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Abstract: In order to improve the surface strength and heat-insulating capability of Ti-6A1-4V alloy, ZrO, particles were injected

into the Ti-6Al-4V surface melted by laser. The melt-injection-interaction process was modeled using CFD method and the

simulations were partly verified by experiments. In this model, the moving Gauss laser was defined based on the equivalent thermal

effect. VOF method was adopted to analyze phase change process and detect the free surface of molten pool. The buoyancy, inertia

force and viscous drag were considered when calculating the particle movements. Temperature and velocity fields inside the molten

pool were analyzed, and the influences of the convection caused by thermal-fluid coupling on particles injection and distribution

were revealed. The results show that the temperature field and flow field in the molten pool redistribute with the entry of the

particles and the fluid flow and the solidification of the molten pool distribute the particles in different positions. The number of

ZrO, particles was counted per 100 pm depth, and it is found that the number of the ZrO, particles increases first and then decreases

from surface to bottom. With the increase of laser scanning velocity, particle densest positions become closer to the substrate

surface.
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Thermal barrier coating is a class of high-temperature
protective coatings which comprises a metal bonding layer
and a ceramic coating surface!"”. Previous studies have shown
that thermal barrier coatings with thickness ranging from 100
pm to 500 um can reduce the surface temperature of high
temperature alloy by 100 °C to 300 °C™. Currently, plasma
spraying and physical gas phase deposition are the most
commonly used processes to produce the thermal barrier

[4.5]

coating . However, the ceramic layer produced by the

aforementioned processes is not strong enough since it is
bonded to the substrate through an intermediate alloy layer'®.
What’s more, the thermal barrier coating has the most
complicated structure and the most demanding work
environment compared with other kinds of coating system. For
these reasons, the premature detachment problem of the thermal
barrier coating is serious””. The LMI (laser melt injection)
technique is a promising approach to solve this problem.

The LMI is an extension of laser cladding in nature, through
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which ceramic particles can be planted into the substrate.
Since the ceramic particles are encapsulated in the alloy
matrix, the possibility of shedding failure is greatly reduced™.
LMI was studied first by Ayers”'?, and applied US patent in
1981, Li investigated laser melt injection on aluminum alloys
and found that the powder should be fed from the back side of
31 Vreeling!""! explained that the final injection
depth of the particles is controlled mainly by the temperature

laser beam

of the molten pool rather than by the particle velocity.
Vreeling'"! found that the particles are injected over the whole

k' observed

depth and whole width of the melt pool. Oceli
the orientation relationship between ceramic particles and
phase formed in the reaction zone by transmission electron
and by EBSD. Obadele!” studied the

relationships between laser speed, structure and tribocorrosion

microscopy

properties of the synthesized composite coatings. Most of the
researches studied this process using experimental methods
since it is more accurate and perceptual intuitive. However,
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experiment methods are also expensive and time-consuming,
and it is difficult to observe phenomena inside. As a result,
numerical simulation is also an effective approach to study the
LMI process. Ti alloys exhibit excellent material properties such

as good fatigue, high strength to weight ratio and good toughness.

However, poor wear resistance hampers many potential
applications. So, this paper researched Ti-6Al-4V (TC4) with a
coating against high temperature and high wear conditions.

1 Mathematical Model

Schematic diagram of LMI process is shown in Fig.1, laser
beam and the powder feeder move at the same speed. Under the
thermal effect of high-energy laser, TC4 substrates begin to melt
rapidly. Simultaneously, ZrO, powders are injected into the
molten pool and interact with the liquid metal including heat
transfer and flow, and their positions are finally determined after
solidification of the molten pool. As a result, an insulation layer
of ZrO, particles is formed on the substrate surface.

Laser beam is the heat source of the whole LMI process
which is usually treated according to their equivalent thermal
effect in mathematic model. Gaussian surface heat source
distribution is shown in Eq.(l)“s]:

q(r) =

2
r

Coxp| — (M

21'CO'q 20‘q

where ¢(r) represents the heat flux, o, is the Gaussian heat
source distribution parameters, O is heat input rate, » is the
distance from the center of heat source.

Gauss body heat source is shown in Eq.(2)""":

q (x, ¥, z, t) = 3¢0
nH (1 - 3)
e
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Fig.1 Schematic diagram of LMI process

where C.=3/R,%, R, is the heat source radius, H is the height of
heat source from the substrate.

Surface heat source form may have a big deviation for high
energy beam welding (such as laser welding and electron beam
welding), because it does not take penetration into conside-
ration®**!). Therefore, this paper uses the body heat source
equation instead of the surface one.

Moving items are added to the stationary Gaussian heat
source equation (2) to make the laser beam move along the
preset trajectory. Eq. (2) is modified to move along the y axis
based on the characteristics of the Gaussian equation.

Flow-3D allows its users to customize their simulation
process by programming in Fortran language, and Flow-3D is
used to create the model in this paper. The basic idea of
customization is to keep tracking on the free surface of the
molten pool and to impose the moving heat source expressed in
Eq. (3) oniit.

