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Features of molten pool free surface in laser processing *
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Abstract On the basis of static characteristics of free surface of molten pools in laser processing, starting with
the change of surface tension, the uniform numerical models are developed for both the liquid and solid regions of metals
by applying the enthalpy source method and the porous region model. The flow and heat transfer characteristics in the
molten pools and the distribution of surface tension on free surface are disclosed. The shape of free surface is analyzed by
considering the static forces on the free surface and by combining with the calculated resulis of the molten pool. The
model is applied to analyzing the laser processing of AISI 304 stainless steel, and the effects of different processing tech-

nics and material properties on shaping of free surface are discussed.
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In high-energy beam processing of metals, the condensing form of free surface will ultimately af-
fect the surface quality of metals. Acted by high-energy laser beam or electronic rays, the metal sur-
face would take the shape of a volcano at the initial instant. As the high-energy beam stops acting,
the geometric feature of the volcano crater shape will be kept by sudden cooling of the base material.
The shaping of volcano is due to the gradient of surface tension, which makes substances in the center
of surface flow toward the brink, and causes the sudden cooling of base material. The condensation
features are mainly determined by flow in the molten pool and also concerned with material properties,
surface tension, drenching characteristics and parameters used in laser processing. Static force equi-
librium of surface tension, applied forces and gravity decide the ultimate shape of molten pool sur-

face.

Very few decuments have given a combined analysis on the flow in the molten pool and the shap-
ing of free surface. Refs. [1,2] did not fully take into account the flow and heat transfer in the

molten pool and the drenching characteristics .

Applying the enthalpy source method and the porous region model, the present paper develops a
uniform numerical method for both the liquid and solid regions of metals, trying to disclose the effects
of flow and heat transfer characteristics on free surface. The results are used in calculating the shape
of free surface. A model of force equilibrium on free surface is set up and the effects of drenching

characteristics and applied force by high-energy laser on surface shaping are analyzed.

* Project supported by the National Natural Science Foundation of China ( Grant No. 59625612) and Graduate School of
Tsinghua University .
* % Corresponding author, E-mail: pxf-dte @ mail. tsinghua.edu.cn
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1 Analysis of flow and heat transfer in a melten pool

1.1 Boundary conditions of free surface
Generally, the surface tension of free surface (interface of liquid metal and air) of molten metals
is a function of gradients of melting component and temperature ,
do arT
— = - (C,InT/Ty + Sy + C,) + —, (1)
J Ix

X

where o is surface tension, x the horizontal coordinate, S;and o are the surface entropy and surface
tension respectively at melting point ( Ty = T,), C, is the heat capacity and T the surface tempera-

ture .

Equation (1) shows that the maximum surface temperature T of the molten pool and temperature

gradient determine the driving force of surface tension.

In the vicinity of laser beam center, the surface temperature reaches the maximum. The farther
from the beam center, the lower the surface temperature is. At the border of the molten pool, the sur-
face temperature is the lowest, which is just the melting point. According to the above equation, the

distribution of surface tension is shown in Figure 1.

AISI 304 stainless steel was analyzed. The rela-

T,0 . . .
tion between surface tension and temperature is ex-
pressed ast?!
o(T) = 6o - A4,(T - T,) ~ R,IT In(1 + Ka,),
) (2)
T 7Ta where

= + €xXp| - ( )
K = &k —_— . 3
x | Vv

Differentiating Eq (2) , We have the relation between

surface tension and temperature of alloys containing

Fig. 1  Distribution of surface temperature and surface

. active elements
tension of molten pool.

do Ka, I' H,
— =-A, - R.In(1 + Ka,)) - ———
dT (1+Ka;) T

(4)

In calculating the flow and heat transfer in molten pool, we assume that the free surface is in a
horizontal plane. The change of gradient of surface tension and surface velocity are coupled into an

implicit boundary condition,

aV, de¢ T

= — —, 5
dn dT Ir (5)
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1.2 Numerical model inside molten pool

Convective driving forces of melting liquid in the molten pool come from two sources. One is the
Marangoni flow by gradient of surface tension, and the other is the buoyancy flow by gradient of hori-

zontal temperature. Melting process is actually a phase-change problem with moving boundary.

Using a liquid fraction scalar, and introducing the enthalpy source into the energy conservation
equation and the Darcy source into the momentum conservation equation, we set up the continuity,
momentum conservation and energy conservation equations, which make it possible to solve solid re-
gion, liquid region and mushy region by fixed grids. For more details about the related model and nu-

merical methods, see References [4 ~7].

Numerical simulation of axis-symmetric 2-D flow 4 -~
and heat transfer in the molten pool was made on a G 2 !
sample in laser processing (fig. 2). The distribution B 3 mm
of energy of laser beam was parabolic and continu- |¢
ous. The diameter of the laser beam on acting surface ] 10 mm b

was 4mm. The sample was AISI 304 stainless steel
with sulfur mass fraction 1 x 107°. The material Fig. 2 Geometric model inside the molten pool.
properties are given in Reference [2].

