
JOURNAL OF MATERIALS SCIENCE 30(1995) 4912-4925 

Remelting phenomena in the process of splat 
solidification 

B. KANG, J. WALDVOGEL,  D. POULIKAKOS 
Mechanical Engineering Department, University of Illinois at Chicago, Chicago, IL 60607, 
USA 

A combined theoretical and experimental study is reported which investigates remelting 
phenomena during the splat cooling of two liquid-metal droplets impacting sequentially on 
a substrate. Under conditions of sufficiently high superheat it was proposed theoretically 
and demonstrated experimentally that an initial deposit is remelted by the subsequent 
impact of molten material. It is shown that the amount of superheat as well as the variation 
of thermophysical properties, particularly the latent heat and the melting temperature, 
influence the degree of remelting. Experimental findings supported to a certain extent the 
theoretical model assumptions that the splats could be represented by thin discs and that the 
heat transfer and solidification within the splat propagates in the axial direction only. 
However, the experiments showed that these assumptions are better suited for the central 
region of the splat. The occurrence of remelting often depended on the radial location for 
a given amount of superheat. For most part, the splat exhibited globular microstructure. 
Lamellar structures were observed near the top and the periphery of the splat, indicating 
slower cooling rates at these locations. The theoretical model constituted a good 
compromise between accuracy and simplicity and predicted the correct trends of the 
remelting phenomenon. 

N o m e n c l a t u r e  V 
c Specific heat (J kg- 1 K -  1) z 
d Diameter of a spherical droplet (ram) Az 
D Diameter of the splat (ram) 
h, Convective heat-transfer coefficient 9 

(W m -2 K -1) 
hc Contact heat-transfer coefficient 

( W i n  -2  K -s )  
m 

H Height of the splat (mm) 
I Number of nodes in the axial direction in 

a splat s 
k Thermal conductivity (W m- 1 K-  1) Subscripts 
Kf Freezing kinetics coefficient b 

(m s -1 K -1) 
L Latent heat (J kg- 1) i 
M Number of nodes in the radial direction in j 

a substrate 
N Number of nodes in the axial direction in 

a substrate sup 
r Radial coordinate (mm) t 
R Radius of a splat (mm) 
Ar Increment of radial coordinate (ram) 1 
t Time (s) 2 
t' Time lapsed since the solidification of the 

bottom splat starts 
T Temperature (~ 
Tf Equilibrium freezing temperature (~ 
To Initial temperature of the top splat (~ 
T~ Initial temperature of the substrate or 

ambient air temperature (~ 
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Interface velocity (m s- 1) 
Axial coordinate (mm) 
Increment of axial coordinate (mm) 
Spread factor 
Density (kg m- 3) 

Superscripts 
1 Liquid 

Index taking on the values s for solid or 
1 for liquid 
Solid 

Bottom of control volume containing the 
freezing interface 
Interface 
Index taking on the values 1 for the first 
(bottom) splat or 2 for the second (top) 
splat 
Amount of superheat of the second splat 
Top of control volume containing the 
freezing interface 
First splat 
Second splat 

1. Introduct ion 
Splat-quenched solidification involves the impinge- 
ment, spreading, and ensuing solidification of liquid- 
metal droplets on a solid substrate. In the case of 
splat quenching of an alloy from the liquid state, the 
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potential exists for novel non-equilibrium phases to be 
captured. Because the atomic mobility in a liquid is far 
greater than in a solid, the quenching rate must be 
very fast to arrest a non-equilibrium state residing in 
the liquid phase. The cooling rates imposed on the 
melt in the process of splat quenching are typically 
many orders of magnitude faster than conventional 
solidification methods. In the early stages of spray 
deposition processes, splat-quenched solidification oc- 
curs. To this end, consecutive generations of entirely 
liquid molten droplets impact upon a completely 
solidified surface [1-5] because heat transfer (princi- 
pally conduction) away from the deposition layer is 
capable of removing heat much faster than it is depos- 
ited by the molten material. 

Jones [1] and Anatharaman and Suryanarayana 
[-6] have summarized the early progress of the splat- 
quenching technique. Predecki et al. [7] were able to 
estimate cooling rates, the splat-substrate heat-trans- 
fer coefficient and solidification rates, by assuming 
that the cooling of the splat was Newtonian (no tem- 
perature gradients were established within the splat). 

Brower et al. [8] performed a comparative study of 
the relative cooling rate and its effect on microstruc- 
ture for cooling imposed by gas quenching, liquid 
quenching, chill casting, and splat quenching. They 
found that typical cooling rates were 1-10 ~ s-1 for 
gas quenching, 30-200 ~ s-1 for liquid quenching, 
103-104~ S -1 for chill casting, and 10s-106~ -1 
for splat quenching. They also investigated the effect 
of splat thickness on the cooling rate and determined 
that the cooling rate of the splat would be increased by 
faster thinning of the melt. 

Scott [9] measured the average and maximum cool- 
ing rate exhibited by aluminium copper alloy splats 
quenched on copper and glass (soda glass) substrates. 
He found the surprising result that the cooling rate of 
a splat on the glass substrate was higher than the 
cooling rate of the same splat on a copper substrate. 
He suggested that the thermal contact between the 
splat and the substrate was much better for the glass 
substrate because he noticed that the splats had 
melted the surface of the glass substrate slightly, there- 
by improving the thermal contact. 

Wang and Matthys [10, 11] calculated theoretically 
the interface velocity 'with and without undercooling 
of the melt using a one-dimensional conduction model 
which treated the splat as a thin disc in contact with 
a semi-infinite substrate. With undercooling, the velo- 
city of the interface decreased rapidly as the freezing 
front advanced. Without undercooling, the velocity of 
the interface was heat-transfer limited, yielding a more 
moderate change in interface velocity. The quality of 
thermal contact between splat and substrate was influ- 
ential in sustaining the interface velocity in an under- 
cooled melt. 

Relevant to the splat-quenching process was the 
work of Shingu and Ozaki [-12] who numerically 
investigated rapid solidification occurrifig by conduc- 
tion cooling. Roshar and Epstein [13] studied theoret- 
ically the simultaneous kinetic and heat-transfer 
limitations in the crystallization of highly undercooled 
melts. Evans and Greer [14] developed a one-dimen- 

sional numerical solution for the rapid solidification 
of an alloy melt in order to investigate solute trapping. 
They found that the heat extraction rate seriously 
affected the freezing interface velocity and the degree 
of solute trapping. Changes in initial alloy composi- 
tion slightly altered the interface temperature; how- 
ever, this change in temperature did not have a large 
effect on the diffusivity of the liquid so as to alter 
substantially the amount of solute trapping. 