The numerical simulation of the molten pool uses the
following assumptions'*:

1) It is incompressible Newtonian fluid in the molten pool,
and it flows in laminar flow form.

2) This paper only considers gravity, buoyancy and surface
tension as driving forces of the fluid flow.

3) Mushy zone is treated as an isotropic permeability of
porous medium.

4) Substrate is homogeneous isotropic material.

VOF method™** is used to track the free surface. Governing
equations for incompressible Newtonian fluid are given as
below:

V-V =0 A3)
where V is the gradient operator, V is the velocity of the fluid.
The conservation equation is based on fluid fraction (F) of grid
cell volume, F=1 denotes that the grid cell is full of fluid, while
F=0 represent the grid cell is full of solid, besides, 0<F<1

means it contains a free surface in the grid volume.
dFF  oF _
—=—+V-(VF)=0 4)
dr ot
Phase change problem of substrate melting is processed
according to the relationship of enthalpy (%) and temperature.

The calculation equation of % is given in Eq.(5):

pST-;CS T<]—;
T-T

h=yh(T)+h—>= T <T<T )
-1,

W(T)+pC(T-T) T <T

where T represents the temperature, p; is the density of the solid
phase, T,is the temperature of solid phase, C; is the specific heat
of solid phase, and p, is the density of the liquid phase, 7;is the
temperature of liquid phase, C; is the specific heat of liquid
phase.

Latent heat of fusion refers to absorbed or released heat when
the phase of material changes from solid to liquid or from liquid
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to solid, which is very important for phase change analysis and
cannot be neglected. Physical parameters of TC4 are listed in

Table 1 based on papers of Aigin'” all

and Yang

The surface tension is a significant contributor when modeling
Marangoni effect-based flow and is seldom available through
experimental methods. Surface tension (y) of TC4 is 1.6411 N/m
at melting temperature, and it decreases with temperature rise.
Relationship of changing rate with temperature is:

S _ 000028 N/(m - K) (6)

dr

In this paper laser power density is 283 W/mm’, spot
diameter of which is 3 mm. The method for solving particle
generation is based on the discrete particle method. Particles are
created by sampling randomly from assumed probability
distributions that govern particle properties at injection nozzle,
i.e., position, size and velocity. ZrO, particles is assumed to be
ideal spherical, the diameter of them is 60 pm, feeding rate is 85

mg/s and feeding angle is 35°. The moving speed of the laser

and the particle feeder are both 0.01 m/s.
2 Results and Discussion

2.1 Effect of particles on the flow field and temperature
field of the molten pool

As is shown in Fig.2 and Fig.3, temperature field and
velocity vector of molten pool are calculated with and without
particle injection, respectively when /=0.05 s.

Apparently, the velocity vector points are from the heat
source center to around in Fig.2a. This is because the
temperature of laser spot center is higher, the surface tension
decreases with temperature increasing, and fluid flows from the
lower surface tension region to higher surface tension region.
From Fig.2b and Fig.2c we find that two circulations form in
the molten pool due to the effects of both buoyant flow which
occurs due to density changes and Marangoni convection.
Besides, the two circulations of Fig.2¢c are symmetrical.

Comparing Fig.3 with Fig.2, velocity field of molten pool is

Table 1 Physical properties of TC4

Melting Soliditying Viscosity/ Solid phase heat Liquid phase heat Latent heat/
point/K point/K kg-(m-s)”! conductivity/J-(m-s-K)™! conductivity/J-(m-s'K)" kJkg!

1928 1878 0.0029 15.9 392

Temperature and vectors — (max=3.52E-01) a b

(z muttiplied by 1.e+03)
= i i biit "Tm 1"5 -:m Temperature and vectors (max=3.29E-01) Temperature and vectors (max=2.87E-01)
(z multiplied by 1.e+03) (z multiplied by 1.e+03)
29 7 1256 1735 2694 3173 297 758 1219 1679 2140 2601 3061

~—

Two circumfluence

Two symmetrical circulations

Fig.2 Temperature field and velocity vector of molten pool without particle injection: (a) substrate surface, (b) section parallel to laser moving

direction, and (c) section perpendicular to laser moving direction

Temperature and vectors  (max=6.89E-01)

(2 multiplied by 1.e+03)
207 791 1285 1779 2273 2766 3260

ENT | | a

(z multiplied by 1.e+03)
767

297 1236 1706

Temperature and vectors

Temperature and vectors (max=4.89E-01) Cc
(max=5.55E-01)
(z multiplied by 1.e+03)

