an overlap ratio >35%, the S with extra

shielding gas is lower than the as-received cladding. This in-

dicates that the extra shielding gas can flatten the multi-track

layers in a wide range of overlapping ratio. Overall, the waves

are less pronounced without extra shielding gas effect due to

the bonding of unmelted powders on surface (Fig. 22). How-

ever, the ES values (Fig. 23(b)) show that the bunching effect of

extra shielding gas leads to a larger ES, indicating an increase

in powder utilization efficiency.

Theoretically, the multi-track cladding layer consists of

uniform single tracks. However, compared to the first cladding

layer, the powder feeding of the subsequent cladding layers

could be affected by the blocking effect of the previous clad-

ding layers, which may further lead to a change in powder
utilization. In addition to the melting of feed powders, part of

the existing neighboring track is remelted to form the multi-

track [61]. The overlap part can make the upper surface

flatter by lifting the surface valley, but the center of the new

track can be shifted [62], as shown in Fig. 24. In laser cladding

of multiple tracks, the overlap ratio ε is defined by first track,

and the accumulated offsets cause the real subsequent over-

lap ratio to deviate from the defined value. Fig. 25 illustrates

the simulation results of molten pool of overlap track clad-

ding. With the extra shielding gas, the velocity on the molten

pool surface increases and the liquid flows to the valley,

leading to a flatter surface and moderating the shift center of

the track.
5. Summary and conclusions

A computational fluid dynamic (CFD) model using the

Volume-of-Fluid (VOF) method was established to simulate

the laser cladding process with coaxial shroud protection and

investigate the extra shielding gas effect on the molten pool.

The gas impulse condition and gas forced convection condi-

tion were applied on the free surface in the model. Based on

the numerical simulation and experimental results, the con-

clusions are summarized as follows:

(1) The numerical simulation results reveal the flow and

thermal characteristics of molten pool. The extra

shielding gas increases the velocity near the molten

pool surface, which compensates for the energy

attenuation and promotes the surface powder
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melting. The simulated solidification parameters

imply that the microstructure in the cladding layer is

fully columnar under higher cooling rate due to the

extra shielding gas.

(2) A thin and uniform oxide film of about 3 mm thickness

can be obtained with the application of extra shielding

gas. The high cooling rate inhibits the appearance of

grain boundary a phase and reduces the fraction of low

angle grain boundaries from 42.3% to 19.8%. The grains

are refined from 0.557 to 0.399 mm. This implies an in-

crease in strength and potentially mitigates the

anisotropy of cladding layers.

(3) In the presence of extra shielding gas, the surface

roughness Ra of cladding layers is reduced from 21 to

18 mm due to shielding gas flattening effect and the

surface velocity acceleration on the powder velocity in

the floating zone. The massive heat loss due to extra

shielding gas significantly reduces crack formation in

multi-track cladding with a large overlap ratio, but

inter-run porosity will occur when the overlap ratio is

60% or more. Meanwhile, the bunching effect of

shielding gas increases the powder utilization

efficiency.
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