Bennet and Poulikakos [ 15] presented a theoretical 
and experimental study on splat cooling focusing on 
the heat-transfer aspects of this process and on the 
identification of parameters affecting the heat-transfer 
mechanism. They found that a two-dimensional con- 
duction model for the substrate coupled with a 
one-dimensional conduction model in the splat, 
accounting for the freezing process in the splat and 
the solidification kinetics agreed well with the trends 
observed in the experimental part of their study. Kang 
et al. [16] studied the problem of solidification of two 
liquid-metal droplets impacting sequentially on 
a solid surface. They reported that the solidification of 
the second droplet exhibited markedly lower cooling 
rates compared to the first droplet. As a result, the 
grain structure of the top of a two-droplet splat was 
significantly coarser than that of the bottom. They 
also demonstrated that the two-dimensional nature of 
the conduction phenomenon in the substrate should 
not be neglected. 

The work presented in this paper aimed to improve 
and extend our understanding of the rapid solidifi- 
cation of a splat formed by two liquid-metal droplets 
quenched sequentially one on top of the other on 
a substrate. Because we were interested in the splat- 
cooling regime, the impact of the second droplet took 
place after the first droplet had solidified completely. 
The main goal of this study was to examine and 
quantify the remelt in  9 of the first droplet and the 
subsequent solidification of the molten material. In 
doing so, conclusions have been drawn concerning the 
effect of material properties and the amount of initial 
superheat on the depth of the remelted zone and the 
subsequent microstructural and macrostructural im- 
pact. This study is divided into two parts. First, a 
theoretical heat-transfer model of the remelting and 
solidification processes is outlined and the results of 
numerical simulations are provided. Next, an experi- 
ment is reported in which two liquid-metal droplets 
are deposited in succession on a substrate. Micro- 
graphs are presented which illustrate the remelting of 
the initial deposit and its effect on microstructure. 

2. Mathematical model 
The theoretical part of the study consists of an ap- 
proximate heat-transfer model of the remelting of 
a pre-existing splat by the impaction of another hot 
droplet and the successive solidification of the molten 
region. Invoking a simple order of magnitude analysis 
it can be shown that the time scale of the spread- 
ing process of a droplet impacting on a surface 
is shorter than the time scale of the heat-transfer 
process from the splat to the substrate. This result 
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Figure 1 Schematic diagram of the system of interest. 

sp la t  
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practically implies that the droplets forming the splat 
spread first and cool down subsequently. To construct 
a relatively simple and easy to use model of the solidi- 
fication process, we make use of the aforementioned 
result and model each droplet in the splat as a thin 
metal disc initially in the solid phase for the first splat, 
and in the liquid phase for the second splat. The 
simplification of modelling a splat as a thin metal disc 
has been used successfully in earlier investigations of 
single-droplet splats [10, 11, 15-18] 

Fig. 1 shows a schematic drawing of the model of 
a two-droplet splat according to the aforementioned 
simplifications. The exact dimensions of each disc are 
determined from the experiments, as will be discussed 
in detail in Section 4. The bottom splat has already 
completed its solidification process and in a short time 
the second droplet with a certain amount of superheat 
is suddenly brought into contact with the bottom 
splat. With a high value of superheat, the temperature 
of the top surface of the bottom splat exceeds the 
melting temperature of the splat at the moment of the 
contact. Remelting of the bottom splat ensues from 
the top surface and progresses downwards until the 
velocity of the interface reaches zero. After a short 
time for the undercooling of the interface, the solidifi- 
cation of the remelted region ensues and progresses 
upwards until the freezing interface reaches the top of 
the bottom splat. In the case of low superheat, the 
temperature of the top surface of the bottom splat 
increases from the moment of contact but never ex- 
ceeds the melting temperature of the splat, and no 
remelting occurs. 

Owing to the fact that the thickness to diameter 
ratio of the splat is very small (typically of the order 
of 0.01), the heat-conduction process in the splat is 
practically unidirectional. Earlier studies of the 
heat-conduction process in a single-droplet splat 
[10, 11, 15, 16] have shown that neglecting the effect 
of radial conduction in the splat has minimal 
impact on the resulting temperature field. On the 
other hand, the present model will account for 
both radial and axial conduction in the substrate 
according to the recommendations given elsewhere 
[15,16]. 
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Following the above discussion, the heat conduc- 
tion equation in both the first droplet and the second 
droplet in the splat reads 

(.pc)7 at - a z \ '  a z j  (1) 

where the subscriptj takes on the values 1 or 2 corres- 
ponding to the first (bottom) or the second (top) 
disc and the superscript m takes on the values s or 
1 denoting solid or liquid region. The temperature is 
denoted by T, the time by t, the axial coordinate by 
z (Fig. 1), and the density, specific heat, and the ther- 
mal conductivity of the splat material by p, c and k, 
respectively. The heat conduction equation in the 
substrate is 

a T  / /a2T 1 aT ~2T'k 
p c -~[ = k ~ ~ + 7 ~Xr + ~ffz2 ] I (2) 

where the notation is analogous to what was defined 
above with the added clarification that r stands for the 
radial coordinate (Fig. 1). 

The initial conditions for the splat and the substrate 
are 

T [ ( z , t  = O) = Tf - AT1 (3) 

T~(z, t = O) = To = Te + ATs,p (4) 

T(r,  z, t = O) = Too (5) 

The boundary and matching conditions accompany- 
ing the above are 

T ( r - +  oo , z  = O,t) = T~ (6) 

T(r,z--* - oo, t )  = T~ (7) 

_ ~aT~ 
k2 ~ 7  ]~=2., ~ = ha[T{(z  = 2It,  t) - T ~ ]  (8) 

( a T )  = h a [ T ( r > R , z = O , t ) - T o o ]  - k ~ z  r>R,~=o,, 
(9) 

Boundary conditions 6 and 7 simply state that the 
temperature inside the substrate far away from the 
surface, as well as the temperature of the substrate 
surface far away from the splat region, remain unaffec- 
ted by the melting and solidification process of the 
first splat and retain their initial value. Boundary 
conditions 8 and 9 account for convective losses 
through the top of the second splat and the top of the 
substrate surrounding the splat, respectively. 

