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Transient behaviour of deposition of liquid metal droplets

on a solid substrate

J. Chapuis’ - E. Romero? - F. Soulié? - C. Bordreuil® - G. Fras?

Abstract This paper investigates the mechanisms that
contribute to the spreading of liquid metal macro-drop
deposited during Stationary Pulsed Gas Metal Arc Welding
on an initially cold solid workpiece. Surface tension and
inertial effects take an important part in the behaviour of
the liquid metal macro-drop, but in this configuration the
influence of energetic effects can also be significant. The
experimental results are discussed in the light of dimen-
sional analysis in order to appreciate the influence of the
process parameters and the physical mechanisms involved
on the spreading of a macro-drop. A law is established to
model forced non-isothermal spreading.

List of symbols
¢,  Specific heat (J kg ' K™
d,  Wire diameter (m)
D  Macro-drop diameter (m)
f Frequency (Hz)
g Gravity (ms™?)
h Height of the macro-drop (m)
1 Welding current (A)
L  Enthalpy of melting (J kg™
L, Characteristic length of the droplet (m)
P Welding power (W)
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R Base radius of the macro-drop (m)
r Radius of the droplet (m)

t Time (s)

T, Initial temperature of the workpiece (K)
T, Temperature of the droplet (K)

T, Fusion temperature (K)

T, Temperature of the macro-drop (K)
uy; Droplet velocity (m s7h

u Velocity of the contact line (m s7h
U Voltage (V)

V  Volume of the macro-drop (m?)

v,  Metal input by time unit (m®s~")
Wire feed speed (m s~ ')

Bo Bond number (p g Ry 1)

Ca Capillary number (@ u y~")

Pe  Peclet number (pc, Ruy™")

Pr Prandtl number (i c, 27h
Reynolds number (p u D =1
Weber number (p uﬁ R y_])
Ohnesorge number (1 p~*° 793 R705)
Surface tension (N m™")

Viscosity (kg m~!s™!)

Density (kg m~>)

Thermal conductivity (W m 'K
Contact angle (rad)
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1 Introduction

The weld bead geometry influences the mechanical integ-
rity and the stability of the process during multi-passes
welding in narrow gap process. The weld bead geometry
in this complex configuration is governed by the behaviour
of fluid phase and by the behaviour of the gas—liquid—solid
line.
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Fig. 1 Deposition and spreading of macro-drop during static GMAW
operation. The geometry of the macro-drop is defined by the height A,
the base radius R defining the base length and the contact angles 0 at
the solid-liquid—gas interface (contact line). The speed of spreading u
corresponds to the contact line speed

Liquid droplet—solid surface interactions are a subject
of interest for scientific research [1-4]. In the case of iso-
thermal configurations, many physical phenomena are
involved in the deposition and spreading process, including
microscopic and macroscopic phenomena [5, 6]. Complex-
ity increases in non-isothermal configurations in which the
influence of solidification and fusion phenomenon appears.
In order to study contact-line behaviour, Schiaffino and
Sonin [7] developed an experimental test with forced
spreading for wax. The forced spreading leads to a macro-
drop. It was shown that process parameters influence the
contact line motion. In this configuration, m any p hysical
phenomena are related to the spreading of the macro-drop
and the contact-line motion is still not well understood.
Schiaffino and Sonin [7] worked with small droplets with
low temperature (<100 °C). Microdrops with a radius of
25 pm and a temperature 7, were ejected at constant fre-
quency f and delivered to a target of temperature 7; < T}
Schiaffino and Sonin [7] demonstrated experimentally that
contact line arrest depends not only on material properties
but also on thermal conditions.

Similar research works can also be found in high tem-
perature process, such as Pulsed Gas Metal Arc Weld-
ing (P-GMAW) where a centimeter metal liquid pool is
supplied by a millimeter liquid metal droplet (Fig. 1) [8].
It was shown that the gas—liquid—solid line motion was
modified with different process parameters and shielding
gas. One of the conclusions was that the base radius of the
macro-drop increases like a square root of time (Fig. 2), in
agreement with the inertial spreading of liquid drops [9].

