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Abstract-This paper is concerned with the numerical predictions of characteristics of rapid solidification 
following laser melting. The numerical model is based on the enthalpy formulation to account for the 
latent heat release during sohdification and the momentum equations are solved by the SIMPLE algorithm 
in the liquid domain only. With different laser powers (IO8 and IO9 W mm’) and interaction times, the flow 
field and the temperature distribution within the liquid pool during rapid solidification are studied for 
aluminium and steel. The flow field is observed to die out very soon after the laser beam is removed. At 
higher power, the liquid pool remains very deep in the case of aluminium for a relatively long time due to 
a large secondary vortex formed during melting. Although the shape of the interface is different, there is 

a marginal difference in the total solidification times with and without convection for both the metals. 

1. INTRODUCTION 

LASER surface melting allows selective heating and 

melting of the surface. This selective heating modifies 
the surface properties of the material due to rapid 
melting followed by rapid solidification. Due to inti- 
mate contact between the melt and the solid substrate, 
the rate of heat extraction during solidification is very 

fast, which results in very high cooling rates of the 
order of IO’-lOa K ss’ [l]. This leads to the fine 
microstructure and, in turn, to improved surface 
properties like better resistance to wear and corrosion 

PI. 
It has been pointed out by various researchers [3- 

7] that fluid flow plays an important role during laser 

surface melting. Mehrabian et al. [3] first reported the 
importance of surface tension driven fluid flow when 
they observed the circular convection pattern in the 

microstructure of laser treated AlL4.5% Cu. Anthony 
and Cline [4] have shown the importance of surface 

tension driven fluid flow durmg laser melting through 

an analytical model in one dimension. Srinivasan and 
Basu [5] studied the same situation in a two-dimen- 
sional rectangular melt. They have shown that the 
fluid flow in a laser melted pool develops very fast and 
a moving laser melting problem can be analysed using 
a quasi-stationary approach. 

Chan et al. [6-81, Kuo and Wang [9], Basu and 
Srinivasan [IO] and Basu and Date [ 11. 121 reported 

numerical studies of the fluid flow during steady 
state and transient laser melting problems. Except for 
Kuo and Wang’s [9] model, all the other studies were 

carried out in two dimensions. Kuo and Wang [9] 
studied the effect of a positive surface tension gradient 
which may occur due to impurities and observed a 

very deep melt pool. Basu and Srinivasan [lo] and 
Basu and Date [l I] have shown the two cell flow 
structures in the laser melted pool of steel and 
aluminium. Based on a parametric study of laser melt- 
ing with varying power densities (IO”-lo9 W m-*) 
and beam radii (0.5-2.0 mm), Basu and Date [12] 
identified critical values of the process parameters for 
aluminium and steel below which convection plays a 

negligible role. 
Most of the rapid solidification studies after laser 

melting are based on the pure conduction model 
[l3-161. Hsu et al. [13, 141 and Kuo et al. [l5] pre- 
sented one-, two- and three-dimensional studies, 

respectively. Hsu et ul. [13] found that the cooling 

rate was increased by two orders of magnitude when 

the absorbed power was increased by one order of 
magnitude. Sekhar et al. [16] studied laser melting 

and solidification of aluminium alloy and have shown 

that the average cooling rate at the top is higher than 

that at the bottom of the pool. Chan et al. [6] also 
reported a similar observation based on their cooling 
rate calculation at the end of melting. Ramarao and 
Sekhar [ 171 studied rapid solidification using a three- 
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NOMENCLATURE 

4 boundary heating factor, qr,,C,,/k -niit\ depth of the laser melted pool. 
Bi Biot number. hr,,,‘k 

CP specific heat [J kg ’ K ‘1 Greek symbols 
(;1. thermal Grashof number, gfiA,L’!~’ 
I2 convective heat transfer coefficient ;i 

thermal diffusivity [m’s -- ‘1 
coefficient of volumetric expansion due 

[W mm-’ K’] to thermal gradient [K--‘] 
I-f cnthalpy ]J kg ‘] i: emissivity 

H,:,, cnthalpy of saturated solid [J kg -‘I 0 non-dimensional temperature 
I< thermal conductivity [W m-’ K ‘1 /, latent heat of fusion [J kg ‘1 
MU Marangoni number, U,r,/r* II dynamic viscosity [N m-‘s-l] 
;Vu Nusselt number. IzLik, I kinematic viscosity [m’s ‘1 
P pressure [N m ‘1 P density [kgm-‘1 
PI Prandtl number. V/Z fr StefanBoltzmann constant. 

