
Chapter 19
Numerical Simulation of Heat Transfer
and Fluid Flow in Co-axial Laser
Cladding of Ti6Al4V Alloys

Vijay Mandal , Shashank Sharma and J. Ramkumar

Abstract In this article, a 2D FEM model is built to simulate the heat transfer and
fluid flow in the laser cladding process of the Ti6Al4V alloy. Physical phenomena
such as melt pool generation, mass addition due to powder flow, Marangoni convec-
tion, and re-solidification of the melt pool have been incorporated in the developed
model. The governing equations pertaining to mass, momentum, and energy were
solved in a Lagrangian moving frame to predict temperature and velocity field along
with geometrical dimensions of the deposited clad. The temperature and temperature
gradients were calculated at “14” located points in three different directions, to scru-
tinize the thermal behavior of the melt pool. Further, the influence of driving forces
such as Marangoni force and thermal buoyancy force was analyzed. The prediction
of microstructure evolution was based on the estimation of the temperature gradient,
cooling rate, and solidification rate in the fusion zone.

Keywords Laser cladding · Heat transfer and fluid flow · Solidification rate

19.1 Introduction

Titanium and its alloys have become essential for structural applications in aerospace,
electronics, and bio-medical industries, due to its lightweight and high strength to
weight ratio [1, 2]. The surface properties such as corrosion resistance, thermal resis-
tance, and tribological properties profoundly affect the functionality of any compo-
nent. The major drawback of Ti alloys is relatively high wear rate [3]. Enhancement
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of surface properties with the help of surface modification techniques such as elec-
troplating, chemical coating, anodic oxidation process, hot dipping, thermal spray-
ing, and vapor deposition is extensively used to overcome the drawbacks mentioned
above. However, these processes pose several limitations (i.e., the additional medium
is required, toxic, pyrophoric, corrosive, etc.) [4]. One such method that can alleviate
the impediments offered by the aforementioned techniques is laser cladding process.
Laser has the capability to accumulate high energy on a material which is temporally
and spatially confined. The large thermal gradients and high cooling rates transform
the grain structure rendering excellent wear-resistant surface. The direct metal depo-
sition through laser is a process of free-form powder deposition by means of the heat
source with a high thermal gradient, and the net shape of structure can be obtained
directly from the metal powder [5].

Therefore, in laser cladding, continuous efforts have been put forth by the
researchers all around the world to improve the various process; for instance, Peyre
et al. [6] developed a thermal model which predicts morphology and thermal behav-
ior during multi-layer laser cladding using COMSOL Multiphysics. They reported
that the numerical approach is in good covenant with the experimental results such as
powder temperature with radius, melt pool geometry at different processing parame-
ters (i.e., scanning speed, laser intensity, and radius of powder delivery), and spatial
temperature variation with respect to time. In a similar approach, Kong and Kovace-
vic [7] conducted experiments and validated with the numerical simulation data.
The influence of clad geometry on the input process parameters, i.e., laser power
(P), scanning speed (V ), and the mass flow rate (ṁ) was studied. They reported that
clad height increases with an increase in laser power (P) and powder ṁ. However,
dilution decreases with an increase in V and powder feed rate. Bedenko et al. [8]
investigate an experimental and theoretical model in the laser cladding process. They
reported that characteristic size of the bead (i.e., height (H) and width (W ) of clad)
decreases with increase in V, however, increases with an increase in P and ṁ. The
scanning speed (V ) plays a vital role in fluid flow in the melt pool. At higher V, due
to less interaction time, Marangoni convection is less significant, and the powder
particles impinging the melt pool surfaces govern the fluid flow at this stage. How-
ever, at low scanning speed, fluid convection due to Marangoni effect is dominant.
Kumar and Roy [9] scrutinized the effect of Marangoni convection on microstruc-
tural evolution. They reported finer microstructures at the bottom of the clad parts
for a positive value of Marangoni number (Ma), whereas for a negative value of Ma,
the finer microstructures were observed at the top surface of the melt pool. They also
noted that the influence of microstructure does not largely depend on V. Moreover,
the microstructure plays a vital role in the surface properties of the clad part. For
instance, Gan et al. [10] simulated the heat transfer, fluid flow, and multi-component
mass transport of alloy. They predicted the solidification parameters such as solidi-
fication rate (R), cooling rate (T t), and temperature gradient (G). They reported that
the temperature gradient in the periphery is higher (1352 K/mm); however, at the
center of the melt pool, G was comparatively lower (650 k/mm). They also reported
that the microstructure changes from planner front to equiaxed dendrite from bottom
to top of the melt pool.
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Therefore, to better understand the process dynamics, a simplified two-
dimensional numerical model is constructed. The present study takes into account
heat transfer, fluid flow, and transient powder addition on the substrate to scrutinize
the levels of temperature, temperature gradients, and Marangoni convection induced
velocity profiles during laser cladding. Further, the dimensional analysis was stud-
ied to comprehend the importance of heat transfer by diffusion and advection, and
roles of driving forces such as Marangoni force and thermal buoyancy force. For the
microstructure prediction, G, Tt, and R have been discussed.