Surface tension and inertial effect clearly play
an important role in the spreading of the macro-drop,
but in this process, thermal effects are significant. The
pur-pose of the paper is to investigate the wetting of
liquid
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Fig. 2 Evolution of the base radius of the macro-drop with time [8].
In first time (t < O, 5 s), the growth of radius is fast. Then, more the
radius is important more the growth is low

metal in this complex application on the base of dimen-
sional analysis and to propose a law of spreading to help
engineer to appreciate wetting conditions during weld-
ing. The law has to take into account process param-
eters. Local phenomena around the contact line will be
neglected.

To investigate these behaviours, a macro-drop evolution
on a flat surface is analysed experimentally. Despite the
simpler configuration than narrow gap process, it embeds
all physical phenomena.

In this study, dimensional analysis proposed in litera-
ture for high temperature process [10-12] is adjusted to our
experimental tests performed earlier [8] on the spreading of
molten metal.

After a short description of the physical phenomena
involved in the macro-drop formation (Sect. 2), the experi-
mental test and the procedure for formulating dimension-
less parameters are presented (Sect. 3). The results are dis-
cussed in relation with welding and physical parameters
(Sect. 4).

2 Macro-drop formation in Stationary P-GMAW

The pulsed gas metal arc welding is a common welding
process in which electric arc is the main heat source that
melts both base material and a continuously-fed metal filler
wire to develop a weld pool. A pulsed current waveform
(frequency f around 100 Hz) is generated between the wire
and the weld pool with a peak current around 350 A and a
background current around 80 A. Figure 3 shows the over-
all configuration of the feeding.

The process parameters are the wire speed V,
diameter d,,,

» the wire
the shielding gas and the material. Depending
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Fig.3 Gas Metal Arc Welding during static operation; physical
description of transfer and weld pool. Droplets are created from the
wire and then transfer to the weld pool

on d,, and V,, arc voltage U and current / are regulated by
the generator to melt the wire.

The filler material is melt during the peak current and
leads to one droplet per pulse. These droplets have a char-
acteristic size L; (around 1 mm), a temperature 7, and a
velocity u,. These values depend on phenomena occurring
during breakup of the fluid phase and depend on process
parameters. The study of breakup is out of the scope of the
present analysis but these values are estimated experimen-
tally just after breakup. In these conditions, the deposition
process with arc welding is close to the one analysed by
Schiaffino and Sonin [7]. In the present study, the liquid
metal deposition consists in a monodisperse spray of drop-
lets of radius r = 0.5 mm. During the free flight through
the plasma, some oscillations of the shape of the droplets
occur, but droplets follow linear trajectories (approxima-
tively 15 mm) from their breakup at the feed wire to their
impingement in the weld pool.

The droplets impinge on the weld pool surface at an
average speed measured around 0.5 m/s. This leads to local
disturbance in the vicinity of the impact and small ampli-
tude wave propagation on the macro-drop surface. Dur-
ing the peak current, large Lorentz forces are induced into
the weld pool and into the plasma. These Lorentz forces
increase the pressure in plasma and the surface of the weld
pool is deformed due to this high pressure. The weld pool
surface behaviour is also driven by the surface tension and
gradient of surface tension along the interface between the
liquid metal and the gas.

The droplets impinge on a macro-drop of radius R at a
temperature 7,,. The target is large (160 mm diameter) and
thick (10 mm) and is homogeneous to the filler material.
The droplet were ballistically delivered to the center of the

target. The macro-drop has interfaces with the shielding
gas and with target.

High speed imaging of static P-GMAW revealed that
the macro-drop evolution is driven by heat and mass trans-
fer due to the arc plasma and the deposited droplets. On
Fig. 2, the evolution of the base radius (position of the con-
tact line) of the macro-drop was scanned thanks to image
detection of the fluid phase [13]. The first rapid advance of
the contact line (in the first 1 s) is mainly due to the crea-
tion of the weld pool due to the arc. In a second phase, the
bead continuously grows in volume and spreads over the
solid substrate thanks to heat and mass due to the droplets.
Figure 2 shows smooth behaviour and some oscillations
come from the dynamic motion of the free surface induced
by different perturbations (arc and droplets). Studying the
geometry evolution can give information on the main local
and global phenomena (mass, forces and energy) that influ-
ence spreading. In the next part, radius evolution based
on previous experimental tests will be analysed through
dimensional analysis. The purpose is to see if all the tests
with different process parameters can be gathered.

