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Abstract-various sohdification parameters, like solid/liquid temperature gradient, cooling rate. nature 
of latent heat release, and pool characteristics, i.e. rate of change of width, depth and maximum velocity 
of the pool, are studied for rapid solidification following laser melting of aluminium and steel. For a fixed 
laser radius (i.e. 2.0 mm), the studies are carried out with various beam power densities between lo* and 
IO“ W m-‘. There is melting (i.e. ‘post-melting’) even after the laser is removed and the amount of post- 
melting is related to the amount of superheat of the pool. From the solid/liquid interface temperature 
gradient and the cooling rate, it is shown that the microstructure of the solidified material is very fine and 

the microstructure at the top of the pool is always finer than that at the bottom. 

1. INTRODUCTION 

THE PROPERTIES of a solidified material subsequent to 
laser melting are dependent on the microstructure 
which, in turn, is controlled by the solidification 
characteristics, namely, the velocity of the solidifica- 
tion front, the temperature gradient across the solid/ 
liquid interface and the cooling rate [I]. Although the 
melting characteristics are independent of the solidifi- 
cation characteristics, the latter are integrally depen- 
dent on the former. i.e. melting time, flow field and 
temperature distribution at the end of melting. The 
thermal gradient across the soiid/liquid interface, 
which is the rate controlling parameter for rapid solid- 
ification, is dependent on the melting characteristics. 

Following laser melting, the liquid metal solidifies 
directionally on its own substrate. The substrate thus 
acts as a heat sink and the heat loss essentially takes 
place through the substrate along with a slow rate of 
heat loss (i.e. convectivefradiative) from the free 
liquid surface. The rate of solidification subsequent to 
laser heating is therefore dependent on the fast rate of 
heat removal which consists of two parts-superheat 
removal and latent heat removal. 

The rate of removal of the superheat determines 
how fast the solidification initiates and, once initiated, 
the solidification rate is controlled by the rate of latent 
heat extraction. Since the bulk of the heat is removed 
through the substrate, the temperature gradient at the 
solid/liquid interface determines the heat extraction 
rate. Hence, the rapid solidi~cation during laser sur- 
face treatment is controlled by the following par- 
ameters : 

l rate of loss of superheat ; 
l rate of loss of latent heat; and 
l the temperature gradient at the solid/liquid inter- 

face. 

These parameters govern the solid~liquid interface 
speed and the cooling rate and, in turn, the micro- 
structure. 

Besides the solidification characteristics described 
above, the pool characteristics are also important 
from the point of view of fundamental understanding, 
i.e. how does the front move radially and axially and 
what is the rate of decay of the flow field. The pool 
characteristics of interest are as follows : 

l rate of decrease of the liquid width ; 
l rate of decrease of the liquid depth ; and 
l rate of decrease of the maximum velocity of the 

flow field in the liquid pool. 

In all the earlier studies [2-71, detailed study of various 
pool and solidification characteristics in the presence 
of flow has not been carried out, although a similar 
study has been performed for arc welding [8]. In this 
paper, we present a comprehensive study of rapid 
solidification following laser surface melting using the 
model described by Basu and Date [9]. 

2. THE PARAMETERS SYUDIED 

The process parameters for the solidification study 
are the same as those reported in Basu and Date 191. 
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NOMENCLATURE 

A, 

A, 
B, 

C, 

area of the solid/liquid interface 
area of the liquid pool 
boundary heating factor, qr,C,Jk 
specific heat [J kg- ’ K- ‘1 

solid/liquid interface velocity 
maximum velocity of the fluid 

depth of the laser melted pool. 