19.2 Model Implementation and Assumptions

To understand the physical process occurring in laser cladding, a 2Dmodel consider-
ing heat transfer, melt flow dynamics along with analysis of solidification parameters
such as thermal gradient and solidification rate has been formulated. In this model,
there are following assumptions to be made: (1) Incompressible, laminar fluid flow
in the melt region is taken into consideration. (2) The thermo-physical properties
of the work materials are temperature dependent. (3) The buoyancy effect in the
melt region of this model is taken into account using Boussinesq approximation. (4)
The shrinkage effect during solidification is not considered in this model. (5) The
vaporization effect is also not considered.

19.2.1 Governing Equations

Mass Conservation: The governing continuity equation is defined by

∂ρ

∂t
+ ∇ · (ρ �u) = 0 (19.1)

Energy Conservation: The governing energy conservation equation is defined by

∂(ρCPT )

∂t
+ �u · ∇(

ρCpT
) = ∇ · (K∇T ) (19.2)

During the phase change, values of ρ, Cp, and k were calculated by the following
equations:

ρ = θρphase 1 + (1 − θ)ρphase 2 (19.3)

Cp = 1

ρ

(
θρphase 1Cp,1 + (1 − θ)ρphase 2Cp,2

) + L
∂αm

∂T
(19.4)
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k = θkphase 1 + (1 − θ)kphase 2 (19.5)

In Eqs. (19.3)–(19.5), phase 1 symbolizes the solid phase, i.e., solid metal, phase
2 symbolizes the liquid phase, i.e., molten metal, and θ is a linear function, lies
between 0 and 1.

Momentum Conservation: The momentum conservation equation is defined by

∂(ρ �u)

∂t
+ �u · ∇(ρ �u) = −∇ p + ∇ · (μ

(
∇�u + (∇�u)

T
)

+ −→
Fc + −→

Fd (19.6)

This equation is implemented in the entire computational domain includingmelted
and solid metal region. For dissipating velocity field in the solid region, the viscosity
in the solid region is taken to be a very high value (~1000). The source term

−→
Fc is

used in the mushy zone (or porous media). The term
−→
Fd can be defined as

−→
Fd = −C(1 − fl)

2

b + f 3l
�u (19.7)

Here,
−→
Fd represents the momentum sink term for the mushy zone as indicated

by the Carman–Kozeny equation in porous media. The constant term “C” represents
the morphology constant, and very large value is taken, i.e., 2 × 107 [10]. Another
constant term b represents very small, i.e., 10−5 to avoid the source term, and

−→
Fd

is coming to be infinity. In this equation, the term fl represents the liquid fraction
depends on solidus temperature (Ts) and liquidus temperature (Tl) and is defined as

fl =

⎧
⎪⎨

⎪⎩

0 T < Ts
T−Ts
Tl−Ts

Ts < T < Tl
1 T > Tl

(19.8)

The source term �Fc in Eq. (19.6) is defined by

−→
Fc = ρliquid �gβT (T − Tref) (19.9)

In Eq. (19.9), ρ liquid is density of the liquid, andβT and T ref are listed in Table 19.1.
Marangoni Convection: The above equation defines the forces induced due to

Marangoni convection at the interface (or free surface).