It has been found in studies of single-droplet splats 
[10, 11, 15, 16] that it is important to account for the 
presence of contact resistance in the heat-transfer 
modelling of the splat-cooling process. However, this 
contact resistance is very difficult to evaluate because 
of its variation with time arid position. As an alterna- 
tive, most investigators choose to quantify the contact 
resistance by the use of a constant heat-transfer coef- 
ficient (the reciprocal of the contact resistance). There- 
fore, the boundary condition for the interface between 
the two splats in terms of he, the contact heat-transfer 



coefficient, is expressed as 

(-,~,"maT~n~-- = ho[T[n(z = H , O - T ~ ( z  = H,t)] 
t 

(lO) 

A matching condition analogous to Equation 10 is 
utilized at the interface to couple the substrate with 
the first splat 

a T )  = ho[T(r R,z = 0,0 
\ 

< 

- -  T ~ ( z  = O, t ) ]  (11) 

to be discussed is that of the The next issue 
melting/freezing interface separating the solid from 
the liquid region. At this interface the following energy 
balance is satisfied 

t s aT] \  + ( l kj (12) 
p Lv= . . . .  az / . . . .  

The subscript i denotes the melting/freezing interface, 
V is the velocity of this interface, and L is the latent 
heat of fusion. A melting interface moving downward 
has a negative value of V, while a freezing interface 
moving upward has a positive value of V. 

Different approaches are taken to treat the melting 
and freezing interfaces. In the classical equilibrium 
treatment of a phase change interface, this interface is 
defined by the melting/freezing temperature of the 
material, Tf, and its propagation velocity is limited by 
Equation 12 (the rate at which the heat generation at 
the interface is conducted away in the liquid and solid 
regions). 

For the melting interface, it is assumed that the 
melting will take place according to the above equilib- 
rium condition. Therefore, the additional boundary 
condition at the interface is 

T~(z = zi, t) = Tf (13) 

The interface velocity is directly determined by an 
energy balance at the interface expressed in Equation 
12. 

For the freezing interface, however, the classical 
equilibrium treatment does not account for the pres- 
ence of undercooling in the melt which is of great 
importance to rapid solidification processes such as 
the splat-quenching problem under investigation. To 
model the undercooling, a freezing kinetics relation- 
ship between the amount of undercooling and the 
velocity of propagation of the freezing front is needed. 
A common relationship of this kind postulates a linear 
dependence between the freezing front propagation 
velocity and the amount of undercooling [10, 11, 15, 
16, 19, 20] 

V = Kf(Tf - Ti) (14) 

where Kf is a freezing kinetics coefficient, Tr is the 
equilibrium freezing temperature of the material and 
Ti is the actual interface temperature. Obviously, the 
difference Tf - Ti defines the amount of undercooling. 
If undercooling exists and Ti is below Tf, Equation 14 
will result in a rate of latent heat release in excess of 

that which can be conducted away from the interface 
(Equation 12). In this limit, the propagation of the 
solidification front is said to be controlled by the 
freezing kinetics. The rapid propagation of the 
freezing interface will cause its heating and subsequent 
retardation of solidification. As the freezing interface 
temperature approaches the equilibrium freezing tem- 
perature, the solidification becomes heat-transfer lim- 
ited. 

The numerical solution of the aforementioned 
mathematical model was obtained with the finite dif- 
ference method. To this end, the substrate was over- 
laid with a network of M points in the radial direction 
and N points in the axial direction. Both the grid sizes 
Ar and Az were allowed to vary depending on the 
spatial position. The finite differencing of the heat- 
conduction model in the substrate was obtained using 
a control volume formulation [10, 11, 21] and solved 
by utilizing the ADI method [22]. No further details 
on the control volume formulation or the ADI 
method are included here for brevity, for they can be 
found in the aforementioned literature. 

The control volume method was also used to dis- 
cretize the unidirectional heat-conduction model in 
the splat. The splat was overlaid with a unidirectional 
uniform grid (in the axial direction) consisting of I grid 
points for one splat. The discretized equations of the 
splat were cast in tridiagonal form and solved with the 
Thomas algorithm [22]. 

To account for the sudden change in the value of the 
thermophysical properties across the melting/freezing 
interface, the following procedure [23] was adopted. 
The control volume containing the melting/freezing 
interface was subdivided into two regions, a solid 
region and a liquid region. Three (instead of one) grid 
points were placed in this control volume. One at the 
interface location, one at the centre of the solid region, 
and one at the centre of the liquid region. These three 
points satisfied the following equations (which were 
discretized utilizing the control volume method, as 
well) 

( s ( a t : )  at: 
- k  ~ T ] )  k} 8z ], pjcj 8t ' 8z Jb + = ' ' (15) 

, r j  
( - , ,  ,z ; + = -  0,Lv (161 

( 1 aT)~ {kj. azl'] 1 l a T )  
(17) 

k 
In the above equations subscripts i, b, and t stand for 
interface, the bottom of the control volume containing 
the interface and the top of the control volume con- 
taining the interface. Equations 15 and 17 are energy 
balances in the solid and liquid regions of the control 
volume containing the interface, respectively. Equa- 
tion 16 is the interface energy balance. 

Based on previous studies [15,16], M x N =  
70 x 70 grid points in the substrate and I = 100 points 
in each of the two droplets of the splat were chosen. 
Adding five points in either direction of the substrate 
left the results unaltered. A very fine time step 
(At = 10-22 s) was used at the earlier stages of the 
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melting/freezing phenomenon. At later times the time 
step was gradually increased to reflect the fact that the 
heat-transfer process had slowed down. This task was 
performed by trial and error. The initial size of the 
time step was chosen to be small enough so that the 
maximum change in temperature wit'hin one time step 
is within 0.1%. 

The numerical computation marched forward in 
time as follows. First, it was assumed that a very small 
region of the first splat (0.01% of the splat thickness) 
was already melted to avoid extremely large values of 
the interface velocity due to the very small time step at 
t = 0. The effect of the thickness of this assumed ini- 
tially melted region on the resuIts was investigated by 
comparing the findings of two different initially melted 
regions: one 0.01% and the other 0.02% of the splat 
thickness. There was no difference in the interface 
position and velocity after 0.01 gs, which is a very 
short time compared to the approximate duration of 
the remelting process (10 gs). 