.fl 
k 

4 
1, 
L 

Ma 
Pr 

q 

r. 
rman 
R, 

liquid fraction 
thermal conductivity [W rn- ’ K- ‘1 

length along constant z direction 

length along constant r direction 
amount of latent heat release 

Marangoni number, U,r,/a 
Prandtl number, v/cl 
laser heat flux [W m- ‘1 
radius of the laser beam [m] 
width of the laser melted pool 

surface tension Reynolds number, 

t& r0iv 

Greek symbols 

;; 
thermal diffusivity [m’ s _ ‘1 
non-dimensional temperature 

lfjl non-dimensional cooling rate 

/, latent heat of fusion [J kg- ‘1 

p dynamic viscosity [N m- ‘s- ‘1 
V kinematic viscosity [m2 s- ‘1 

P density [kg rn-- ‘1 
r non-dimensional time 

?llelt non-dimensional interaction time 

(#J non-dimensional enthalpy. 

Ste Stefan number, C,(T,- T,)/i 
t time [s] Subscripts 

;] 

amount of total heat released bulk bulk mean value 
cooling rate [K s- ‘1 I interface 

aT/ian], average solid/liquid temperature 1 liquid. 
gradient [K mm- ‘] 

ui, characteristic velocity, (do,/dT) * ,?//.LC, Superscript 
[m s- ‘1 * dimensional value. 

The effect of the process parameters is studied with 

respect to the time rate of change of the following 

variables : 

where A, is the area of the solid/liquid interface 
rate of release of latent heat 

L/T = 
rate ofrelease of total (superheat +latent) heat 

A, = 
s 

r drlconstantr + r dL,t,nt,. 
1. s 1, 

Hhulk the bulk mean temperature of the liquid which is 

also the superheat of the melt, #j&z], the average 

temperature gradient at the interface, r,,, the melt 
width, z,,, the melt depth, and V,,, the maximum 

3. RESULTS AND DISCUSSION 

velocity of the fluid. The (L/T) value is calculated as 3.1. Study of solidzjication characteristics 

follows : 3.1.1. Steel. Figure 1 shows the transient variation 

of (L/T), @t,u,k and 88/&z], for a beam of 2.0 mm 

(“‘) = [ 

Cfl4r.z ~ _ _..~I. 
!I 

,+A! radius and 4 x 10’ W rn- 2 power density with different 

.C;,(T-Tm)+zf,li I 
melting times. Both flbulk and &J/&z\, decrease with 

I 

(LIT) = [$&]‘li 

time and approach zero asymptotically ; (L/T) 
approaches unity. The important aspect of the rapid 

solidification process is to attain minimum superheat 
and also to ensure fast removal of the superheat. The 

where fl is the liquid fraction. 
time rate of change of both the parameters (L/T) and 

The bulk mean temperature of the liquid is deter- 
Bbulh shows how fast the superheat is being extracted 

mined as follows : 
out. From Fig. 1 (a), it can be seen that the superheat 
is negligible at AZ (i.e. z -smelt) = 0.065 when the sol- 

e : bulk = 
--s 

idification is initiated at r = 0.975. Beyond this time 

0 da. the solidification is mainly controlled by the latent 

1 Al heat removal. An interesting point can be seen by 
comparing (L/T) variation for two different t,,rt 

The average temperature gradient is calculated on the values : 0.975 and 1.985. Figure 1 (b) shows that (L/T) 

basis of the interfacial area as follows : is negative during a very small period at the initiation 
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FIG. 1. The rate of change of the solidification characteristics, 
i.e. (L/T), ebulk and 80/&l,, for steel with a laser of 4.0 x 10’ 
W m-2 power density and 2.0 mm radius for various z,,,, 

values. 

of solidification. Though the input heat flux is 

removed, a small amount of melting takes place due 
to the superheat of the liquid pool itself; this melting 
can be designated as ‘post-melting’. When z,,,,,~ is 
small, this. phenomenon is not seen due to the low 
energy (superheat) level of the pool. The average tem- 
perature gradient at the interface, ag/& I,, varies in the 
same way as Ohulk. The maximum values of #/&I 1, are 
5.5 and 4.8 for z,,,,,~ = 0.975 and 1.985, respectively. 