Macro-drop shape is also driven by heat transfer in the
liquid. Energy is supplied to the weld pool by the plasma
along the weld pool surface and by the heat in the droplet
impinging on the weld pool. Energy is taken from the weld
pool by heat sink of the solid substrate.

The multi-physics aspect (fluid mechanics and energy
conservation) increases the number of parameters that can
influence the wetting and a dimensional analysis will help
to find the main physical phenomena.

Due to complex coupling of physical equations of the
problem and boundary conditions, dynamic and thermal
similarity must be derived from dimensional analysis rather
than non dimensionalization of the governing equations
and boundary conditions. A dimensional analysis can be an
interesting way to study their influences [10-12] especially
to investigate experimental datas.

3 Experimental setup and dimensionless
procedure

3.1 Experimental setup

In [8], different tests were carried out to see the influence
of process parameters on spreading. Experimental setup
is briefly reminded here. Stationary spot welds are made
using P-GMAW to observe non-isothermal spreading of
weld pools with a high-speed camera (4000 fps). Welding
current and arc voltage are recorded at 30 kHz sampling
rate. The physical characteristics of the material used in
the experiments are given in Table 1 (the characteristics
of the base metal of the workpiece and of the ER70S steel



Table 1 Numerical values of physical characteristics [4]

Properties (units) Values
y surface tension (N m™") 1.67
P density (kg m™>) 7200
Py density of the solid (kg m™>) 7800
w viscosity (kg m~! s 0.006
c, specific heat (J kg™! K™1) 753
Cps solid specific heat (J kg™! K™") 753
T, fusion temperature (K) 1798
L enthalpy of melting(J kg™") 277 x 1073
A thermal conductivity (W m~! K1) 26
A solid thermal conductivity (W m~' K~!) 26

welding wire are similar). The frequency f of pulsed weld-
ing process is 113 Hz and the welding duration is 4 s. Dur-
ing the different experiments, two parameters are set at
three different levels:

the wire feed speed can be set at 4, 6 and 8 m/min,
and the initial temperature of the workpiece at 293, 573
and 873 K.

Modification of wire speed changes welding energy and

mass deposit rate. Welding energy influences heat trans-
fer to melt the wire and the solid substrate: more the wire
speed is important more the energy delivered by the pro-
cess is important. The increase of the initial temperature
eases the solid substrate melting: with the same energy, less
energy is needed to melt the target with a higher 7,

3.2 Dimensionless procedure for spreading analysis

of the macro-drop

The behaviour of the macro-drop can be described with
two kinds of parameters. The first one concerns the geo-
metrical description of the macro-drop: base radius R (m),
height 4 (m), volume V (m?) and contact angle 6. The spat-
ter is supposed negligible during liquid metal deposition
and the volume V of the macro-drop is assumed to be equal
to the volume of liquid metal deposited. The second one is
related to the spreading speed of the macro-drop and can be
given by the average speed of displacement of the contact
line u (m s~!). A spherical cap shape for the macro-drop
is assumed so that if the deposited volume is known, the
height & and the contact angle 6 can be computed. So the
main purpose is to find the evolution of R with respect to
time.

The evolution of the spreading is expressed in term of

the radius evolution of the macro-drop R(¢). To be adapted

to

various experimental conditions or process parameters,

a dimensional analysis will be used with the set of major

parameters that play a role on spreading. They can be
divided into:

e Process parameters: the welding power P = Ul (W)

that takes also into account the contact tip to the work-
piece distance, the wire feed speed, the wire diameter
and the electrical resistivity. U is the arc voltage and
1 is the current delivered by the generator. P is a good
indicator for the energy delivered to the material. The
frequency of impingement f and the radius r of droplets
are parameters that can describe, when used together,
the mass transfer into macro-drop. The mass input by
time unit to the macro-drop can be expressed in func-
tionvg =f %rrr3. The Weber number in relation with the
droplets can be expressed as:

2
R
We = P (1)
Y

where p and y are defined in Table 1 and u, is the
velocity of the droplet at the impingement. The cal-
culated Weber number is then We < 1 indicating that
inertial effects are lower than surface tension effects.
It means that u,; can be neglected in first investigation
even if droplet velocity is multiplied by a factor 2 as it
can be observed in other publications.