The governing equations of the model are

% 9 (o) = 0 (6)
at pEs =
a afL
—pH+V-pUH=V-AVT—pL(—), (7)
at e
aoU ML
3L+V-(pU®U)=-V-P+V'(,uLVU)—?U. (8)
t
The boundary conditions of heat transfer at CD, DE and EG regions are
arT
h(T-Ty) =-2—, (9
dz

where heat coefficient h, is a combined heat coefficient of radiation and convective heat transfer, de-

rived from the equation given by Goldak et al .18
h, = 24.1 x 107*eT" %, (10)

where ¢ is the surface emissivity. Usually € is 0.9.
1.3 Calculated results of flow and heat transfer inside molten pool

Figure 3 shows the velocity vector distribution inside the molten pool acted by laser beam for
0.3 s. The gradient of surface tension and heat buoyancy force make the molten metal flow from the

heating center toward the border, forming two vortices ( Figure 4) .
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Fig. 3 Velocity distribution inside the molten pool .

Fig. 4 Streamlines iuside the molten pool.
The distributions of velocity, temperature and surface tension on free surface of the molten pool
are the basic data for further analysis of surface shape. Fig. 5 gives the velocity distribution of free

surface. The minimum velocity is located in the middle of heating center and the border.

The temperature distribution on free surface is shown in Fig. 6. Eq. (2) gives the disiribution
of surface tension coefficient on free surface. The calculated results show good consistency with the
analysis in the previous section. The shape of free surface can be obtained from the distribution of

surface tension coefficient and force equilibrium on free surface.
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Fig. 5 Velocity distribution on the molten pool surface. Fig. 6 Distributions of surface temperature and surface ten-

sion,

2 Free surface of molten pool

Assuming that the free surface shape is as shown in Fig. 7, the local coordinate could be set

up. For gas-liquid interfacial surface we have the Young-Laplace equation.
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1 1
Py - Py = 0(_‘+ —J, (11) 0

r 2
where P; is the pressure of concave side, Py the
pressure of convex side, o the surface tension of gas-
liquid interfacial surface, and r,, r, are two main
curvature radii.

PI = Plo(x)+p1gz, (12)

PII = PIIO + ongz. (13) Fig. 7 Analytical coordinate of the free surface.
Assuming that the applied pressure field is parabolic,

we have

Py =~ Ax* + C + pgz = Py + prgz - Ax?, (14)
where Py(x) is the distribution of the applied pressure field, and P;y= Cy, Py and Py are pres-
sures of the two phases at (0,0). According to the Young-Laplace equation,

20
Py - Py = —. (15)
To

The geometrical relationship gives the following equations:

Curvature radius normal to surface,

d?z
1 dr
dz  qa2q92° (16)
[1 + (*) ]
Curvature radius in drawing plane,
dz
1 dr
(17)

[H(%)T”

z r
Introducing dimensionless parameters & and A, § = —, A = —, we obtain the dimensionless shape

ro rO
equation
& g
" = 2 — By - AyAZ, (18)
[1+(E/)2]3/2 A[l+(e/)2]l/2
( - Pv)gr2 Ar
where Bj = AL , Ag= =2 —, and rg is the radius of curvature at (0,0).
o o

The fourth order Longue-Kuta method was adopted to simulate Eq. (18). The pressure of liquid
phase side was unknown at the initial iteration, i.e. the value of ry was not certain. So an initial val-
ue of ry was assumed according to the applied pressure. It was 0.012 mm when the applied pressure
was 300 Pa at (0,0). In practical physical process, as the pressure on gas side increases, the center

of free surface moves down, the pressure on liquid phase side increases, and then r, increases. If the
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evaporation of mass is neglected, the final shape
0.005

ﬁ of free surface should ensure that equal volumes of
0.000 oA A

V, and V, satisfy the mass conservation of liquid

-0.005 } v, +7=0351) " phase (Fig. 8). Through iteration by increasing
g . r,=0.34 , R
N -0010 . r,=033 the value of r; until the mass conservation is satis-

. -' Increase
! 7,=032 | fied, the final curve of free surface can be ob-

-0.015F .
v tained .
-0.020F
0.00 0,55 0,510 0_%5 1.(')0 125 1.50 1.75 2.00 2.25 Figure 8 shows the shape variation of free
rimm surface at different r, values. The width of molten
Fig. 8 Effects of ry on free surface shape. pool was obtained from the results of numerical

simulation inside the molten pool. In the calcula-
tion the half-width of pool was 2 mm. The curve of ry =0.3516 represents the free surface shape of
the sample in this case.