When z,,lt is larger, the flow within the liquid pool is 
more vigorous, resulting in better mixing and sub- 
sequently lowering the average temperature gradient. 
In dimensional form, the values of a?=/;janl, are 1270.0 
and 1109.0 K mm- ’ for r,,,e,t values of 0.975 and 1.985, 
respectively, and the average interface speeds are 18 
and 14 mm SC’ (as shown later). From a typical 
morphology chart (p. 91 of Kurz and Fisher [l]) as 
shown in Fig. 2, the resulting microstructure will be 
fine corresponding to aF/lanl, and V,. 

Figure 3 shows the solidification characteristics (i.e. 
8 bulk 3 L/T and a~/&zl,) for a beam of 2.0 mm radius 
and 7.5 x lo8 W m-* power density. The post-melt- 
ing time is greater in this case-the superheat level is 
higher due to the higher power of the beam. The 
maximum values of dT/&zl, are 867.0,601 .O and 577.0 
K mm- ’ for z,,,~ values of 1.835, 5.255 and 7.735, 
respectively. The ai=/janl, values for z,,,, = 5.255 and 
7.735 are nearly the same and this signifies that the 
fluid flow is near steady state for these melting times. 
As observed for #the lower power case, the post-melt- 
ing time is greater for the case of higher z,,,~. 

2/ 

%/I ‘O (K/mm1 

FIG. 2. Relationship between dF/lanl,, V, and cooling rate 
with microstructure of the solidified material [l]. 
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FIG. 3. The rate ofchange ofthe solidification characteristics, 
i.e. (L/T), fIbulk and a~/%/,, for steel with a laser of 7.5 x 10’ 
W mm2 power density and 2.0 mm radius for various z,,, 

Figures 1 and 3 thus give a clear picture of the values 
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solidification after laser heating. From these studies, 
it is now possible to extract the rate of removal of 
total heat (both superheat and latent heat) at different 
times. While the rate of superheat removal gives the 
efficiency of the rapid solidification, the average tem- 
perature gradient at the solid/liquid interface provides 

a qualitative idea of the microstructure. These results 
will be utilized later to calculate the average cooling 
rate. 

3.1.2. Aluminium. Figure 4 shows the variation of 
the solidification characteristics for a beam of 2 mm 

radius and 4.0 x 1 Ox W mm’ power density with differ- 
ent melting times ; z,,,, = 1.715 and 1.875. Though 

the molten pool shape and the flow pattern are differ- 
ent for steel and aluminium, the variations of sol- 

idification characteristics with time arc similar in 
nature. The fluid flow dies out very quickly during 
solidification and this results in a similar trend in 
the variation of the dimensionless average or global 

parameters like ObulLr (L/T) and ?~/&I,. The post- 
melting phenomenon is also seen for both cases of 
z,,,,. The maximum average temperature gradients at 
the solid/liquid interface are 444.0 and 425.0 K mm ’ 
for ~‘melt values of 1.715 and 1.875, respectively. Due 
to the higher thermal conductivity of aluminium com- 

pared to steel, the temperature gradient at the solid/ 
liquid interface is smaller in the case of aluminium. 
From the morphology chart [l], it can be seen (with 
the corresponding V, of 36 and 34 mm so ‘) that the 
microstructure will also be fine in this case. 

The rate of removal of superheat (L/T), the rate of 
decrease of melt superheat (f~,,,,) and the average 
temperature gradient variation are similar for a beam 

(al 

“513’o 

-o.zc 
-_( 7-l,.& 1 
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FIG. 4. The rate of change of the solidification characteristics, FIG. 5. The rate ofchange of the solidification characteristics, 
i.e. (L/7’), @,ulk and ~~/~n~,, for aluminium with a laser of i.e. (UT), Qt,,,, and c%/&z[,, for aluminium with a laser of 
4.0 x IOn W m-’ power density and 2.0 mm radius for various 7.5 x lo* W mm 2 power density and 2.0 mm radius for various 

rmc,, values. T,,,, values. 