μ

(
∂u

∂y

)
= −

(
∂γ

∂T

)(
∂T

∂x

)
(19.10)

In this Eq. (19.10), μ and γ represent the viscosity and surface tension, respec-
tively.
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Table 19.1 Thermo-physical properties of Ti6Al4V

Property Symbol Value Ref.

Liquidus temperature T l 1923 K [11]

Solidus temperature T 1873 K [11]

Ambient temperature T ref 293.15 K

Density ρ 4420 kg/m3

Thermal conductivity k W/mK [12]

Specific heat capacity cp J/(kg K) [12]

Convection coefficient h 50 W/m2K

Emissivity ε 0.4 [11]

Dynamic viscosity μ 4 × 10−3 kg/(m s) [11]

Absorptivity A 0.4 [11]

Stefan–Boltzmann constant σ 5.67 × 10−8 W/m2K4 [11]

Thermocapillary coefficient ∂γ /∂T −2.7 × 10−4 N/mK [11]

Thermal expansion coefficient βT 2 × 10−4 1/K [11]

Boundary Conditions: The time-dependent Gaussian heat source as shown in
Fig. 19.1 is estimated by

q = 2AP

πR2
e

−x2

R2 e
−2(vt−R)2

R2 (19.11)

where A is absorptivity of Ti6Al4V. At top of the surface, energy balance equation
is defined by

Fig. 19.1 a Schematic diagram of the laser cladding process and b variation of laser intensity with
respect to time
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k
∂T

∂n
= q − h(T − T∞) − εσ

(
T 4 − T 4

∞
)

(19.12)

In this Eq. (19.12), 1st, 2nd, and 3rd terms on the right-hand side are incoming
heat energy, heat loss due to convection, and radiation heat loss to the ambient,
respectively. In Eq. (19.12), the terms h, ε, and σ are listed in Table 19.1. Force
balance at the top-most surface is the following boundary conditions.

[
μ

(−→∇u +
(−→∇u

)T
)]

�n = σk∇ϕ�i + ∂σ

∂T

∂T

∂x
�j (19.13)

Above boundary condition mainly defines the melt pool dynamics in laser
cladding. The first term describes towards the effect of surface tension, i.e., minimiz-
ing energy distribution by changing the shape of its surface, whereas the second term
accounts for Marangoni convection (Eq. 19.10) which is responsible for distribution
of molten metal according to the distribution of temperature in the computational
domain.

As for rest of three boundaries, balance heat flux at the surfaces of the following
boundary equation

−K∇T = −h(T − Tref) (19.14)

No slip at the rest of the surfaces of the resulting boundary equation

u = 0 (19.15)

To predict the surface profile during laser cladding process, a Lagrangian mesh is
used.

Mass addition: In this model, it is assumed that the mass addition is Gaussian in
nature, and also the velocity of the heat source and mass addition are same. The term
up describes the moving velocity owing to the mass addition. It can be evaluated by
the following equation:

u p = ṁεp

ρπr2p
exp

(
−x2

r2p

)

f (t) (19.16)

In this Eq. (19.16),ρ = density of powder, and ṁ, εp, and rp are listed inTable 19.2.
The term f (t) is defined as

f (t) =
{
1 0 < t < 130 ms
0 t > 130 ms

(17)
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Table 19.2 Parameters used for simulation

Parameters Symbol Value

Laser power P 400 W

Scanning speed V 400 mm/min

Beam radius R 0.65 mm

Mass flow rate ṁ 1.5 g/min

Mass flow radius rp 0.65 mm

Efficiency of powder catchment εp 0.6

19.2.2 Material and Parameters Used for Simulation

In this study, Ti6Al4Vwas used for both powder and substratematerials. The thermo-
physical properties of Ti6Al4V alloys are listed in Table 19.1. Thermal conductivity
and specific heat capacity are important characteristics of the materials, and these
two parameters depend on the temperature [12]. The processing parameters for the
study of laser cladding of Ti6Al4V are shown in Table 19.2.