(1 laser heat flux [W m -2] 5.6697 x I()-’ W m ’ K--’ 
f space variable [m] fl, surface tension [N m ‘1 
rl, radius of the laser beam fm] ? non-dinlensional time 

l’,,,,i\ width of the laser melted pool r,,,,it non-dimensional interaction time 

RrJ surface tension Reynolds number, 4s non-dimensional enthalpy. 
I.‘rKI.&’ 

4. radiation factor, Subscripts 
ni:,,,(T~+T2)(7;,+T,)!k I interface 

Stt~ Stefan number, C,,( T, - T, )/i I liquid 
t time [s] m melting point 
T temperature [K] S solid 

[ii, characteristic velocity, (drr,/dT)(&‘&,,) sat saturated 

[ms ‘I % surrounding. 
1’, radial velocity ]m s -‘] 
V: axial velocity [m s ‘1 Superscript 

z space variable [m] * dimensional value. 

dimensional conduction model and observed that the 
solid/liquid temperature gradient falls from a very 
high value in the initial period of the transient to a 

low steady value. They compared the predicted 
cooling rates with the measured ones and found the 
agreement to be within 10%. Paul and Debroy f18] 

reported the first comprehensive study of sol- 
idification following laser melting with convection for 
welding application. They studied melting ofpure iron 
with 0.127 mm beam radius (i.e. a focused beam) and 

high power densities (5.0 x IO”---IO” W m--2), which 

arc typical in laser welding applications. The predicted 
cooling rates matched very well with the experimental 

observations. They also studied the free surface defor- 
mation during melting and solidification in the pres- 
ence of convection. 

time. The movement of the solid/liquid interface is 
predicted both with and without convection. 

2. THE NUMERICAL MODEL 

‘The present model is developed for a cross-section 
perpendicular to the laser scanning direction, as 
shown in Fig. I. The numerical model is described in 
detail by the present authors elsewhere [I I] and. 

hence, a brief description of the model will be prc- 

sented. 
The model is based on the following assumptions 

(discussed in detail by Basu and Date [l I]) : 

A detailed study of rapid solidification after laser 

melting in the presence of fluid flow has not yet been 
reported. Paul and Debroy’s [I 81 analysis is directed 
to laser welding. In this paper, the role of fluid flow 
during rapid solidification is presented for laser sur- 
face melting under various beam powers, melting 
times and materials. The tlow field is studied using 
streamlines to highlight the changing nature of the 
flow structure with beam parameters, materials and 

(i) the heat transfer and the fluid flow arc pri- 
marily in the Y and z directions ; 

(ii) all properties except the surface tension are 
independent of temperature ; 

(iii) the free surface of the melt is flat; 
(iv) the laser beam is stationary ; 
(v) the flow in the melt is laminar ; 

(vi) the buoyancy force is of negligible order of 

magnitude ; 
(vii) the heat flux at the boundary represents the 
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THE REAL PROBLEM 

THE PRESENT MODEL 

FIG. I. Schematic representation of the laser surface melting 
along with the process parameters. (a) The real problem. (b) 

The model along the BB’CC’ plane. 

net heat input to the material after allowing for the 
surface reflectivity. 

Using the following dimensionless variables 

Y = r*/ro ; 3 = -_*/ro; p = p*/pUb ; 

4 = (H-H,,,)/1; 0 = C,(T-T,)/i; 

V, = V,*lJ,; VI = V,*/U,; t = tujri; 

Ma = U,r,/u; R, = URr&; 

Ste = C,(T,, - T,)/i,; B, = qroCJkl 

the governing equations take the following form : 

Energ,v c>quation 

=i,“,(krz)+ ($(kE)) (1) 

r-Momentum equation 

z-Momentum equation 

Continuity equation 

The corresponding boundary conditions are as fol- 
lows : 

atr=O,$=zt= V,=O; OC~<~ (5) 

atr= c0,0= -Ste; O<z< x, 

a0 

(6) 

atz = 0. -kF = B,exp(-2r’); 0 < r < I 
& 

= 0; I<r<cc 

k$ = (Bi+R,)(Ste+@; 0 < r < cc 

I 

(7) 