Material parameters: p,, ¢, and A, the thermal proper-
ties of the solid target that can influence heat transfer,
p, ¢, A the thermal properties of the liquid metal and
W the viscosity of the fluid. All the material parameters
are kept constant with respect to temperature as a first
hypothesis. With this hypothesis, the different ratio
pc  pc are fixed so only fluid properties are kept in the
analysis.

Considering the established macro-drop as global sys-
tem, Reynolds number can be estimated at the contact
line in order to describe the liquid spreading. The esti-
mated value is Re = 2“2 ~ 47 where u = 2.6 mm/s is
the average speed of the contact line and D = 15 mm
the characteristic diameter of the macro-drop (see
Fig. 2). The Reynolds number shows that the macro-
drop spreading should not be directly affected by the
fluid flows inside the macro-drop. The influence of vis-
cosity in regard of surface tension can be estimated with
the capillary number Ca:

_ b
14

Ca )
The capillary number is lower than 2 x 107>, under-
lining the minor effect of viscous forces in regard of
surface tension forces. The viscosity u seems not to
be a significative parameter in the spreading, in a first
approach.



e Thermal parameters of the different domains that can
influence heat transfer between the droplet and the
macro-drop and between the macro-drop and the solid
substrate. 7, the temperature of the droplet and 7,, the
macro-drop temperature are assumed to be at the melt
temperature 7 (no superheat assumption inside the
macro-drop and the droplet). T}, the temperature of the
solid target and L the latent heat of fusion are assumed to
be constant all along the 4 s duration of the deposit. Dur-
ing the spreading, the latent heat of fusion is assumed to
have no effect (high Stephan number). The thickness of
the solid substrate used in experiments is large enough to
neglect its influence in thermal boundary conditions and
to assume conduction in a semi-infinite medium configu-
ration. For wetting on thin plate, thickness has to be inte-
grated in the set of parameters to describe spreading. As
it is assumed that droplet and macro-drop are at 7}, the
only important factor for heat transfer in the system is
assumed to be the difference of the temperature between
the liquid and the solid target AT = T, — T, combined
probably with energy supplied by the process.

e Interface parameters: y the surface tension. Surface ten-
sion contributes to Marangoni effect that is due to the
influence of % and that is known to play an important
role in some application with high energy (high current)
that creates high thermal gradient in the weld pool. In
pulsed current, the short arc period is assumed to lead
to an homogeneous temperature field inside the macro-
drop. So Marangoni effect is not taken into account in
the analysis. Parameters along the contact line is also not
taken into account because they are too localized [7].

e Dynamic parameters: g the gravity constant and Mag-
netic Field B. Once again, due to short period of the
high current peak, the effects of electromagnetic force
are neglected. The Bond number is defined as:

_ pgR?
y

Bo

(©)

The Bond number Bo increases from low values at the
initiation of the macro-drop to 2.5 at the end of experi-
ments. The values underline a quite well balanced con-
tribution of gravitational effects and capillary effects.
There is a progressive higher influence of the gravity,
in agreement with the increasing mass of the macro-
drop due to the droplets deposit. To investigate the first
stage of the spreading and in agreement with spheri-
cal cap shape observed during spreading, the effect of
gravity will be neglected.