A. W. DATE 

of 7.5 x 10’ W mm2 power density for different z,,,,~ 
values (0.7 15, 0.995 and 1.725 ; see Fig. 5). The maxi- 
mum average temperature gradients at the solid/ 
liquid interface are 610.5, 525.0 and 407.0 K mm ’ 
for melting times of 0.715, 0.995 and 1.725, respec- 

tively. The dT/ldnl, value for a z,,,, of 1.725 (= 407.0) 
is lower than that of the low power case with a rlliC,, 
of 0.715 (= 425.0). This is again due to the better 
mixing with the more vigorous flow for the higher 

power beam than that for the lower power beam. 

3.2. Study of’ the pool characteristics 
3.2.1. Steel. Figure 6 shows the time variation of 

r. 7 rn‘L11 -max and V,,, of the liquid pool for a beam of 

2.0 mm radius and 4 x 10” W m ’ power density with 

melting times of 0.975 and 1.985, respectively. The 
rates of change of r,,, and zrnar with time show three 
distinct regions. Initially the rate of movement is slow 
which is due to post-melting. Beyond the post-melting 

when (L/T) reaches 0.25, i.e. when AZ is 0.022 and 
0.038 for z,,,,~ values of 0.975 and 1.985, respectively 

(from Fig. I), the rate of movement is faster; this can 
be clearly seen from Fig. 6(b). Once (L/T) is greater 
than 0.9, i.e. when AZ is more than 0.0625 and 0.0875 

for z,,~~ values of 0.975 and 1.985, respectively, the 

solidification proceeds at a very fast rate. This can be 

2 
m- 1.0 $1, 
i= I L/T1 
1 
- 0.5 -E I %lk 
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,3.0 
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FIG. 6. The rate of change of pool characteristics, i.e. r,,,,,, 

zmar and V,,,, with time for steel with a laser of 4.0 x IO* W 
mm 2 power density and 2.0 mm radius for various z,,,, values. 

seen from the sudden drop in the rman and z,,, values 
during the final stage of solidification. Hence the total 
solidification process can be divided into three phases 

depending on the nature of the interface movement- 
slow, fast and very fast. The maximum velocity (I’,,,,.) 
of the flow, which occurs at the free surface, decreases 
at a fast rate during the initial time of solidification 
and then asymptotically approaches zero. The fast 
rate of decrease of the maximum velocity is already 
explained as being due to the reduction of the free 
surface temperature gradient by the flow. I’,,,,, falls 
from 0.044 to 0.015 (i.e. 0.4 to 0.13 m s- ‘) during the 
initial transient of solidification when z,,,~ is 0.975. 
For z,,,, = 1.985, V,,, decreases from 0.052 to 0.016 
(i.e. 0.47 to 0.14 m sP ‘) during this period of superheat 
release. This shows that the convective flow enhances 

the superheat release by better mixing and also reduces 
the driving force of the fluid flow during this period 
which is limited by superheat release. 

The pool characteristics for the high power density 
beam (i.e. q = 7.5 x 10’ W mm*) are shown in Fig. 7 
with different melting times, i.e. 1.835, 5.255 and 7.735, 
respectively. The results are similar except for the 
initial period of slow solidification, which is longer in 
this case. Because of the higher power density, the 
amount of superheat to be removed is larger, which 

results in a longer period of slow solidification. 
3.2.2. Aluminium. Figure 8 shows the variation of 

pool characteristics for a beam of 2.0 mm radius and 
4 x 10’ W m -’ power density with different melting 
times, i.e. r,,,, = 1.715 and 1.875, respectively. Like 
the solidification of steel, three distinct phases are also 
seen in this case depending on the rate of movement 
of rmax and zmax. The maximum velocity (V,,,,,) also 
decreases sharply during initial solidification and then 
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FIG. 7. The rate of change of pool characteristics, i.e. rmar, 

z,,, and V,,., with time for steel with a laser of 7.5 x lo8 W 
rn’ 2 power density and 2.0 mm radius for various r,,rt values. 
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FIG. 9. The rate of change of pool characteristics, i.e. rmax, z,,, 
and V,,,,,, with time for aluminium with a laser of 7.5 x lOa W 
m- * power density and 2.0 mm radius for various z,,,~ values. 

asymptotically approaches zero. The variations of 
pool characteristics for the case of higher power 
(7.5 x IO* W mm 2, are also similar in nature (see Fig. 