(for details see Appendix) 

-8V ae 
2 = - Vz = 0 ; 

dz dr’ 
0 < r < rlnax 

J 

atz= co,O= -Ste; O<r< c0. (8) 

The initial conditions for melting are as follows : 

O= -Ste: V,= V;=O; z=O, 

O<r<cc, O<z<w. (9) 

The solidification calculations are initiated from 
different values of the interaction time, T,“,.,~. 

Equations (l)-(4), along with the generalized 

enthalpy-temperature relationship introduced by 
Basu and Date [ 111, boundary and initial conditions, 

thus represent the laser melting and the solidification 
problem under transient conditions. 

The governing equations are solved by a control 

volume-based finite difference method [19]. The 
algebraic equations resulting from the finite difference 
formulations are solved by a point by point (Gauss- 
Seidel type) iterative method satisfying the enthalpy- 

temperature relationship depending on the state of the 
control volume [I I]. The enthalpy, velocities, pressure 
and pressure correction are underrelaxed by a relax- 
ation factor of 0.8. The convergence at each time-level 
is checked using the fractional change and the residual 
error criterion [l I]. All the numerical computations 
are carried out with 38 x 38 non-uniform grids with 
very fine grids below the beam and coarse ones away 
from the beam. A dimensionless time-step of 0.005 is 
found to be necessary to obtain stable solutions. The 
numerical model thus developed is validated by simu- 
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lating an electron beam experiment with aluminium 
alloy [I 11. 

3. THE PARAMETERS STUDIED 

The process parameters for the solidification study 
are as follows [I I] : 

q=beampower=4xlO” 
and 7.5 x IO' Wm.-’ 

I’() = beam radius = 2.0 mm 
material = steel and aluminium 
and 7,,,,, = melting time. 

Since the results of the different radii, keeping beam 

power density constant, are similar [12], solidification 

studies are carried out with a single beam radius. The 
melting solution is fed as the initial condition for the 
solidification study. For each set of process par- 
ameters (i.e. beam specifications and material), a 
different melting time (7.,,,,,) is selected. For a moving 

beam, the interaction time is defined as the time during 
which the laser beam moves a distance of one 
diameter. The non-dimensional process parameters 

corresponding to the chosen beam characteristics and 
material properties are shown in Table 1. 

4. RESULTS AND DISCUSSION 

4.1. Transient,flow pattern and interface shape 

4.1 .I. Steel. Figures 2 and 3 show the transient 
streamline for a beam of 2 mm radius and 4 x IO* W 

mm2 at two interaction times, z,,,,,, = 1.215 and 1.985, 
respectively. At the time of initiation of solidification, 
the flow pattern shows the existence of two contra- 
rotating cells (Figs. 2(a) and 3(a)). Within a very short 
time span. it can be seen that the streamline values 

fall sharply (Figs. 2(b) and 3(b)) and the secondary 
cell disappears. This suggests that in the absence of 
the input heat flux, the fluid flow near the free surface 
neutralizes the surface temperature gradient. The con- 

vective flow due to high fret surface velocity enhances 
the energy transfer at the free surface, i.e. from the 
centre of the pool (high temperature zone) towards 
the surface (low temperature zone), and, as a result, 
the temperature gradient at the free surface reduces. 
Since the surface temperature gradient is the driving 
force for the convection, the fluid flow generated dur- 
ing melting thus rapidly decays during solidification. 

Figures 4-6 show the transient streamlines for a 
higher beam power of 7.5 x IO* W m -’ with different 

Table I. 