Finally, the evolution of the radius of the macro-drop is

searched in function of:

R(t) =f(P,va,r, AT, vy, p, 2 cp,t) “)

These variables can be considered uncoupled. AT is
only due to pre-heating and is not influenced by process
parameters. The mass input by time unit v, and the radius r
of the droplet are uncoupled from the mean welding power.
Droplet size can be controlled by peak current and time
period of the peak for a same welding power, and a same
mass input by time unit can be obtained both for different
droplet sizes and different welding powers. Surface ten-
sion y mainly depends on gas composition. A dimensional
analysis was used in order to identify the main significative
variables. The Buckingham mw-theorem [14, 15] was used
to determine the appropriate dimensionless parameters con-
taining the welding variables and material properties that
affect the welding process. In particular, energy variables
will be taken into account. If a system can be defined with
n variables that can be expressed in terms of m fundamental
units, namely for GMAW mass [M], length [L], time [T],
temperature [#] and welding current [/], the Buckingham
nt-theorem allows the system to be defined with the help of
n-m dimensionless groups [1; (the ‘IT’ label with numeri-
cal subscript is generally used to represent a dimensionless
group of variables in dimensional analysis).

With the different assumptions, we can consider four
fundamental units and ten variables for the description of
the behaviour of the macro-drop system (see Table 2 in
Appendix): the base radius R, the droplet radius r, mass
input by time unit v,, the time ¢, the welding power P, the
surface tension y, the temperature AT, the thermal con-
ductivity A, the specific heat ¢, and the density p. The fol-
lowing six dimensionless groups are derived from these
variables, on the base of the dimensional matrix presented
Table 2:

m = W s)
M = Wfl’i‘/ﬁ ©6)
my = YO zcij VAT ™
m, — t,ociAT @)
s = ;% ©)
Mg = b{:—_’} (10)

The different parameters are related in a physical
relationship:



&(Iy, My, I3, M4, 5, Tlg) = 1 (11)

where I7 can be a constant.

The dimensionless groups can be combined to yield
meaningful dimensionless numbers such as the capillary
number Ca, the Weber number We, the Bond number Bo,
etc., as already discussed. They can also be combined in
more indicative dimensionless parameters:

e the spread factor:

I, _ R
M, r (12)
e and the dimensionless volume V* which corresponds to
the ratio of the volume of liquid metal deposited and of

the volume of a liquid droplet:

_ 3 T304
4w l'[%

*

13)

This non dimensional number integrates the effect of
time and takes into account mass conservation.

The dimensionless group I1; may be thought of as a
dimensionless number that represents the energetic effects
(due to welding power or/and initial temperature of the
workpiece): it describes the energy supplied both by the
welding power or preheating operations. I1, can be con-
sidered as a dimensionless number that traduces the effects
of shielding gas composition on the surface tension of the
metal. With this consideration, the Eq. (11) can be rewritten
in a different form:

R *k
—= W (V*, Ils, [y, T3, ) (14)

In the experimental tests I1,, I1;, I14 are not evolving
during the experiments. So, the physical relationship can be
written:

R *
- = v(V*, Is) x (M, 3, Te) (15)

It was assumed that the independence of parameters
leads to a separation of function. Because during the exper-
iments, the variables in the function  are constant, the last
term can be assumed to be constant in order to investigate
our datas. All our data points obtained with temporal evo-
lution are converted to a plot of I; in function of the two
dimensionless number V" and IT5 as shown in Fig. 4. With
this representation, all the experimental points are gathered
and it seems then possible to describe the evolution of the
spreading of the macro-drop as:

R
RO _ g(ms,ve) (16)

80 175 170 165 160 155 150 145 40
II;

Fig. 4 Evolution of the spread factor R/r in function of the two
dimensionless parameters V" and Ps that can vary in the different
experiments. All the experimental data are gathered in a same surface

4 Discussion on the macro-drop spreading

The initial spreading of the macro-drop is quite huge
in the beginning of the spreading due to the direct arc
heating (average speed of displacement of the con-
tact line u = 4.06 mm/s). After this initial rapid evolu-
tion, the spreading is more gradual with an average speed
u = 1.23 mm/s (Fig. 2). In this section, the anisothermal
spreading is discussed in the light of non-dimensional num-
ber. First, classical dimensionless number are discussed,
then the numbers of the previous section are used to inves-
tigate the spreading.