The melting interface was moved downwards a dis- 
tance equal to the product of the interface velocity and 
one time step. The velocity of the melting interface was 
determined from Equation 12 using the temperatures 
obtained from the previous time step. Utilizing the 
updated physical conditions the solution was ad- 
vanced by one time step using the ADI method and 
the Thomas algorithm. If the change of the temper- 
ature field between the current time step and the 
previous time step was very small, the size of the future 
time step was increased accordingly to speed up the 
calculation and the cycle was repeated. The melting of 
the first splat progresses downwards until the interface 
velocity reaches zero. 

Freezing of the melted region of the first splat was 
initiated when the temperature of the interface reach- 
ed a value below the prescribed degree of undercool- 
ing. The  freezing process was treated in a manner 
identical to that of the melting process except that the 
interface velocity was determined by the freezing kin- 
etics relationship, Equation 14. This procedure was 
followed until the melted region in the first splat 
solidified entirely (the interface reached the top of the 
first droplet). The computation was terminated some 
time after the solidification of the first droplet was 
completed. The numerical code typically required 
about 1 CPU hour to run one case on an IBM 
3090/300J. 

3. Experimental procedure 
The main goal of the experimental study was to dem- 
onstrate the remelting of an initial metal deposit by 
the impaction of a second liquid-metal droplet. Conse- 
quently, the experimental apparatus was designed to 
generate two identical liquid-metal droplets and de- 
posit them sequentially on a solid substrate. 

The solid surface upon which the droplets impacted 
was a clean, smooth copper plate of slifficient thick- 
ness (6.0 mm) to act as an infinitely thick substrate for 
the duration of the splat-quenching process. The main 
component of the experimental apparatus was a drop- 
let generator shown schematically in Fig. 2 which was 
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Figure 2 Schematic diagram of the molten metal droplet generator. 

designed for this study to perform two functions: first, 
melt and superheat the metal under investigation and, 
second, generate a sequence of two liquid-metal drop- 
lets which were as nearly identical as possible. Within 
the droplet generator, metal was melted in a cylin- 
drical ceramic crucible via resistive heating. Further 
details of the design and repeatability of the droplet 
generator have been previously published [16], and 
therefore will not be presented here. 

To produce sequences of droplets with zero initial 
velocity, the droplet generator was pressurized slowly 
with nitrogen gas to produce a sphere of molten metal 
which would then break off under its own weight and 
fall freely to impact the substrate below. Once the 
initial droplet fell, the second droplet required approx- 
imately 5 s to form and break off. All droplets in 
this study were approximately 3.0mm diameter 
and were released from a height of 219 mm which 
resulted in an impact velocity of 2.1 m s-- 1. The initial 
droplet temperature was measured with a type K 
thermocouple inserted in the liquid metal exposed at 
the generator nozzle. It was determined that the drop- 
lets cooled about 3~ during free fall based on 
a simple lumped capacitance thermal model using an 
empirical correlation for the convective loss from 
a sphere [-24]. 

The material used in the experimental study was 
eutectic t in- lead  solder. A eutectic composition was 
chosen for study because the theoretical model as- 
sumes a distinct liquid/solid interface (no mushy zone) 



which is consistent with pure materials or eutectic 
alloys. T in- lead  solder was chosen due to its low 
melting point (183~ and its oxidation resistance 
under normal atmospheric conditions when compared 
to pure metals. Also, the sharp contrast of the lead- 
rich and tin-rich phases aid in the identification of 
microstructurai boundaries under metallographic ex- 
amination using optical microscopy. 

The only parameter which was varied in the experi- 
mental study was the amount of initial superheat, 
AT~up. Three different values were used: AT~,p = 
12, 57 and 87~ Four or five double splat pairs 
were deposited for each value of ATsu p. The solidified 
splats were easily removed from the substrate and 
weighed with a precision balance. The mass of the 
splat, together with the density of the liquid metal, 
were used to determine approximately the diameter 
of the droplets by assuming that the first and second 
droplets were identical spheres. To determine the 
diameter of the solidified splat, D, a digital caliper 
was used to take measurements at 0 ~ 45 ~ 90 ~ and 135 ~ 
about the deposit centre. These data, which had 
a measurement error of + 0.03 mm and a maximum 
standard deviation of 1.8%, were averaged to deter- 
mine D. 

Once removed from the substrate, the solidified 
splats were mounted in an epoxy material which cures 
at room temperature to form a hardened transparent 
cylinder surrounding the specimen. This mounting 
material prevents the malleable splats from distortion 
due to handling, provides a convenient means to hold 
the specimen during metallographic grinding and 
polishing, and encases the splat surface preventing 
oxidation. Once the mounting material hardened, the 
specimens were wet ground with silicon carbide pa- 
pers in the order 60, 120,240,320,400,800 and 1200 
grit. The papers were attached to a rotating wheel and 
were lubricated with a continuous stream of water to 
wash away particles removed from the specimen sur- 
face and to provide cooling so that frictional heating 
did not affect the microstructure. Each specimen 
was ground in a plane parallel to the z-axis produ- 
cing a cross-section through its centre analogous 
to that shown for the theoretical model in Fig. 1. 
After grinding, the specimens were polished with 
5.0, 0.3 and 0.05 gm aluminium oxide powder in distil- 
led water on a 10ng-nap polishing cloth mounted to 
a rotating wheel. Between each grinding and polishing 
step the samples were cleaned ultrasonically with dis- 
tilled water. The samples were then etched with a 
solution of (by volume) eight parts glycerin, one 
part acetic acid and one part nitric acid to enhance 
the phase boundaries and regions where a clear 
interface remained between the first and second de- 
posit due to the absence of remelting. Specimens 
were examined with a Nikon Epihot optical micro- 
scope capable of 1000 x magnification. A representa- 
tive specimen with the most clearly identifiable 
microstructure was chosen for each value of Arsu p 
for detailed study. Black and white photomicro- 
graphs of each were produced with a Polaroid 
Model 545 4 x 5 film holder mounted to the micro- 
scope. 

4. Results and discussion 
In the discussion of results, the numerical findings, 
including the impact of parameter variation, will be 
presented first. The experimental results focusing on 
the macro- and microstructure of the double-splat 
structure are presented subsequently. In all cases em- 
phasis will be placed on the occurrence and effect of 
remelting. 