Aluminium Steel 

(i) R” 
(ii) Mu 
(iii) PI 

(iv) Ste 
(v) & 

701 000.0 23 040.0 
6912.0 1806.0 

0.01 0.078 
I .6732 3.2516 

20.0, 37.47 28.94. 54.21 

1.0 1 
TIME = 1.215 

(al 

1.0 1 

TIME- 1.26 

(b) 

NO. VALUE x10’ 

1 12.50 

2 7.50 

3 5.00 

4 2.50 

5 0.75 

6 -0.05 

2.0 

NO.VAUJExlOL 

1 1.25 

2 0.75 

3 0.25 

FIG. 2. Transient streamline and pool shapes for steel with 
a laser of 4.0 x IO’ W mm’ power density and 2 mm radius 

for z,,,,, = 1.115. 

melting times: 1.365, 1.835 and 5.235, respectively. 
The beam radius is again 2.0 mm. The trend of the 

results is similar to the low power case except that the 
time span for the secondary cell to die out is more 
than that of the low power case. Due to the higher 
power of the beam, the superheat level attained is 

I 4 1.50 

TIME=l.985 

(a) 

5 0.75 

6 -0.05 

TIME =2.03 

(b) 

FIG. 3. Transient streamline and pool shapes for steel with 
a laser of 4.0 x 10’ W mm2 power density and 2 mm radius 

for T,,,,,$ = 1.985. 
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2.5 I 
2 15.00 

3 7.50 

4 1 .oo 

5 -0.50 

6 -1.50 

TIME =1.365 

+~N....“;.- 

I 0.10 

3 10.00 

4 2.50 

5 -0.25 

1 
6 -1.50 

2.5 

TiME=1.835 

(a) 

2 1.00 

3 0.25 

4 -0.01 

2.51 

TIME=l.445 

(b) 

2.5 1 

TIME -2.005 

(b) 

FIG. 4. Transient streamline and pool shapes for steel with FIG. 5. Transient streamline and pool shapes for steel with 
a laser of 7.5 x IO* W m-’ power density and 2 mm radius a laser of 7.5 x 10” W m-’ power density and 2 mm radius 

for T,,,~ = 1.365. for t me,, = 1.835. 

higher, which results in a relative delay in the initiation 
of solidification. 

4.1.2. Aluminium. Figures 7 and 8 show the stream- 
lines for a beam of 2.0 mm radius and 4.0 x 10’ W 
mm2 power density with different melting times : 1.715 

and 1.875, respectively. Compared with the results for 
steel of the same power, the flow pattern shows the 
existence of a relatively stronger secondary cell at 
similar differential time, i.e. AZ = z -T,,,~,,. Because of 
the lower Pr for aluminium, the rate of neutralization 

of the surface temperature gradient is slower for alu- 

minium than for steel and as a result the rate of 
decrease of the flow field is smaller. Also, the Stefan 
number of aluminium (= 1.6732) is lower than that 
of steel (= 3.2516). This results in a slower rate of 
movement of the interface than that for steel and, 
thus, the pool shape remains deep while solidifying, 
resulting in the existence of the secondary cells. The 
two-cell flow pattern thus has more effect on alu- 
minium than on steel. Figure 8 shows the change in 
the flow pattern for a higher melting time 

(r lnelt = 1.875). The solidifying flow patterns are simi- 

lar in nature (see Figs. 7(b) and 8(b)), except that a 
stronger cell is present in the case of r,,,,, = 1.875 after 
a time span of AZ = 0.162 than that of the lower 
T,,,~,, (= 1.715) at the end of a similar time span 
(AT = 0.165). This is due to the stronger flow and 
deeper pool for the case of higher x,,,,,~. Figure 7(c) 
shows that the secondary cell vanishes with a very 
weak flow when T = 1.975 for z,,,~ = 1.715, i.e. within 
a time span of 0.26 the flow dies out. 

The streamlines with z,,,, = 2.895 and 7.595 are 
shown in Figs. 9 and 10, respectively, for a beam of 

2.0 mm radius and 7.5 x 10’ W me2 power density. 
During the onset of solidification, the flow pattern 
consists of large secondary cells in a deep pool. It can 
be seen from Fig. 9(b) that the shape of the molten 

3 10.00 
4 2.50 

2.5 1 

5 0.75 

6 -0.50 
7 -1.50 

TIME = 5.235 

(a) 

3.0 

NO.VALUE x 10’ 

1 0.40 

2 0.20 
3 0.08 

2.5 1 

TIME q 5.69 

(b) 

FIG. 6. Transient streamline and pool shape for steel with a 
laser of 7.5 x 10” W m-’ power density and 2 mm radius for 

t me,, = 5.235. 
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TIME =I.715 