9). 

3.3. Characteristics of the latent heat release and the 

cooling rate 

The latent heat release compared to the total heat 
release (L/T) determines the efficiency of the heat 
extraction during solidification. The higher the value 
of (L/7) means the total heat to be removed is essen- 
tially latent heat. It is therefore interesting to compare 
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various pool characteristics when (L/T) is 0.9. latent 
heat removal is the rate controlling parameter. 

Table 1 shows the Ar (= r - z,,,J for various x,,,~ 
values to attain (L/T) of 0.9 for steel with Br = 28.94 
and 54.28. It can be seen that the higher the t,,,,, the 
larger is the time to reach an (L/T) value of 0.9. This 
is obviously due to the higher superheat of the melt 

for higher z,,,~, i.e. the laser is on for a longer duration. 
From the total solidification time given in Table 1. it 
can be seen that the superheat removal takes between 
60 and 70% of the time taken for complete sol- 

idification (i.e. ~~~~~~~~~~~~~~~~~~~~ - z,,,,.~). Once the super- 
heat is removed, i.e. when r,,,, is greater than z,.,~,_ ,, <,, 
the solidification rate is faster when the essentially 
latent heat is removed. Hence, the order of the super- 

heat should be as low as possible for rapid sol- 
idification. One interesting point to note is that the t 

value for Vm,,xi~max.,,c,, = 0.9 is almost equal to t for 
(L/T) = 0.9 (see Table I). The fluid flow will be 
present as long as there is superheat in the melt; 

only then will there be a surface temperature gradient 
(although of small order) to drive the flow. Hence, 
there is a direct relationship between the rate of decay 
of flow and the rate of superheat removal. The trend 
of the results is the same for aluminium, as can be 
seen from Table 2. 

Tables 3 and 4 show the melt width (r,,,) and depth 

(z,,,) at time zLiTCO 9 with different T,,,~,, values for 
steel and aluminium, respectively. rmax and zmnr are 
seen to be higher at T,_,.~_,, 9 for higher ~~~~~~ which is 
again due to the higher superheat level. Because of the 
higher Ste, the percentage movement for steel is higher 
than that for aluminium. By comparing percentage 
movement of r,,, and z,,,~* of ail the cases, it can be 

seen that the percentage of z,,,;~~ is always higher than 
that for rmax except for the case of aluminium with 
higher power (i.e. Br = 37.47). Due to the stronger 
primary cell, there is better mixing at the top than at 
the bottom during this period and, as a result. the rate 
of loss of superheat is higher at the top than that of 
latent heat. This leads to relatively slower movement 
of the solid/liquid interface at the top during this 
period. In the case of aluminium with higher power 
density. there also exists a stronger secondary ccl1 [9], 
which enhances superheat release at the bottom. As a 
result, the interface movement is relatively slow at the 
bottom, unlike all the other cases. 

Table 1. Differential times, i.e. AZ = (T - T,,,.,~ , ) for (L/T) = 0.9. total solidification and V,,,,,/V,,,x,,m~,, = 0.9 for steel with 
R, = 23 040.0 and Ma = 1806.0 

AT for total 
AT for 

AT for (L/T) = 0.9 solidification AZ, 

(AT?) 
- x 100 

B, TlllCI1 (AT,) AT* 
+ = 0.9 

m&x. El”<,, 

28.94 0.975 0.06 0.089 66.1 0.056 
1.985 0.09 0.140 65.0 0.087 

54.28 1.835 0.19 0.32 59.4 0.212 
5.255 0.28 0.41 68.3 0.286 
1.135 0.33 0.47 70.2 0.321 
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Table 2. Differential times, i.e. AT = (T-&,~ , ) for (L/T) = 0.9, total solidification and V,,,, IV,,,,, ,,,,,, = 0.9 for aluminium 
with R, = 701000.0 and Mu = 6912.0 