As mentioned earlier, each droplet in the splat was 
approximated with a disc, such that the overall splat 
consisted of two identical discs as shown in Fig. 1. The 
dimensions of each disc were determined based on the 
experimental observations. To this end, the spread 
factor (the ratio of the disc diameter, D, to the spheri- 
cal droplet diameter, d, prior to impact) ~ = Did = 4.1, 
was utilized. Equating the mass of the spherical drop- 
let to the mass of the disc for the above value of 

yielded the height to diameter ratio of a single disc 
for the numerical simulation HID = 0.0097. The be- 
haviour of the lead, tin and aluminium, and eutectic 
solder splats on a copper substrate was examined in 
the numerical simulations. 

The initial temperature of the substrate was room 
temperature (To~ = 25 ~ The initial temperature of 
the bottom splat depends on the time interval from the 
completion of the solidification of the bottom splat to 
the moment at which the top splat contacts with the 
bottom splat. For the lead, tin, and aluminium splats, 
the initial temperature of the bottom splat, which was 
expressed in terms of ATI in Equation 3, is taken to be 
AT~ = 2 ~ because it is assumed that the top droplet 
contacts the bottom splat a short time after the solidi- 
fication process of the bottom splat is completed. For 
the solder splat simulating the experimental condi- 
tions, on the other hand, the second droplet always 
impacted on to the bottom splat a few minutes after 
the first droplet impacted on to the substrate. To 
reflect this experimental situation, the initial temper- 
ature of the bottom splat is assumed to be a bit higher 
than the room temperature (T1 = 30~ which re- 
sults in AT~ = 153 ~ for the solder splat. 

The initial temperature of the second droplet is 
determined by the assigned value of superheat 
(ATsup = T o -  Tf). Three different values of super- 
heat, i.e. 100, 300, and 500 ~ were examined for the 
lead, tin, and aluminium splats to investigate the effect 
of the amount of superheat on the remelting process of 
the first splat. For the solder splat, the values of 
superheat measured from the experiments, i.e. 
ATsup = 12, 57 and 87~ were directly utilized to 
simulate the experiment. An additional case with the 
high superheat ATsup = 300~ was examined. It is 
worth noting that the computation for the solidifi- 
cation of the remelted region was continued only for 
the lead, tin, and aluminium splats with the value of 
AT~up = 300 ~ 

As mentioned previously, severe undercooling is 
present in the process of splat cooling. Based on earlier 
experimental measurements [10, 11, 15, 16], the value 
of undercooling (Tr - Ti)c=o = 40~ was assigned 
for all numerical experiments. According to the litera- 
ture [10, 11, 15, 161, the value for the contact heat- 
transfer coefficient between the splat and the substrate 
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T A B L E  I Values of all the parameters used in the numerical study 

k ( W m - J K  -1 p(kgm -3) c ( J k g - l K  -1) L(Jkg 1) Tf(oc) 

copper 397.0 8960 386.0 
Lead: solid 34.9 11680 129.8 23 220 327.50 

liquid 15.4 10678 152.0 
Tin solid 73.2 7300 226.0 59 033 231.97 

liquid 30.0 7000 250.0 
Aluminium: solid 238.0 2700 917.0 397 750 660.37 

liquid 94.0 2385 1080.0 
Eutectic lead-tin solid 48.0 8420 176.0 46 000 183.00 
solder: liquid 25.0 8218 238.0 

d 3.0 mm 
D 12.3 mm 
H 119.0 gm 
ha, for top surface of splat 20.0 W m  -2 K -  1 
ha, for top surface of substrate 8.0 W m 2 K -  
he, for between splat and substrate 1.0 x 104 W m  -2 K -  
he, for between splats 1.0 x 106 W m - a K  1 
Kf 0.05 ms  1K-1  
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Figure 3 The temperature distribution of the bottom splat during 
the melting process for ATsu~ = 300~ for (a) lead, (b) tin, (c) 
aluminium. (a) ( - - )  0.088 gs, ( -  - - )  0.58 Its, ( - - .  ) 2.48 gs, 
( .-  .) 10.74 Its. (b) (---) 0.089 Its, (- - -) 0.53 gs, ~ . - )  1.58 Its, (-" ") 
9.58 its. (c) (--) 0.31 its, ( -  - - )  0.78 its, ( - - . - - )  1.85 its, (-" ") 
8.36 its. 

has been found to range from 104-106 W m - Z K  -1. 
A high value of the contact heat-transfer coefficient 
for the interface between the two splats, 
hc = 1.0x 106 W m - 2 K  -1, was selected because the 
occurrence of the remelting of the first splat, which has 
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been verified by experimental observations, implies 
very low heat resistance at the contact surface. On the 
other hand, a low value of hc = 1.0 x 10 4 W m - 2 K  -1 
is used for the contact heat-transfer coefficient be- 
tween the splat and the substrate. The values of all the 
parameters (thermophysical properties of metals and 
transport coefficients) utilized in the numerical study 
are listed in Table I. These are all realistic values, and 
they are held fixed throughout this study. 

The temperature distribution across the splat thick- 
ness during the remelting of the bottom splat in the 
case of AT~,p = 300~ is shown in Fig. 3 for the 
bottom splat and in Fig. 4 for the top splat. For the 
sake of clarity, only the top portion of the bottom 
splat (where the melting interface exists) is shown in 
Fig. 3 for three different splat metals. The location of 
the melting front in Fig. 3 is marked by cusps in the 
curves corresponding to times where melting is pres- 
ent. As time progresses, the melting front propagates 
downwards until the velocity of the melting interlace, 
expressed by Equation 12, becomes zero, which means 
that the heat transferred from the liquid region into 
the melting interface is equal to the heat transferred 
away from the melting interface to the solid region. 
The temperature gradient in the liquid region, which is 
directly related to the magnitude of the interface velo- 
city, is very large at the early stage of the melting 
process. It then gradually decreases because the avail- 
able amount of superheat from the top droplet de- 
creases as time progresses. On the other hand, the 
temperature in the solid region remains almost con- 
stant at the melting temperature of the splat (Fig. 3). 