2644 3114 597 785 1273 1761 2249 2737 3226

Circulation direction is inverse

Circulation direction is inverse

Fig.3 Temperature field and velocity vector of molten pool with particle injection: (a) substrate surface, (b) section parallel to laser moving

direction, and (c) section perpendicular to laser moving direction
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disturbed by particles. Since particles have positive velocity
components along laser moving direction and along gravity
direction, magnitude of fluid velocity along these two directions
increases. As a result, the velocity vector on the substrate
surface is no longer point from the laser spot center to around,
and the shape of the hottest area becomes irregular. As is shown
in Fig.3b, velocity field along laser moving direction has only
one circulation whose direction is inverse compared with Fig.2b.
It is found that there are still two circulations (area 2 and 3) in
Fig.3c, but the velocity direction is inverse compared with
Fig.2c, too. The influences of particle disturbances are smaller
at the edge of the molten pool; therefore, the velocity direction
of area 1 and 4 is identical with Fig.2c. The maximum velocity
of Fig.2a, 2b, 2c, Fig.3a, 3b and 3c are 0.352, 0.329, 0.287 and
0.689, 0.555, 0.489 m/s, respectively. The maximum
temperature of Fig.2a, 2b, 2c, Fig.3a, 3b and 3c are 3272, 3173,
3061 and 3260, 3114, 3226 K, respectively. Through data
post-processing, we find the maximum depth of molten pool is
0.77 mm, and the length is 2.5 mm.

2.2 Experimental verification and particle distribution

Experiments were conducted under the same condition with
the simulation. The solid fraction of the central cross-section
of the molten pool is shown in Fig.4a, and the cross-section
morphology of test piece is shown in Fig.4b. Length and depth
of the molten pool in Fig.4b are measured, and the values are
2.7 and 0.76 mm, respectively.

As it is mentioned in subsection 2.1, the length and depth of
the molten pool in Fig.4a are 0.77 and 2.5 mm, respectively.
Comparing Fig. 4a with Fig.4b, length-depth ratio of Fig.4a is
3.25, while it is 3.42 in Fig.4b. Therefore, the length-depth
ratio error is 4.97%, while the length and depth errors of
molten pool are 7.4% and 1.3%, respectively. In order to

Fig.4 Solid fraction of the center cross-section of the molten pool (a)
and section morphology test piece (b) perpendicular to laser

moving direction

verify the accuracy of the model, tangent angles at the depth of
0.4 mm (angle 1 and 3) and 0.5 mm (angle 2 and 4) were
measured by Auto CAD. The values of angle 1 and 3 are 39°
and 38°, respectively, so the error is 2.6%. The values of angle 2
and 4 are 22° and 21°, respectively, so the error is 5%.
Therefore, the simulation results are credible to a certain extent.

Strong convection caused by heat distribution and particles
injection transport the particles to different positions. After
solidification of the molten pool, the locations of the ZrO,
particles are finally settled. Three-dimensional view of
particles distribution is shown in Fig.5. It can be seen that the
number of particles at the right side is more than the left at the
initial location, which is mainly because particles have a
positive velocity component along right direction. Since the
model calculation is too large, the subsequent results are not
calculated, but it can be predicted that particles would
distribute uniformly at the following position.

The number of ZrO, particles per 100 um depth was
calculated out at 0.1. The number of particles is 806, 1086,
1248, 1117, 900, 559 and 231. It is found that the depth within
300 um to 400 pum has the greatest number of particles. Fig.6
shows the relationship between the particle numbers and the
depth of molten pool; ZrO, particle number increases first and
then decreases with increasing the depth of molten pool. This
is because convection flow within the inner region of the
molten pool is much stronger than the edge position, and the
density of ZrO, is larger than that of TC4.

Fig.5 Three-dimensional view of particles distribution
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Fig.6  Number of particles at different depth
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Fig.7 Particles distribution at different laser scanning velocity

The influence of laser scanning velocity on particles
distribution was studied in this paper. The number of ZrO,
particles per 100 pm depth was compared at different velocity:
0.008, 0.01, 0.012 m/s and is shown in Fig.7.

It is easy to understand that when the laser scanning speed
increases, the energy absorbed per unit area of the substrate
reduces so that the size of the molten pool reduces. As a result,
with the increase of laser scanning velocity, particle densest
distribution positions become closer to the substrate surface.
The depth range from 700 um to 800 pm has the most
particles at the velocity v=0.008 m/s. It is because when other
conditions are the same (including total heat input, initial
particle velocity and heat dissipation etc.), the smaller the
laser scanning speed, the longer the solidification time of the
molten pool will be. Therefore, the particles have more time to
sink into the bottom of the molten pool at v=0.008 m/s.

Since the particles number in the whole three-dimensional
molten pool can not be observed by experimental method, this
paper verifies the numerical results by comparing the particles
number in the central cross-section of the molten pool. The
number of particles were counted by the metallographic
microscope after metallographic treatment. The number of
particles in three central cross-sections of the molten pools at
0.1 s was counted and the results are 211, 225, 246, while the
numerical result is 248. As a result, the error between the
numerical result and the average experimental result is 9.1%.

3 Conclusions

1) Without particles injection two circulations form in the
molten pool due to buoyant flow and Marangoni convection.

2) The particles number of the molten pool from surface to
bottom increases first and then decreases.

3) With the increase of laser scanning velocity, particle
densest positions become closer to the substrate surface.
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