4 

20.0 

37.47 

At for (L/T) = 0.9 
(AT,) 

AT for total 
solidification 

(AT,) 

1.715 0.19 0.32 59.3 
1.875 0.20 0.33 61.0 

0.715 0.25 0.44 56.8 
0.995 0.31 0.46 67.4 
1.235 0.37 0.54 68.5 
1.725 0.42 0.60 70.0 

AT for 

- 
0.210 
0.213 

0.276 
0.321 
0.418 
0.447 

Table 3. Melt width (rmax) and depth (z,,) at time when (L/T) = 0.9 for steel with R, = 23 040.0 and Mu = 1806.0 

Bf T for (L/T) = 0.9 rma. 

(=max,r,,,, -=mx) 
Xl00 

ZlWr,,,, 

28.94 1.044 0.612 0.20 38.75 46.70 
2.073 0.687 0.25 38.89 44.40 

54.28 2.023 1.106 0.437 36.30 43.54 
5.534 1.225 0.475 38.75 44.90 
8.069 1.550 0.725 29.8 29.3 

Table 4. Melt width (rmar) and depth (z,.J at time when (L/T) = 0.9 for aluminium with R, = 701000.0 and Mu = 6912.0 

Bf 5 for (L/T) = 0.9 rma. 

(rmsx,r,,,, - rma.) 
x 100 

knar.rm,, - zm.d 
x 100 

rmax.r,,, %I%,_,, 

20.0 1.91 0.825 0.476 35.30 36.60 
2.07 0.850 0.487 34.10 37.00 

37.47 0.967 0.963 0.644 36.24 31.30 
1.368 1.019 0.712 37.30 33.70 
1.575 1.137 0.819 35.00 30.00 
2.139 1.260 0.906 34.00 31.00 

3.3.1. Cooling rate. The average solid/liquid inter- 
face velocity between T,,,~,~ and zL,T=0.9 is calculated 
using Tables l-4 as follows : 

at the top 

I?,=( rmax,r,,l, - rmax.r,ur= 0 9) 1 
(Gl,,t - T(L/T= 0 9)) 

at the bottom 

The average temperature gradient at the solid/liquid 
interface is calculated from Figs. 1 and 2-5 as follows : 

Using r[ and a8/an(,, the average cooling rate (41 is 
calculated as follows : 

lel = Tg 
I 

The non-dimensional cooling rate, 16 1, is transformed 
into dimensional form as follows : 

IFI =$+I 
PO 

= 1160.0 (81 for steel 

= 3474.0 1~4 1 for aluminium. 

Tables 5 and 6 provide V,, @j&l, and 14 I averaged 
between smelt and z,,r=0.9 with different T,,,~,~ and BI 
values for steel and aluminium, respectively. It can be 
seen that the average cooling rate is between lo4 and 
lo5 K s- ‘. From Fig. 2, it can be seen that the scale 
of microstructure will be very fine, thereby ensuring 
improved surface properties. The average cooling rate 
at the top surface is always seen to be higher than 
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5. Average interface velocity (VI), solid/liquid temperature gradient (&/&I/,) and cooling rate (Id 1) during T,,,~,~ l~nd 
zI ?= ,) y for steel with R, = 23 040.0 and Ma = 1806.0 

4 

28.94 

54.28 

~mclt 

0.975 
I.985 

I.835 
5.255 
7.735 

6 Ivil IpI (K s ’ x IO’) 

Top Bottom a@&& Top Bottom Top Bottom 

4.50 2.80 2.83 12.73 7.90 1.48 0.92 
3.50 2.19 2.375 8.31 5.20 0.96 0.60 

3.37 1.80 2.970 10.0 5.35 1.16 0.62 
2.17 1.39 1.300 3.6 1.80 0.42 0.21 
1.91 0.99 1.275 2.4 1.26 0.28 0.15 