The temperature distributions of the lead and tin 
splat are similar; however, the temperature of the 
aluminium splat decreases more rapidly by compari- 
son (Figs 3 and 4). For example, the temperature 
( T -  T f )  of the top of the aluminium splat at 
t = 0.31 gs is only 2 ~ but the temperatures of the 
lead splat at t = 0.58 bts and the tin splat at t = 0.53 t~s 
are 5 and 4~ respectively. The reason can be ex- 
plained by the relatively large value of the latent heat 
of aluminium compared to that of lead and tin. As can 
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Figure 4 The temperature distribution of the top splat during the 
melting process for AT~p = 300~ for (a) lead, (b) tin, (c) alumi- 
nium. 

be found in Table I, the latent heat of aluminium is 
7 and 17 times larger than that of tin and lead, respec- 
tively, which implies that more heat is required for the 
melting process of aluminium. More heat absorption 
at the melting interface results in the rapid decrease of 
the temperature in the liquid region because the 
amount of superheat provided by the top droplet is 
limited. 

The temperature distribution across the entire top 
splat thickness in Fig. 4 shows the cooling process of 
the superheated liquid-metal droplet due to the heat- 
absorbing melting process occurring in the bottom 
splat. We observe that the cooling of the top droplet 
propagates up to half of the splat thickness at 
t = 0.136 #s in Fig. 4a. At practically the same time, 
the cooling effect propagates through the entire splat 
in Fig. 4c. The effect of the thermal conductivity of 
the three different splats on the speed of the cooling 
process can be clearly observed in Fig. 4. The temper- 
atures (T - T f )  of the top of the lead, tin and alumi- 
nium splats at t = 1.1, 1.19, and 1.12 gs are 265,220 
and 180 ~ respectively. This indicates that the cool- 
ing effect propagates faster in the order of alumi- 
nium, tin, and lead. Note that the ratios of thermal 
conductivities of liquid aluminium arid tin to the 
thermal conductivity of liquid lead are 6.1 and 
1.9, which means that conduction is the greatest in 
liquid aluminium, followed by conduction in liquid 
tin. 
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Figure 5 The melting interface velocity for AT~ v = 100 and 500 ~ 
for ( ) lead, ( - - - ) tin, and (-.-) aluminimn. 

The melting interface velocity in the case of 
AT,u~ = 100 and 500~ for three different splats is 
shown in Fig. 5. At the early stage of the melting 
process, the melting interface velocity is very high due 
to the high heat flux from the superheated top droplet. 
As time progresses, the cooling of the top splat results 
in the decrease of the heat flux to the melting interface 
which causes a decrease of the melting interface velo- 
city. The melting interface velocity approaches zero 
until the equilibrium of the heat flux at the melting 
interface is established. Another important finding in 
this figure is the variation in the melting interface 
velocity among the three splats at the same superheat 
condition. As one would expect from the Equation 12, 
the melting interface velocity is inversely proportional 
to the latent heat of melting. This implies that the 
melting front for a material with a high latent heat 
does not proceed faster than that for a material with 
a lower latent heat. This is why the highest melting 
interface velocity in Fig. 5 is exhibited by lead which 
also features the lowest latent heat. 

The melting interface position is shown in Fig. 6a 
for the lead, tin, and aluminium splats in the case of 
AT~up = 100 and 500 ~ and in Fig. 6b for the solder 
splat. The behaviour of the melting interface position 
in Fig. 6a is analogous to that of the melting interface 
velocity shown in Fig. 5, The melting front advances 
more for higher superheats. The effect of the material 
properties is accentuated as the superheat increases 
from 100 ~ to 500 ~ (Fig. 6a). For the solder splat 
(Fig. 6b), remelting of the bottom splat is also pre- 
dicted, except in the case of the lowest superheat 
ATsup = 12 ~ At this superheat condition, the tem- 
perature of the top surface of the bottom splat in- 
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Figure 6 The propagation of the melting interface for (a) (--) lead, 
( - - - ) tin, and ( - . )  aluminium for AT,~p = 100 and 500 ~ (b) 
solder Q for AT,,p = (--) 57 ~ ( - - - ) 87 ~ and ( �9 300 ~ 

2.5 

--t 
v 
e-  

E 
Q 

== 
m 
Q 

2.0 

1.5 

1.0 

0.5 
, .  ~ a . . j . .  ~ 

00 
- ' -  0 100 200 300 400 500 600 

Superheat  ( ~ ) 

Figure 7 The relation between the melting depth and the superheat 
of the splat. (A) Lead, (�9 tin, (EZ) aluminium, and (~) solder. 

creased up to 60 ~ (below the melting temperature) 
and it subsequently decreased. This finding implies 
that the superheat of the second droplet needs to 
exceed a threshold value for the remelting to be ini- 
tiated. 

The relation between the amount of superheat of 
the second droplet and the melting depth for four 
different splats is shown in Fig. 7. The remelting depth 
increases almost linearly, regardless of the splat mater- 
ial, as the amount of superheat is increased. Consider- 
ing the fact that the amount of superheat existing in 
many splat-cooling processes exceeds 100 ~ it is reas- 
onable to anticipate the occurrence of remelting. This 
fact was also verified by the experimental observations 
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Figure 8 The freezing interface temperature and velocity, for (--) 
lead, ( - - - ) tin, and (-.-) aluminium. 

of this study. As explained in connection with Figs 5 
and 6, the melting front propagated the most in the 
case of lead, followed by the tin and aluminium. As 
shown in Fig. 7, the melting depth of the solder splat is 
between the melting depths of the lead and tin splats, 
because the solder is a lead and tin alloy. 

The freezing interface temperature and velocity are 
shown in Fig. 8. All three splats exhibit a behaviour 
that is controlled by the freezing kinetics as expressed 
by Equation 14 at the initial stage of the solidification. 
The heat released at the freezing interface is not fully 
used to increase the freezing interface temperature 
because it is rapidly conducted away. A considerable 
amount of undercooling, which controls the freezing 
interface velocity, exists at this stage. As the under- 
cooling decreases, the heat-transfer limited behaviour 
becomes apparent. This indicates an equilibrium be- 
tween the heat released at the freezing interface and 
the heat conducted away from the freezing interface. 
The freezing interface temperature remains constant 
due to the establishment of the aforementioned bal- 
ance between heat generation and removal at the 
freezing interface. The behaviour of the freezing velo- 
city can be explained in a manner analogous to that of 
the freezing temperature because the shape of the 
freezing velocity curve is practically a mirror image of 
that of the freezing interface temperature curve. There 
is no significant variation in the behaviour of the 
freezing interface temperature or velocity for the three 
different splat materials except a small increase in 
undercooling and interface velocity for the lead splat 
due to the lower heat release at the freezing interface 
for this material. 