(a) 

4 0.15 4 0.25 

5 -0.15 1.0 i 5 -0.05 

6 -0.40 TIME = 1.875 6 -0.20 

(al 

TIME =I.88 

(b) 

1.0 1 
TIME = 2.037 

(bl 

p7--40Mo.v*L”Exlo~ 
I 0.01 

1.0 I 
TIME= 1.975 

(c) 

FIG. 7. Transient streamline and pool shapes for aluminium 
with a laser of 4.0x 10’ W rn-~’ power density and 2 mm 

radius for T,,,<,, = 1.715. 

pool changes dramatically at T = 3.19 when 
t,,,,, = 2.895. The interesting point to note is that the 
interface moves faster along the radial direction than 
along the vertical direction during this time span. This 
results in a deep pool, unlike all the other cases, and 
the secondary flow pattern is found to be different. 

The secondary flow brings the superheat from the top 
of the pool to the interfacial region. The primary cell 

does the same, i.e. superheat rejection, near the top 
surface. Because of the presence of the large secondary 
cells, the interface movement along the line of sym- 
metry is slower in the present case. At z = 3.5, also, 
the pool shape is deep and shows the existence of a 
large but weak secondary cell. The trend of the results 
is similar for the higher melting time case, as can be 
seen in Fig. IO. 

The secondary cells thus significantly affect the 
interface movement for aluminium with higher power. 
In the absence of secondary cells or the presence of 
weak secondary cells, the nature of interface move- 
ment is similar, i.e. aluminium with lower power and 
steel. 

FIG. 8. Transient streamline and pool shapes for aluminium 
with a laser of 4.0x IOK W mm’ power density and 2 mm 

radius for I,“,.,, = 1.875. 

0 

NO.VALUExlO1 

1 7.50 

2 2.50 

3 0.50 

4 -0.50 

TIME-2.895 

(a) 

2.! 

3.0 

NO.VALUE x 10' 

I 1.50 

2 0.75 
3 0.25 

L -0.25 
5 -0.75 

6 -1 .oo 
TIME =3.19 

(b) 

TIME =3.50 

(cl 

FIG. 9. Transient streamline and pool shapes for aluminium 
with a laser of 7.5x IO” W mm’ power density and 2 mm 

radius for z,,,,,, = 2.895. 
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2.SL 

TIME = 7.595 

(a) 

2.SL 
TIME-8.026 

(b) 

NO 

3.0 
7 

NO. 

5 

6 

VALUE x,0‘ 

2.00 
1.00 
0.50 

-0.25 
-0.50 
-0.75 

2.5 i 
TIME=8.691 

(cl 

FIG. IO. Transient streamline and pool shapes for aluminium 
with a laser of 7.5x 10’ W rn-’ power density and 2 mm 

radius for T,,,~,, = 7.595. 

4.2. Transient intecface position with and without con- 

tvction 
4.2.1. With convection. Figure 11 (a) shows the tran- 

sient interface positions for steel with a beam of 
7.5 x 10’ W m-* power density and 2.0 mm radius 

with convection. For z,,,, = 5.235, the interface 
locations are plotted with equal time intervals 
(= 0.044). During the initial stage (i.e. z = 5.379, 
5.423 and 5.467), it can be seen that the interface 

movement is slower. The speed of the interface gradu- 
ally increases with time and the melt collapses sud- 
denly at the end of solidification. This can be seen 

from the pool shape at z = 5.734 while the total sol- 
idification is at 7 = 5.779, i.e. within a time span of 

0.045. From the point of view of the solidified micro- 
structure, the microstructure will be relatively coarser 
at the bottom of the pool (i.e. the region of slow 
interface movement) with increasing fineness towards 
the top of the pool when the interface speed increases. 