4.1 Classical non dimensional numbers

The spreading seems then to be driven by gravity effects
and surface tension. The resistance to spreading can be ana-
lysed with the Ohnesorge number Z that scales the force
that resists the spreading:

7

JorR (17)

At high Z, the resistance is mainly viscous, and at
low Z, it is mainly inertial [7]. In the initial spreading of
the macro-drop, the Ohnesorge number Z < 0.012 shows
that the viscous forces can be mobilized, but this effect
decreases in regards of inertial and surface tension forces
in the gradual spreading period (Z < 107%). The ratio of the
inertial forces to the surface tension forces is described by
the Weber number We:

7 =

PR u?
Y

The low values of We, in the range 107321072, show
the importance of surface tension effects on inertial

We

(18)
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Fig. 5 Contact angle of the macro-drop vs Peclet number Pe. The
graph synthesises the data obtained for the different experiments. The
values of contact angle and spreading speeds required for the calcula-
tion of Pe are the average values obtained before the welding stops

effects. It shows that the spreading of the macro-drop is
governed by capillary force and limited by inertial forces
on the contact line. The effects of droplet impact can be
neglected (low momentum) and viscous forces are not
significant.

The influence of the momentum diffusivity compared
to the thermal diffusivity can be described by the Prandtl
number Pr that only depends on the material used:

MUCp

Pr=—
A

(19

In our experiments the relatively low value Pr = 0.17
shows that the heat diffuses very quickly; there is no high
influence of velocity field on temperature field. The mac-
roscopic Peclet number Pe can be interpreted as the ratio
of heat transferred by bulk motion or advection of the base
metal to the heat transferred in the base metal of the work-
piece by conduction:

_ pcpRu

P
*="

(20)

The values of macroscopic Pe (see Fig. 5) show a quite
well balanced contribution of convective and conduc-
tive transfers, with an higher contribution of convection.
Figure 5 presents the evolution of the contact angle with
Peclet number. We can note a decrease in contact angle
and then an improved wetting of the macro-drop with the
increasing values of Pe.

4.2 Non dimensional process parameters

The way that the P-GMAW supplies heat and mass trans-
fer to the workpiece also influences the spreading of the

o wire speed: 4 m/min
o wire speed: 6 m/min
© wire speed: 8 m/min

16 |

12 | o

Spreading of the macro-drop R/h

Fig. 6 Evolution of the shape factor R/ of the macro-drop with the
dimensionless volume for the different wire feed speed. The lines are
drawn as a guide to the eyes

macro-drop. For example, the increase of wire feed speed
increases the mass deposition rate but also the heat supplied
to the workpiece. It is then possible to consider the evolu-
tion of the shape of the macro-drop R/h with the dimen-
sionless volume V" in relation with the wire feed speed.
Figure 6 shows the influence of the wire feed speed on the
spreading of the macro-drop; the spreading increases with
the wire feed speed.

The increase of wire feed speed supplies higher quan-
tity of liquid metal to the workpiece and also higher
energy that contributes to facilitate the spreading of the
macro-drop. The influence of energy on the spreading can
be illustrated by taking into agcount the energetic dimen-
sionless parameter [15 = 2’3/CL (Fig. 7). The different

T 2JAT .
plots seem to collapse in one plot; the global behaviour of
the macro-drop seems to be governed by the mass/energy
inputs.

Modifying the initial temperature T, of the workpiece is
another possibility to supply heat to the system. Figure 8
presents the evolution of the base radius of the macro-drop
for the different initial temperatures of the workpiece. The
observed evolutions are nearly the same for the three differ-
ent initial conditions of temperature.

On the large temperature range (200-800 K), the mate-
rial properties change. The small difference can be attrib-
uted to the capacity of the material to diffuse heat. With
increasing temperature, steel diffuses less heat.

The dimensionless parameter [15 is an interesting
energetic indicator that traduces the different ways that
heat can influence the macro-drop system. It takes into
account the global direct energy supplied to the macro-
drop system by the arc welding process through the weld-
ing power quantity P; but it also takes into account the
contribution of the initial temperature condition of the
solid workpiece through the difference of temperatures
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Fig. 7 Evolution of the spread factor R/r of the macro-drop in rela-
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Fig. 8 Evolution of the spread factor R/r of the macro-drop in rela-
tion with mass transfer and energy effects due to the pre-heating of
the workpiece

AT and its ability of heat sink with the thermal conduc-
tivity A.