Table 6. Average interface velocity (VI), solid/liquid temperature gradient (?@/&I,) and cooling rate (I[j I) during T,“?,, and 
r,, T= D 9 for aluminium with R, = 701000.0 and Mu = 6912.0 

& IH’I lF/(Ks~‘xlO‘) 

B, %ll& Top Bottom a&/&l, Top Bottom Top Botlom 

20.0 1.715 2.34 1.46 I .25 2.93 1.83 1.02 0.63 
1.875 2.20 I .44 1.23 2.70 1.77 0.94 0.61 

37.47 0.715 2.17 1.16 1.57 3.40 1.83 1.18 0.63 
0.995 1.96 I.17 1.47 2.88 I .72 0.99 0.59 
I.235 I .67 1.07 1.23 2.05 1.30 0.71 0.45 
I .725 1.50 1.01 I .20 I .80 1.21 0.62 0.42 

Note that the cooling rates at the top and bottom of the molten pool are calculated based on the rate of movement of 
r,,,, and z,“__. respectively. 

that at the bottom of the pool, i.e. along the line of 

symmetry. This predicted result is consistent with the 
experimental observation where a finer microstructure 
is seen at the top edge than at the bottom [5, lo]. For 
the same power density and radius of the beam, the 
average cooling rate decreases with the increase of 

z,,,,. For higher T,,,,, the interface moves relatively 

slowly due to higher superheat and the order of 141 
reduces due to better mixing of the molten pool. As a 
result, the cooling rate decreases. 

Hence, the beam specifications should be selected 
in such a way that T,,,,~ (which is also known as the 
interaction time) is a minimum to attain a certain 

depth. This criterion is used to obtain a higher cooling 

rate which, in turn, ensures a finer microstructure and 
improved properties. 

4. CONCLUSIONS 

The conclusions of this work can be summarized as 

follows. 

(i) E,ven after the heat source is removed, there is a 
small amount of melting (i.e. post-melting) which 
takes place due to the superheat of the melt, depending 
on the melting time. 

(ii) Lk and dg/&zl, fall very quickly during the 
initial period of solidification when (L/T) approaches 
unity, and the solidification beyond this point is con- 
trolled by latent heat removal. 

(iii) The efficiency of the rapid solidification for 
various cases can be determined from the variation of 
the solidification characteristic graphs developed here. 

These graphs are utilized to calculate the interface 
speed, solid/liquid temperature gradient and the 

cooling rate. 
(iv) By comparison with the morphology chart, 

the maximum average temperature gradient at the 
solid/liquid interface and the cooling rate show that 
the resultant microstructure will be fine. 

(v) From the variation of r,,, and z,,, with time, 
three distinct phases of solidification are noted 
depending on the front movement-slow, fast and 

very fast. These three phases are dependent on the 
nature of heat removal, i.e. superheat, (superheat+ 

latent heat) and latent heat. 
(vi) From the predicted maximum velocity vari- 

ation with time, it is found that the flow dies out 

mainly in the period of superheat removal. 
(vii) The cooling rates for steel and aluminium are 

calculated and shown to be between lo4 and 10’ K 

S ‘, Due to the higher superheat level, the cooling 
rate decreases with the increase of interaction time. 

(viii) The local cooling rate at the top of the pool 
is always higher than that at the bottom. As a result, 
the microstructure at the top of the pool will always 
be finer than that at the bottom. 
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SOLIDIFICATION RAPIDE APRES FUSION LASER DE METAUX PURS-II. ETUDE 
DES CARACTERISTIQUES ET DU BAIN DE LA SOLIDIFICATION 

R&sum&Divers parametres de la solidification comme le gradient de temperature solide/liquide, vitesse 
de refroidissement, nature de la liberation de la chaleur latente et caracteristiques du bain (vitesse de 
changement de largeur, de profondeur et de vitesse maxi) sont etudies pour une rapide solidification 
successive a une fusion laser d’aluminium et d’acier. Pour un laser de rayon fixt (2,0 mm), les etudes sont 
conduites avec differentes densites de puissance entre 10’ et IO9 W m-‘. I1 y a fusion (“post-fusion”) m&me 
aprts arr@t de laser et l’importance est like a la surchauffe du bain. A partir du gradient de temperature a 
l’interface solide/liquide et de la vitesse de refroidissement, on montre que la microstructure du mattriau 

solidifie est tris fine et qu’elle est toujours plus fine au sommet du bain qu’a la base. 