The transient interface positions for aluminium 
with the same beam specifications are shown in Fig. 
1 I(b). Similar results are obtained for aluminium 

TOTAL SOLlDlFlCATlON TIME = 5.779 

(a) 

98 

2 --- 5.423 

3 --5.467 

L ---5.512 

5 -- 5.556 

6 --5.601 
7 ---S.&i5 

8 ---5.690 

9 --5.734 

NO. VALUE 

1 ---3.126 

2 ---3.239 

3 ---3.351 

4 ---3.&L 

5 ---3.576 

6 ---3.689 

7 ---3.801 

8 --3.914 

2.09 1 
TOTAL SOLIDIFICATION TIME= 3.996 

(b) 

FIG. 11. Transient interface positions with convection till 
total solidification with a laser of 7.5 x 10’ W mm* Dower 
density and 2 mm radius. (a) Steel with t,,,, = 5.23’5. (b) 

Aluminium with s,,,, = 2.895. 

except for the slower movement of the interface (the 
time interval of the plot is 0.1125). This is due to the 
smaller Ste (1.6732) of aluminium than that of steel 

(3.2516). 
4.2.2. Comparison between conduction and con- 

vection solutions. Figures 12(a) and (b) show the tran- 
sient interface locations with and without convection 
for a beam of 2.0 mm radius and 4.0 x 1 OS and 7.5 x 10’ 
W me2 power densities, respectively. Near the line 

of symmetry, the conduction interface always lags 
behind the convection interface. On the other hand, 
near the free surface the conduction interface is ahead 
of the convection interface during the initial period of 
solidification, but the trend reverses with time. With 
the same initial temperature gradient across the 
solid/liquid interface, the initial interface movement 
will be faster in the pure conduction case because of 
the absence of convection, which would otherwise 
increase the temperature near the interface region. 
With the increase in time, the convection interface 
moves faster because of the faster rate of superheat 
removal which takes place during the initial period. 
This effect is not seen near the line of symmetry where 
a relatively weak flow exists. As a result of this efficient 
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I 1 2 --- 2.02 2.06 _-- i 3---2.10 

! 4 __. 

1.1 L TOTAL SOLIDIFICATION TIME 

WITH CONVECTION - 2.150 
WITHOUT CONVECTION - -- 2.172 

Ial 

2.14 

! I, _-- 5.65 

5--- 5.75 

1.625 i TOTAL SOLlDlFlCATlON TIME 

WITH CONVECTION - 5.779 

WITHOUT CONVECTION - - - 5.830 

fb) 

FIG. 12. Transient interface position with and without con- 
vection till total solidification for steel with a laser of 2 mm 
radius. (a) 4.0 x lo8 W rn--’ power density and q,,,,, = 1.985. 

(b) 7.5 x 10’ W me-’ power density and rmeli = 5.235. 

superheat removal, the total solidification time is 
always lower with convection than with conduction. 

The transient interface positions with and without 
convection for aluminium with a 2.00 mm radius beam 
are shown in Figs. 13(a) and (b) for power densities 
of 4 x 10” and 7.5 x 10’ W m -‘, respectively. Unlike 
steel, the difference between conduction and con- 
vection interface locations is less in the case of alu- 
minium. This is because of the lower Pr (0.01) of 
aluminium which means a smaller effect of convection 
in superheat removal. From Fig. 13(a), it can be seen 
that the interface positions near the line of symmetry 
with and without convection also show the same trend 
as that along the top surface. Because of the stronger 
secondary ceils, the effect of convection is therefore 
dominant along the line of symmetry. 

Except during the initial stage of solidification, the 
shape of the interface with and without convection is 
similar. Due to the presence of strong convection, the 
interface shapes with convection are distorted from 
that with pure conduction during the initial stage of 
solidification. At higher times when the flow dies out, 
the shape of the interface with and without convection 
becomes similar (see Figs. 12(b) and 13(b)). The 
difference in the movement of the interface with and 

1 --- 3.00 

2 --. 3.05 

3 ---3.10 

I 

h---3.15 

5 -- 3.20 

1.25 i TOTAL SOLlDlFlCATlON TlME 

WITH CONVECTION - 3,270 
WITHOUT CONVECTION ---- 3.290 

(a) 

NO. VALUE 

I --- 3.18 

2 --- 3.32 

3 --- 3.f.6 

4 --- 3.60 

5 -I- 3.74 

i-/ 
6 --- 3.88 

1.925 1 TOTAL SOLIDIFICATION TIME 

WITH CONVECTION - 3.996 
WITHOUT CONVECTtON --- 4.024 

ib) 

FIG. 13. Transient interface position with and without con- 
vection till total solidification for aluminium with a laser of 
2 mm radius. (a) 4.0x 10” W t-n’ power density and 
rinert = 2.9. (b) 7.5x 10” W m ’ power density and 

r,,,k = 2.895. 

without convection is essentially due to the faster 
removal of superheat with convection. The difference 
in the total solidification time with and without con- 
vection is negligible for aluminium and marginally 
greater for steel than for aluminium. 