The temperature history of the top of the bottom 
splat for three different materials is shown in Fig. 9. 
The behaviour is similar to that of the 
remelting/freezing interface because this interface is 
very close to the top surface of the bottom splat. The 
onset of solidification at the freezing interface is 
marked by the cusps in the temperature versus time 
curves. Prior to the initiation of solidification, the 
undercooling of the freezing interface is indicated by 
the rapid decrease of the temperature with time. At 
the onset of solidification, the temperature increases 
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Figure 9 The temperature history of the top surface of bottom splat 
during the freezing process, for (--) lead, ( - - - ) tin, and (-.-) 
solder. 

abruptly to the freezing temperature due to the heat 
release at the freezing interface, and remains almost 
constant thereafter. 

The temperature field in the substrate for the three 
splat materials at approximately the same time is 
shown in Fig. 10. The isotherm, T - -  27.9~ 
propagated to almost the same depth in the substrate 
for the lead and aluminium splats. On the other hand, 
a very small region of the substrate is affected by the 
tin splat. An explanation for this behaviour is the low 
freezing temperature of tin compared to that of alumi- 
nium and lead (note that the three cases in Fig. 10 
correspond to the same amount  of superheat). Also, 
the freezing process of the tin splat is still in progress 
at the time corresponding to Fig. 10, whereas it is 
completed for the lead and aluminium splats. 

As mentioned earlier, the experimental phase of this 
study produced a representative tin-lead specimen for 
each value of superheat tested; namely, ATsuv = 12, 57 
and 87 ~ There are several reasons for close inspec- 
tion of the splats after solidification, the most obvious 
being to investigate the effects of rapid solidification 
and remelting on microstructure. One may also ob- 
serve the overall shape of the splat to ascertain what 
phenomena had occurred. Lastly, the splats can be 
inspected to determine if a clear interface exists be- 
tween the first and second deposits, which would indi- 
cate that remelting did not occur. 

Figs 11-13 are a collection of micrographs corres- 
ponding to the three superheat conditions. 
Figs l lj-13j in each case show an overall view of the 
splat with the originating region for Figs l l a - i  to 
13a-i. It is immediately evident that vast microscopic 
and macroscopic differences exist not only when com- 
paring different splats, but also when comparing dif- 
ferent regions of the same splat. 

F rom a macroscopic point of view, one can observe 
that the assumption of thin discs for the theoretical 
model was appropriate  for the central region of the 
splat; however, there is an accumulation of material 
around the outer edge. It is also clear that the amount  
of superheat drastically influences the extent of remelt- 
ing and, hence, distortion of the initial deposit. In 
Fig. 1 lj the splat is of nearly uniform thickness except 
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Figure 10 Transient isotherms in the substrate for AT~up = 300~ 
for (a) lead, (b) tin, (c) aluminium. (a) t = 0.15 ms, 1 = 27.9~ 
6 = 42.9 ~ AT = 3.0~ (b) t = 0.13 ms, 1 = 27.9 ~ 2 = 30.9 ~ 
AT = 3.0 ~ (c) t = 0.14 ms, 1 = 27.9 ~ 10 = 54.9 ~ AT = 3.0~ 

for the thickening at the outer edge. The curvature of 
the bot tom surface may be explained by the fact that 
the substrate was not fluxed prior to contact, resulting 
in poor  adhesion between the deposit and the substra- 
te. Thermal contraction upon cooling of the second 
droplet (after solidification) would cause the top 
surface of the initial deposit to be in tension and, 
therefore, curl upwards. There is a more pronounced 
thinning of the splat centre with increased superheat 
in Fig. 12j and a slight depression of the lower surface 
in the centre region. Fig. 13j exhibits the most drastic 
macroscopic variations which are certainly due to 
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Figure 11 Solder splat microstructure in various regions (a i), and the overall cross-section of the splat (j) with the origin of the regions in 
(a-i) for A Y s u  p = 12 ~ 

remelting. It appears that a portion of the centre 
region of the initial deposit may have remelted and 
flowed radially outward. It is also important to note 
that the dark line that appears in the lower portion of 
the splat in this figure does not correspond to an 
interface between the two deposits. Under closer ex- 
amination at a radial position where such an interface 
does exist due to a lack of remelting, this dark line 
actually appears below the interface. By focusing the 
microscope above and below this line, it was clear that 
the heights of the prepared specimen were different in 
these two regions. This was most likely caused by 
preferential grinding and polishing due to hardness 
variations. 

Some general comments concerning the microstruc- 
ture of the tin-lead eutectic are necessary to under- 
stand the microscopic variations within the splats. It is 

common to categorize eutectic structures into three 
groups [25] : particle structures, colony structures and 
grain structures. This discussion will focus on particles 
and colonies. Phase particle structures are typically on 
the order of 10-1-101 ~tm in size. Their size and shape 
significantly impact  the mechanical and physical 
properties of the eutectic aggregate. When optical 
microscopy is used, lead-rich particles appear as dark 
structures, while tin-rich particles appear light 
(Figs 11-13). It has been established [25] that the 
interparticle spacing, l, and the solidification rate, 
S, for an alloy can be related by an equation of the 
form lzs  = constant. Clearly, as the solidification 
rate increases, the interparticle spacing decreases, pro- 
viding at least a qualitative tool to evaluate splat 
microstructure. Particles within the tin-lead eutectic 
can also be categorized by their shape. A lamellar 
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Figure 12 Solder splat microstructure in various regions (a-i), and the overall cross-section of the splat (j) with the origin of the regions in 
(a i) for AT~up = 57 ~ 

structure is a collection of parallel planes of alternat- 
ing phases which appear as parallel, nearly linear 
segments in cross-section; for example, see Fig. 1 lg. In 
contrast, a globular structure is equiaxed or nearly the 
same size in all directions. 