19.3 Results and Discussion

19.3.1 Study of Thermal Cycle at Various Location
in the Melt Pool

In Fig. 19.2a, different points (5–17) were located in the computational domain.
These points are located in three different directions such as horizontal, vertical, and
45° from the horizontal. The located point “10” positions at the midpoint of the melt
pool. In this model, surface deformation has been coupled with heat transfer and fluid
flow. Normal Gaussian distribution velocity is acted at the top of the surface, due to
this velocity, the top surface of the computational domain will move upward with
time. The located points are mapped into the moving frame, that is with the direction
of deformation, to capture the levels of temperature and temperature gradient with
transient powder addition. The rate of deposition depends on mass flow rate and
interaction time. With the increase in the value of mass flow rate and interaction
time, the deposition rate increases, and it leads to an increase in the dimension of
the clad part. The intensity of the laser source at the center is comparatively higher
with respect to radial direction. Due to change in its intensity, the temperature at a
different location in the melt pool varies. The intensity of the heat source is increased
from t = 0 ms to t = 130 ms and then decreases from t = 130 ms to t = 400 ms.
The variation of the temperature of all the located points periodically increases up
to 130 ms, while the temperature variation exponentially decreases from 130 ms to
400 ms as shown in Fig. 19.2a. At the located point “10,” the maximum temperature
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Fig. 19.2 a Schematic diagram of computational domain depicting deformed geometry, b temper-
ature variation with time, and c magnitude of the temperature gradient with time

was found to have a value of 2966 K which is less than the vaporization temperature
[13] of Ti6Al4V alloys. However, the points “5” and “15” depict comparatively lower
temperature and reach up to 890 K.

In this model, the magnitude of the temperature gradient (G) at the located points
is also predicted as shown in Fig. 19.2c. From the above figure, it can be observed
that up to 38.8 ms, the maximum value of G is noticed at the point 10. However, the
maximum of G was observed in the range of 38.8–77 ms, at the designated point
12. In the time period from 77 ms to 233.5 ms, the magnitude of the maximum
temperature gradient was seen at the located point 14. It is pertinent to note that after
reaching the maximum value of G at the located point 10, it is suddenly decreasing
because of convection loss. Thus from the results, it can be concluded that the G
attains their maximum value along the edge of the melt pool, due to a drastic change
in temperature from its center. From the above results, it can be concluded that G
varies from point to point with time. Also from the predicted model, the value ofG at
any located point is not the global maxima at all the time period. The aforementioned
variation inG can be attributed to the presence of strong Marangoni currents present
in the melt pool, discussed in later section.
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19.3.2 Study of Heat Transfer and Hydrodynamics Fluid
Flow in Clad Melt Pool

In this section, the study of temperature distribution, velocity field, and geometry
of the melt pool has been demonstrated. Figure 19.3a–h represents the temperature
distribution and evolution of geometry of the cladmelt pool during the heating period
at 30, 90, 110, and 130ms and during the cooling period at 140, 170, 200, and 220ms.
Similarly, the velocity field distribution during heating and cooling period at different
time steps as shown in Fig. 19.4a–h. Note that the laser intensity increases from 0 ms
to 130 ms and decreases from 130 ms to 400 ms, according to the interaction time
function discussed in Eq. (19.11) to incorporate the moving heat source condition.
The spatial temperature and velocity profiles of fluid flow in the clad melt pool of
cladding are indicated by color map and velocity vector arrows, respectively. The
two temperature contours at the bottom are representing the solidus and liquidus

Fig. 19.3 Temperature distribution during heating a–d and cooling e–h, temperature in K

Fig. 19.4 Velocity field distribution during heating a–d and cooling e–h, velocity in (m/s)
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temperature. In this figure, it can be seen that the dimension of the melt pool (i.e.,
width and height) continuously grows because of the addition ofmaterial and increase
in temperature. The above phenomena are consistent till the intensity of laser starts
to decrease at that instant the powder addition condition also ceases to act. Therefore,
the melt pool and dimension of the clad increase up to 130 ms, and after 130 ms,
the dimension of the clad remains constant, while the melt pool dimension decreases
continuously.