5. CONCLUSIONS 

The conclusions of this work can be summarized as 
follows. 

(i) In the absence of input heat flux, the flow neu- 
tralized the top surface temperature gradient which is 
the driving force of the flow. As a result, the fluid flow 
dies out very quickly during solidification. 

(ii) For steel, the flow pattern shows that the sec- 
ondary cell disappears, resulting in a pool of primary 
cells only and the pool becomes shallower with time. 
The flow field and pool shape are similar for alu- 
minium in the lower power case (i.e. 4 x 10’ W m-3. 
In the case of aiuminium at higher power (7.5 x 10” 
W m-“). the pool remains deep due to a very large 
secondary cell. 
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(iii) The solid/liquid interface movement is slow 
during the initial transient and very fast during the 

final stage when the pool collapses suddenly. The 
resulting microstructure will be fine at the top and 
coarse at the bottom. 

(iv) From the comparison of the total solidification 
times with and without convection, the effect of flow 
during solidification is found to be negligible for alu- 
minium and marginal for steel. Except during the 
initial stage oFsolidification, the interface shapes with 
and without convection are nearly identical. 
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APPENDIX 

Surface loss condition durin,g the solidrfication after laser 
melting 

The heat loss from the surface is by both convection and 
radiation. The total loss is therefore given by 

4 I = qcmu + 4d~ (AlI 
The normalized form of the total loss condition is as follows : 

k: = (Bi+R,)(Sfe+&=,). (A2) 

Calculation of the Biot number (Bi) 
The convective heat loss is due to free convection from the 

top surface. A standard correlation is used to determine the 
convective heat transfer coefficient. For a horizontal surface, 
the heat transfer coefficient due to the free convection is as 
follows [20] : 

Nu, = 0.54(Gr* Pr) ’ 4 

2.2 x IO4 < Gr. Pr < 8.0 x lob. (A3) 

For the present problem 

L = reference length = 6.5r, = 13.0 mm 
p = volumetric coefficient of thermal expansion 

= 1.0/T 

(since air is an ideal gas and T is in K) 

AT = reference temperature difference 
= 1600 K for steel 
= 700 K for aluminium 

Y = kinematic viscosity of air 
= 3.08 x 10m4 m2 s-’ at 1800 K for steel 
= 9.93 x IO-’ m’s_’ at 900 K for aluminium 

(source : Eckert and Drake [21]). 

Hence 

Gr = 1220.0 for the case of steel 
= 5 134.0 for the case of aluminium 

Prandtl number 

Pr at 1800 K = 0.704 

Prat 700 K = 0.684. 

so 
Gr. Pr = 860.0 for the case of steel. 

= 3512.0 for the case of aluminium 

Although (Gr. Pr) is below the limit as specified in equation 
(A3), we still use this equation as the effect of this heat loss 
is very small, as can be seen from the Biot numbers below. 
Using equation (A3) 

h = 32.53 W mm ’ Km’ for the case of steel 
= 24.53 W m-’ Km ’ for the case of aluminium. 

The corresponding Biot numbers are as follows : 
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Bi = 0.001 for the case of steel 
= 0.0004 for the case of aluminium. 

0.35 and 0.26, respectively [21]. Hence 

C‘ulculution of’ R, 
The emissivity values of polished steel and aluminium arc 

R, = 0.0046 for the case of steel when the surface tem- 
perature is 1800 K. 

= 0.0003 for the case of aluminium when the surface 
temperature is 900 K. 