The spreading of a liquid drop impacting a solid sur-
face is classically described as a power function [2, 5, 9,
16, 17]. Figure 9 presents the evolution of the spread fac-
tor R/r for all the different conditions used in the experi-
ments as Eq. (16) proposed. For the whole set of data,
all the experimental points are gathered on a same curve
based on power functions of V" and ITs. In this non-iso-
thermal configuration of a regularly fed macro-drop of
liquid metal, the spreading can also be described by an
empirical power function taking into account heat and
mass transfers:
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Fig. 9 Evolution of the spread factor R/r of the macro-drop in rela-
tion with mass transfer and energy effects. Comparison for several
possibilities in heat transfer
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Fig. 10 Contact angle of the macro-drop vs dimensionless parameter
I15. The graph synthesizes the data obtained for the different types
of experiments. The values of contact angle are the average values
obtained before the welding stops

where a = 0.033, n = 0.003541 and m = 0.3627. What-
ever the experimental conditions, it is then possible to
evaluate the spreading of the macro-drop of liquid metal
with a unique relation giving the evolution of the base
radius of the macro-drop as a power function of volume
and energetic parameter.

The heat transferred to the system contributes to improve
the wetting of the macro-drop as underlined on Fig. 10.
An important decrease in the average values of contact
angle can be noted when the dimensionless parameter I7
increases. Independently of the way that heat is transferred
to the workpiece, the heat input facilitates the wetting of
liquid metal on solid base metal and the spreading of the
macro-drop.



5 Conclusion

The deposition of liquid metal droplets on a solid metal
substrate is a complex mechanism that involves several
physical phenomena. In this study, mass and heat transfers
are supplied by P-GMAW process to a solid metal work-
piece, in static configuration. During the initiation of the
deposit, the direct arc heating creates a small fusion zone
on the solid target and we can observe first a rapid spread-
ing of the macro-drop. In a second phase, the mass transfer
allows a regular growing of the macro-drop and a regular
spreading of the contact line. This spreading can be influ-
enced and modified by process parameters modifications,
such as welding speed or initial temperature of the solid tar-
get. A dimensional analysis was used to identify the main
physical phenomena involved in the spreading and wetting
of the macro-drop in relation with the process parameters.

of gas metal arc welding, a new relation was proposed to
describe the spreading of the macro-drop of liquid metal
with a unique expression giving the evolution of the base
radius of the macro-drop as a power function of volume
and energetic parameter. This relation describes the evolu-
tion of liquid metal drop on a solid substrate in fuction of
mass and heat inputs. In a practical point of view, such a
relation could be useful to estimate the global shape and
spreading of liquid metal deposits on the base of the pro-
cess parameters in industrial process such as metal arc
welding or cladding for example. Further developments of
this approach are also in progress in order to study com-
plex problems of instabilities in liquid metal deposition
and problems of contact line behaviour in non-isothermal
configurations.

The different experiments and observations show that the Appendix

global behaviour of the macro-drop is governed on by cap-

illary effects and gravity that give the global shape of the  See Table 2.

liquid bulk. It also appears that the heat input is an impor-

tant point in the behaviour of liquid metal bulk by facili-

tating the wetting and the spreading of the macro-drop. In

non-isothermal conditions, in the very severe conditions

Table' 2 Di.mensional matrix Output Input

and dimensionless groups

R r V4 t P y AT c, A o

Length (L) 1 1 3 0 2 0 0 2 1 -3
Mass (M) 0 0 0 0 1 1 0 0 1 1
Time (T) 0 0 —1 1 -3 -2 0 -2 -3 0
Temperature (6) 0 0 0 0 0 0 1 —1 -1 0
P, 1 0 0 0 0 0 0.5 1.5 —1 1
P, 0 1 0 0 0 0 0.5 1.5 —1 1
P 0 0 1 0 0 0 1.5 4.5 -3 3
P, 0 0 0 1 0 0 —-0.5 —0.5 0 0
Ps 0 0 0 0 1 0 -0.5 1.5 -2 1
Pg 0 0 0 0 0 1 -0.5 1.5 -2 1
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