The fluid flow velocity is an essential characteristic of the laser cladding process.
At the initial stages of the time period the fluid flow, Marangoni convection is rela-
tively low and flows due to thematerial deposition, and thermal buoyancy prevails. At
later stages, after 70 ms, velocity of fluid flow is relatively higher (>0.4 m/s) because
of strongMarangoni convection acting at the surface of the melt pool. The maximum
value of temperature in the clad melt pool was found to be 2966 K at 130 ms, while
the maximum magnitude of velocity was achieved 0.51 m/s at 110 ms as shown in
Fig. 19.4e. Also, observed from the above Fig. 19.4a–h, the magnitude of velocity
in the clad melt pool at t = 110 ms is 0.51 m/s and at t = 130 ms is 0.45 m/s, while
the intensity of the beam is higher at 130 ms as compared to t = 110 ms because of
persistent melt pool convection owing to the presence of Marangoni effects. More-
over, the melt pool velocity decreases after 130 ms because of an abrupt drop of the
incoming heat flux, resulting in the decrease of G.

19.3.3 Analysis of the Non-dimensional Number in the Clad
Melt Pool

The three non-dimensional numbers such asMarangoni number (Ma), Peclet number
(Pe), and Grashof number (Gr) were analyzed to comprehend the hydrodynamics
performance of fluid flow in the cladmelt pool. In thismodel, the fluid flow in themelt
pool due to thermal buoyancy and Marangoni force was considered. The Marangoni

number is defined as Ma = ρlc�T
∣
∣
∣ ∂γ

∂T

∣
∣
∣

μ2 where lc is the characteristics length, � T is
the difference of temperature at the center of the melt pool and solidus temperature,
and ρ, ∂γ

∂T , and μ are listed in Table 19.1. Moreover, the Grashof is defined as Gr =
ρ2βg�T l3d

μ2 where g is termed as acceleration due to gravity, and ld is the characteristics
length (1/8th of width) of the clad melt pool. The another non-dimensional quantity
is Peclet number (Pe) which is defined as Pe = umρcplc

k where um is the mean velocity
of the melt pool. Each of three non-dimensional numbers plays a vital role in the
clad melt pool. The formulated non-dimensional number (Rf) is the ratio of Ma to
Gr. The non-dimensional number Rf, having much higher value than the unity as
shown in Table 19.3, leads to fluid flow in the clad melt pool mainly signifies the
dominance of the Marangoni convection over the buoyancy force in the melt pool.
In this model, the calculated value of non-dimensional number Pe is considerably
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Table 19.3 Magnitude value of various dimensionless number at t = 130 ms

Power Ma Gr Pe Rf = Ma/Gr

400 W 40,762.068 0.5785 27 70,461.65

higher than unity, demonstrates the prominent effect of heat transfer by advection,
while the heat transfer by diffusion has a minor role.

19.3.4 Analysis of Melt Pool Geometry

The geometry of the melt pool [i.e., width (W ) and height (H)] of clad was computed
and analyzed for the different time period. Figure 19.5 shows the variation of clad
width and height with respect to time. As shown in the figure, up to 40 ms, both
H and W are found to be zero because Tmax is less than T liquidus for this period of
time. After 40 ms, both H and W gradually increase with time, until initiation of
solidification. Note that the solidification is not started from 130 ms, despite laser
getting switched off after 130 ms.