A eutectic colony is a collection of phase particles 
with a characteristic arrangement and is typically of 
the order of 102-103 gm in size. When a section is cut 
parallel to the solidification direction, the phase par- 
ticles are typically arranged in a fan-like structure; for 
example, see Fig. 13h. In general, the tin-lead eutectic 
consists of lamellae or globules of lead-rich solution 
(dark) in a tin-rich matrix (light). High' cooling rates 
are typified by globular structures, while low cooling 
rates are indicated by lamellar structures. Heat treat- 
ment at a temperature near the eutectic temperature, 
for example, a molten droplet impacting a solidified 

deposit, will convert lamellar structures to globules 
[25]. 

Microstructural variations at three radial locations 
for Z~Tsu p = 12~ are shown in Fig. l la- i .  For this 
case the initial droplet diameter and the final splat 
diameter were d = 3.13 mm and D = 10.2 ram, respec- 
tively. Globular structures in the centre section, 
Fig. l la-c ,  indicate a high cooling rate throughout 
this area. By moving to the next radial location, 
Fig. l ld-f, finely spaced lamellar colonies begin to 
appear near the top surface, while the middle and 
lower sections contain globular structures. At the 
greatest distance from the centre, fan-shaped lamellar 
colonies are visible near the top surface of the splat 
(Fig. l lg), but again globules appear in the lower 
regions (Fig. 1 lh and i). Most importantly, the centre 
image for each radial location, Fig. l lb ,  e and h, 
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Figure 13 Solder splat microstructure in various regions (a-i), and the overall cross-section of the splat (j) with the origin of the regions in 
(a-i) for ATs,p = 87 ~ 

show a distinct interface separating the two deposits. 
Clearly, remelting did not occur with this low 
superheat value. The trend of globules to lamellar 
colonies along the top surface indicates a cooling rate 
which decreased with increasing distance from the 
splat centre. The orientation of the fan-shaped lamel- 
lae indicates that solidification proceeded in the posit- 
ive z-direction, in support of the theoretical model. 

Fig. 12a-i show the splat microstructure at multiple 
locations for ATs,p = 57~ In this case the initial 
droplet diameter and the final splat diameter were 
d = 3.25 mm and D = 10.7 mm, respectively. The ac- 
cumulation of material at the outer edge is examined 
at three heights above the substrate in Fig. 12a-c. 
A low cooling rate is indicated by the lamellar colony 
oriented in the z-direction at the top surface in 
Fig. 12a. A clear interface between the two deposits 

can be seen in Fig. 12b, while globular structures are 
apparent in Fig. 12c. The globules seem to become 
finer nearer the substrate, indicating an increasing 
cooling rate. By observing Fig. 12d f, one concludes 
that an interface between the deposits does not exist 
for r < R/2, where R is the overall splat radius, There- 
fore, this superheat condition does result in significant 
remelting. The symmetry of the splat microstructure is 
demonstrated by the similarities between Fig. 12g-i 
and a-c. Also note the shape of the interface in Fig. 12h, 
which illustrates that the accumulation at the outer edge 
of the initial deposit is not remelted as molten material 
from the second droplet flows around this region. 

The significant microscopic and macroscopic vari- 
ations that exist for the condition A T s u  p = 87 ~ are 
shown in Fig. 13a-j. This condition resulted in initial 
droplet and final splat diameters of d = 3.18 mm and 
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D = 10.7 mm, respectively. Micrographs from the 
centre region, Fig. 13a and b, show the surprising 
occurrence of a vertically oriented lamellar colony at 
the top surface. For the other superheat conditions, 
the centre regions contained globular structures in- 
dicative of rapid cooling. Because the microstructure 
suggests slow cooling in this case, it is possible that the 
centre section remelted in its entirety and flowed such 
that the material separated from the substrate and the 
top surface solidified while this region of the splat was 
not in contact with the heat sink. The uniform fine 
globular structures and the lack of a distinct interface 
in Fig. 13c-e indicate that this portion of the splat 
experienced remelting and was in contact with the 
substrate when rapid solidification occurred. At 
a radial location of r ~ R/2, a reduced cooling rate is 
evident by the lamellar colonies in Fig. 13g, while 
remelting is still apparent in Fig. 13f. The clear inter- 
face in Fig. 13i shows that remelting does not exist for 
radial locations greater than 2R/3 for this superheat 
condition. Lastly, a clear example of a fanshaped 
lamellar colony appears in Fig. 13h. The orientation 
of this colony and all other lamellar structures in this 
study substantiate the assumption that solidification 
propagates predominantly in the z-direction. 

5. Conclusion 
A combined theoretical and experimental study was 
reported on the splat cooling of two liquid-metal 
droplets impacting sequentially on a substrate focus- 
ing on remelting phenomena. Under conditions con- 
sistent with manufacturing applications where the 
initial superheat of the liquid metal is elevated, it has 
been proposed theoretically and demonstrated experi- 
mentally that an initial deposit is remelted by the 
subsequent impaction of molten material. The amount 
of initial superheat is clearly an important process 
parameter. It has also been shown that the variation of 
thermophysical properties, particularly the latent heat 
and the melting temperature, influences the degree of 
remelting. For the most part, the splat exhibited 
globular microstructure. Lamellar structures were ob- 
served near the top and the periphery of the splat 
indicating slower cooling rates at these locations. 

Experimental findings supported, partially, the the- 
oretical model assumptions that the splats could be 
represented by thin discs and that the heat transfer 
and solidification within the splat propagates in the 
axial direction only. However, the experiments 
showed that these assumptions are better suited for 
the centre region of the splat. Within this context, the 
one-dimensional model for the splat proved to be 
a useful predictive tool. Two important effects require 
discussion. First, the experimental data showed that 
the remelting varied radially depending on the 
amount of superheat. In the numerical model, the 
entire surface of the initial deposit had to be heated 
sufficiently to cause remelting. In an a~tual applica- 
tion, remelting may occur at a lower superheat condi- 
tion because a reduced area, rather than the entire 
deposit surface, can remelt. Also, the simplified model 
assumes the liquid material experiences conduction 

heat transfer only. The drastic deformation of the 
impacting droplets in a short time interval suggests 
that significant convective heat transfer would be pres- 
ent, increasing the overall heat transport to the initial 
deposit from the second droplet. Accounting for the 
convective effects would require the inclusion of the 
complicated splashing behaviour of the droplet with 
computational fluid dynamics and heat-transfer 
modelling of the fluid region. Despite these issues, the 
proposed simple model can be employed to simulate 
the trend of the remelting phenomenon of multiple 
droplet splats and provide insight into process para- 
meter optimization. 
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