The calculations of free surface shapes are discussed below.
2.1 Effects of applied pressure field on shape of molten free surface

In laser processing, the applied pressure is an integrated pressure of laser beam or electronic ray
and protecting inert gas. Its value can be measured. It is assumed to be a parabolic distribution in

this study. Fig. 9 shows the curves of free surface  0.010

change at different maximum center pressures of 300, ¢ gos}

350 and 400 Pa. According to fig. 9, as pressure in- 459

creases, the center of free surface moves down and

£-0.005 - P, =300 Pa

the distance between wave crest and trough increases. X 0010 ° P, =350 Pa

. 1y ey - -U. ‘P =400P

The rate of slope increases at the solid-liquid interfa- ma 3

. . . . -0.01

cial point; that is, the contact angle rises. 3
-0.020

The boundary shape is determined by equilibri- 0.0 05 10 G 20

um of surface tensions at gas-liquid, gas-solid and r/mm

solid-liquid interfacial surfaces. The Young equation Fig. 9 Effects of applied pressure field on free surface
gives shape .

opcosf, = o, — a4, (19)
where o),, o, and o are surface tensions at gas-liquid, gas-solid and solid-liquid interfacial surfaces
respectively; 8, is the balanced contact angle of three phases. However, in practical physical pro-
cess, because of the existence of surface roughness, the contact angle observed is not unique as the
Young Equation describes, but varies within a certain range. The maximum value of contact angle is
called the advancing contact angle, while the minimum is called the receding contact angle. If the
varying liquid status is considered to change the solid-liquid and gas-liquid interfacial tensions, the
variations of contact angles do not contradict the Young equation. A more acceptable explanation is
the Wenzel contact angle proposed by Wenzel in 1936. He deemed that the Young equation did not
generally describe the balanced solid-liquid action. If solid surfaces are rough, for the solid-liquid

and gas-solid surface tensions, one should refer to the real surface area instead of the geometric sur-
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face area. Let ¥ = geometric surface area/Peal surface area. Then the Wenzel Equation gives
opcosd, = v(o,, - 04), (20)
where 0y is the Wenzel contact angle. The surface shape at the solid-liquid boundary is constrained
by the Wenzel contact angle and varies with different solid surface properties, which is a limiting
boundary condition, meaning that as the applied pressure increases and the boundary contact angle is
larger than the Wenzel contact angle, the balance at that point cannot be kept. The free:surface col-

lapses and the molten liquid drains out of the border and the model is no longer valid.
2.2 Effects of distribution of surface tension on shape of molten pool

According to the analysis of free surface tension of the molten pool, the surface tension coeffi-
cient changes with temperatures. The above results of flow and heat transfer give the distribution of
surface tension coefficient (Fig. 6). Fig. 10 shows the calculated free surface shapes of the molten
pool with constant (the value at the center point) or varying surface tension coefficient. It also shows

that the change of gradient of surface tension makes molten surface contract.

2.3 Comparison of molten pool depth and fluc-
0.005

0.000 Jffflﬂiut\\\

depth of molten pool is 1 mm and half-width is 2 ¢
E-0.005

tuation magnitude of free surface

According to the above analysis, when the

T

- o Constant

mm, the fluctuation magnitude of free surface isN . & Distribution

about 0.02 mm, which is much smaller than the -0.010
depth or width value. The analysis of heat transfer

-0.015

indicates that the temperature difference in the . .

depth of 0.02 mm is about 300 K, which induces 0.0 05 r}n?m 15 20

a variation of surface tension coefficient of about
0.03. So the effects of free surface fluctuation can 6 10 Free surface shape under different surface tensions.

be neglected in the calculation of flow and heat transfer of the molten pool. The assumption in Section
1, which considers the free surface as a plane, is reasonable. This assumption simplifies the simula-

tion model and related calculation tasks.
3 Conclusions

A complete simulation model for analyzing molten pool surface in laser processing has been es-
tablished. From analyses of a practical molten test sample of AISI 304 stainless steel, the following

conclusions can be drawn.

(i) The model can be used to simulate free surface shape in most high-energy beam processing

(pulse laser and electronic ray) .

(ii) The free surface of molten pool is affected by material properties, surface tension, drench-
ing characteristics and processing techniques, and also related to flow characteristics inside the molten

pool. The effects of applied pressure and surface tension are more notable.

(iii) The Marangoni flow caused by the gradient of surface tension determines the internal flow
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and free surface shape.

(iv) Because of the limitation of advancing contact angle, as the applied pressure is increasing,

the free surface of molten pool would collapse at the border.

In consideration of evaporation during laser processing, further research on free surface of molten

pool shoul be made with an amended changing volume model based on the present work.

Nomenclature

a;, Mass fraction of active substance; I's, Surface saturation redundancy, J'kg_1 “mole™!*m~?;

A,, Constant of surface tension gradient, N' m"~ LK B, Coefficient of heat expansion, K

Cp, Heat Capacity at constant pressures, J-kg™'K™'; e, Surface emissivity;

£+ Liquid fraction; A, Thermal conductivity, W+m"~ Lg-t,
L TS U

h., Combined heat transfer coefficient, Wem 2-K ™!, #, Dynamic VISCOS‘;Y' kg-m™ 57

AH,, Standard absorbing heat, Jkg™'-mole™'; P+ Density, kg m™"s

. ! . o, Surface tension, N-m™};
R,, Gas constant, J-kg™ *mole™ K™ ] ) ) .
o., Surface tension at melting point, N°m™";
ro» Radius of curvature at center, m;

do/dT, Gradient of surface tension, N°m™'*K™',

T, Temperature, K;
U, Mixing velocity, m* s
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