SOLIDIFICATION RAPIDE APRES FUSION LASER DE METAUX PURS-I. ETUDE 
DU CHAMP D’ECOULEMENT ET ROLE DE LA CONVECTION 

Resumi--On predit numeriquement les caracteristiques d’une solidification rapide qui suit une fusion 
LASER. Le modele numerique est base sur la formulation enthalpique pour tenir compte de la chaleur 
latente lachee pendant la solidification et les equations de quantite de mouvement sont resolues par 
l’algorithme SIMPLE dans le domaine liquide seul. On etudie pour l’aluminium et l’acier, avec differentes 
puissances laser (IO” et IO’ W m-‘) et des temps d’interaction, le champ d’ecoulement et la distribution de 
temperature dans le bain liquide pendant la solidification rapide. Le champ d’icoulement s’eteint peu apres 
que le faisceau laser est Btt. A forte puissance, le bain liquide reste profond darts le cas de l’aluminium, 
pour un temps relativement long a cause d’un grand vortex secondaire forme pendant la fusion. Bien que 
la forme de I’interface soit differente, il n’y a qu’une difference marginale dans les temps de sohdificdtion 

totale avec et sans convection pour les deux metaux. 

SCHNELLE VERFESTIGUNG NACH DEM AUFSCHMELZEN REINER METALLE 
MITTELS LASER-l. UNTERSUCHUNG DES STROMUNGSFELDES UND DIE 

ROLLE DER KONVEKTION 

Zusammenfassung-Die vorliegende Arbeit befagt sich mit der numerischen Berechnung der schnellen 
Erstarrung nach einem Aufschmelzvorgang mittels Laser. Das numerische Model1 beriicksichtigt die mit der 
Erstarrung verbundenen Warmequellen mit Hilfe einer Enthalpie Formulierung. Die Impulsgleichungen 
werden mit Hilfe des SIMPLE-Algorithmus nur im Fhissigkeitsgebiet gel&. Das Stromungsfeld und die 
Temperaturverteilung in der Fliissigkeit wird fur die schnelle Erstarrung von Aluminium und Stahl bei 
unterschiedlicher Lascrleistung (IO” und 10 W m- ‘) und Einwirkungszeit untersucht. Es zeigt sich, daB 
das Striimungsfeld sehr schnell nach Abschalten des IASerStrahlS zur Ruhe kommt. Bei grijberen Leistungen 
bleibt die Fhissigkeit im Fall von Aluminium fiir eine relativ lange Zeit sehr tief. Dies wird auf einen grogen 
Sekundarwirbel zuriickgefiihrt, der wihrend des Schmelzens entsteht. Obwohl die Form der Grenzflache 
unterschiedlich ist. gibt es bei beiden Metallen nur einen verschwindend kleinen Unterschied zwischen den 

Verfestigungszeiten mit und ohne Konvektion. 

6bICTPOE 3ATBEPAEBAHME YHCTbIX METAJIJIOB I-IOCJIE JIA3EPH08 I-IJIABKH-I 
HCCJIE~OBAHHE IIOJDI TE’JEHMJI Pi POJIM KOHBEKHRR 

ArmoTamuv-ZIwcnemio onpenennloxr xaparcTepucrmc8 BMCT~O~O 3aTnepnenatins nocne nasepnol 
HUK coxpaHeHun wcnynbca perualorcn c ~OMOLIWO anropuTMa SIMPLE TonbKn B xui~~oii o6nacTa. 

MccnenyroTcr none TegeHHn H pacnpeneneHHe TeMnepaTyp B o6aeMe xoimocrn n nponecce 6bIcToporo 

3aTeepnesaHliKanmMwaw BCT~JIUIT~H pa3nuwbIx BenwsBHax MOIUHOCTH nasepa (lO*n lo9 BT.M-‘)n 
BpeMeHU B3aHMO&kTB~K. Ha6nlonaeTcr UC'Ie3HOBCHHe TC'iCHHR BCKOPC lIOCJI‘2 )'&UlCHHK JEi3CpHOrO 

nyra. B CJIy'laC C EiJIEOMUHBeM IIpH BbICOKOii MOJ4iOCTH 06W.M KCHJKOCTH CpaBHBTenbHO AlOnrO 

OcTaeTcK OYeHb rny60KaM 31 Vie? o6pa30BaHHK KpynHoro BTOpU'lHOrO BHXpK B IlpOU= IInaBneHHK. 

H~CMOT~II Ha pa3nwiqw L$OPMY rpaHw_1 pasnena npe Hanwuni n OTCYTCTBHII KoHseKwiU HMeeTCIl 