From this model, it is observed that the predicted H and W start decreasing from
150 ms. In the period from 130 to 150 ms, H andW increase in a short range, while
the laser is not an active mode because of stagnation of temperature and high thermal
conductivity reaches their Tmax. From the above figure, it can be concluded that at the
given process parameters (Table 19.2), the value ofW is always higher (approximate
double) than that ofH, and just after switching off the laser source, it is not necessary
that H and W suddenly start to decrease.

Fig. 19.5 Variation of melt pool height and width with time
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19.3.5 Study of Solidification in the Clad Melt Pool

Themicrostructure formation in the rapid solidification plays a vital role in the surface
properties for the various industrial applications. In order to comprehend the rapid
solidification processes in the cladmelt pool, the solidification parameters such as Tt,
G, and R were analyzed for the prediction of the microstructure. Mathematically, R
can be expressed asR= Tt/Gwhere Tt = dT /dt (K/s) andG= dT /dx or dT /dy (K/m).
Here, T, t, x, and y represent the temperature, time, and coordinates in millimeters,
respectively [14]. The chemical composition of alloys and undercooling plays a
substantial role in the prediction of microstructure during solidification in the clad
melt pool. In this model, to simplify the calculations, the undercooling effect is
not considered. Therefore, the solidification parameters are estimated by only heat
transfer and fluid flow in the cladmelt pool. In this study, the solidification parameters
Tt, G, and R to be calculated in the 14 different locations “a–n” in the clad melt pool
are as shown in Fig. 19.6a. Figure 19.6b represents the variation of cooling rate at
different positions in the clad melt pool. The value of the magnitude of the (Tt) along
Y-axis (at the center of the melt pool) varies with respect to every point. From the
above figure, the cooling rate at the central point is lower in comparison with the
top and bottom point of the clad melt pool which is well agreed with Gan et al.
[15], and variation of magnitude of Tt is significantly higher along the Y-direction in
comparison with X-axis (central line). The maximum value of cooling rate is located
at the point “n” at the right edge of the melt pool. The magnitude of G along Y-
direction varies from top to bottom of the clad melt. The value near the top surface

Fig. 19.6 a Representation of calculation points in the melt pool, b cooling rate, c temperature
gradient, and d solidification rate in the clad melt pool
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is higher and decreases along the bottom of the surface. The variation of the G along
X-axis is higher in comparison with the Y-axis.

As shown in Fig. 19.6c, the solidification rate along the Y-axis first decreases
and then increases from top to bottom of the melt pool. The R along Y-direction
(in central line) is higher in comparison with X-direction (central line) because of
energy density along Y-direction is higher with respect to the X-direction. Therefore,
the values ofG, Tt, and R obtained from the above study depict a clear understanding
of the thermalmap in laser cladding process of Ti alloy. Further, with the help of these
values, the state of microstructure evolution can be predicted, as with time, theGwill
decrease, and the R increases leading to sharp drop in G/R value which ultimately
dictates the transition of columnar to equiaxed microstructures in the solidified zone.
The developed thermos-fluidic model can be employed as the initial condition for
the microstructure prediction model.

19.4 Conclusions

A 2D finite element model (FEM) is developed to simulate the heat transfer and fluid
flow in the cladding process of the Ti6Al4V alloy. The following conclusions have
been drawn from the developed model. The fluid flow in the clad melt is predomi-
nantly governed by Marangoni convection, while the thermal buoyancy force plays
a minor role. Heat transfer through conduction mode is dominant only in the initial
stage of the melt pool, while the heat transfer through advection mode is dominant in
the later stages. Themaximumvalue of temperature (Tmax) in themelt poolwas found
to be 2966 K at 130 ms, while the maximum magnitude of velocity was achieved
0.51 m/s at 110 ms. The geometry of the melt pool was successfully evaluated, and it
was found that both H andW vary in a parabolic nature; further, it has been observed
that just after switching off the laser, it is not necessary that height (H) and width
(W) suddenly start to decrease. The proposed thermal model can act as a basis for
microstructure prediction tool, as it correctly captures the variation in solidification
parameters Tt,G, and R due to the dominating effect of Marangoni convection. In the
future, a coupled model will be developed to predict microstructures simultaneously.
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