SCHNELLE VERFESTIGUNG NACH DEM AUFSCHMELZEN REINER METALLE 
MITTELS LASER-II. UNTERSUCHUNG DES SCHMELZBADES UND SEINER 

VERFESTIGUNG 

Zusammenfassung-Es wird der EinfluR einer Reihe von Parametern auf die plotzliche Erstarrung eines 
Schmelzbades aus Aluminium und Stahl untersucht, das zuvor mittels Laser erschmolzen worden war: 
Temperaturgradient in Feststoff und Fliissigkeit, Abkiihlrate, Art der Freisetzung der Erstarrungswarme, 
zeitliche Anderung von Breite und Tiefe des Bades sowie maximale Geschwindigkeit im Bad. Die Unter- 
suchung wurde bei festgehaltenem Radius des Laserstrahls (2,0 mm) und verschiedenen Leistungsdichten 
zwischen 10” und 10” W mm2 durchgefiihrt. Sogar nach Abschalten des Lasers tritt noch Schmelzen 
(nimlich sogenanntes Nach-Schmelzen) auf, was vom AusmaB der Uberhitzung des Bades abhlngt. 
Abhingig vom Temperaturgradienten an der Fest-/Fliissig-Phasengrenze und der Abkiilungsrate zeigt sich, 
da8 die Mikrostruktur des erstarrten Materials sehr fein ist, und da8 die Mikrostruktur im oberen Teil des 

Bades immer feiner ist also im unteren Teil. 

EICTPOE 3ATBEPAEBAHHE ‘IHCTMX METAJLJIOB I-IOCJIE JIA3EPHOH HJIABKH-II. 
RCCJIEAOBAHHE XAPAKTEPHCTHK 06’bEMA PACHJIABA M HPOHECCA 

3ATBEPAEBAHHR 

hiOTWM-kiCCJICA)‘lOTCX pa3nwiHbIe napaMerpbr nponecca 3aTBepAeBaHHn, HKJnoHaII rpamear TBM- 
nepaTyp THepAOH H *HAXOii @a, CKOpocTb OXJtaXC,HeHHX, MeXaHH3M CKpbITOI.0 TeIlnOBbIAeneHHI, a 
TaXme TaXHe xapaXTepHcrHXH o6beMa pacnnana, XaX HHTeHcHnHocrb H3hfeHeHHH ero mapwebr, my6HHbr 
H MaKCeManbHallCKOpOCTb npe 6bIc'rpoM3aTBepAeeaHiiH nocnena3epofinnaeKa anH)MHH&iK ~crane.B 

cnygae nocroKHHor0 pannyca nasepeoro nyrKa(cocTaennI0wero 2,0 MM)BCC~~AOB~HWI npOBOA,ITCK C 

BCIIOnb30BaHBeM pa3nHWibIX BenHSUH I-IJtOTIiOCTU MOWHOCTB na3epa, H3MeHIImmHXCII B AHana30He 
lo*-lo9 BT. M-*. l%asneHHe (T.e. “nocnenywwee nnaBneHHe") npowcxoAeT Aame nocne yAaneHHr 

naaepa n onpenensemn neperpenohl o6aeMa pacnnasa. kiccnenoeaxae rpaAeeeTa TeMnepaTyp Ha 

rpaHnue pasnena Tsepnoe TenwPnAKoCTb noKa3bInaeT, YTO MHKpoCTpyKTypa 3aTsepAeeaIomero 

MaTepHana XBnlleTCII BeCbMa MenKoii H B BepxHeti YaCTH o6beMa pacnnana oHa BcerAa 6onee MenXas, 
HeMB HEKHefi. 


