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Abstract An analytical model of the true area of

contact between molten metal and a rough, solid

surface has been used to calculate thermal contact

resistance and to predict how it changes with surface

roughness, substrate thermal properties and contact

pressure. This analytical model was incorporated into a

three-dimensional, time-dependent numerical model

of free-surface flows and heat transfer. It was used to

simulate impact, spreading and solidification of molten

metal droplets on a solid surface while calculating

contact resistance distributions at the liquid–solid

interface. Simulations were done of the impact of

4 mm diameter molten aluminum alloy droplets and

50 lm diameter plasma sprayed nickel particles on

steel plates. Predicted splat shapes were compared with

photographs taken in experiments and simulated sub-

strate temperature variation during droplet impact was

compared with measurements.

Introduction

Spray coating and spray forming are processes in which

droplets of molten metal or ceramic impinge on a

surface, solidify and coalesce with each other to form

solid deposits. The physical properties of the solid

material formed are very sensitive to the cooling rate of

droplets. Droplets freeze as they impact and flatten, and

the shapes of the final splats determine properties such

as porosity, roughness and thickness [1, 2]. The micro-

structure of solidified droplets also depends on how

rapidly they solidify. Determining and controlling the

cooling rate of impacting particles in spray processes is

a problem with important industrial applications.

Bussmann et al. and Pasandideh-Fard et al. devel-

oped a three-dimensional model of liquid droplet

impact and solidification, which could be used to

simulate droplets impinging on a solid surface [3, 4].

In such models it is necessary to specify a boundary

condition for the spreading liquid at the droplet-

substrate interface. Assuming perfect liquid–solid

impact, so that there is no discontinuity in the temper-

ature distribution at the interface, is unrealistic. When a

droplet of molten metal hits a rough, solid surface, air is

trapped in crevices at the liquid–solid interface, creat-

ing an insulating layer whose value depends on surface

finish, contact pressure and material properties. The

temperature of the liquid (Td) therefore remains higher

than that of the substrate (Tw) driving a heat flux (q†)

across the interface. A ‘‘thermal contact resistance’’

(Rc), conventionally used to describe the discontinuity

for purposes of analysis, is defined as:

Rc ¼
Td � Tw

q00
ð1Þ

Thermal contact resistance between two solid bodies has

been a subject of study for many years and is reasonably

well understood. Semi-empirical correlations exist that

predict Rc as a function of material properties, roughness

and contact pressure [5]. However, heat transfer across a
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liquid–solid interface is not as well characterized. In the

absence of any theoretical model to predict contact

resistance several researchers have directly measured the

cooling rates of molten metals deposited on colder

substrates and calculated the resistance between the two

from analytical or numerical models [6]. Differences in

measurement techniques, material properties and exper-

imental conditions have meant that reported values span

several orders of magnitude.

Numerical models of molten metal droplet impact

specify thermal contact resistance as an input to simu-

lations. The absence of reliable data has meant that Rc is

often treated as a fitting parameter, whose value is

adjusted to give the best agreement with observed

droplet impact dynamics [4]. However, this approach

limits the predictive capabilities of such models.

Qiu et al. proposed a simple correlation for the

thermal contact conductance during the rapid contact

solidification process [7]. By introducing this correlation

into the numerical simulation a non-constant thermal

contact resistance, which varied with time and position,

was taken into consideration to simulate the spreading

and solidification of a molten droplet on a substrate.

Heichal and Chandra used an analytical model of

the deformation of a free liquid surface in contact with

a rough solid surface to calculate the true area of

contact between them, and thereby Rc [8]. Thermal

contact resistance was measured experimentally by

recording surface temperature under impacting molten

metal droplets and using a one-dimensional heat

conduction model to calculate Rc. Experiments were

done for a range of droplet and surface materials,

surface roughness and impact velocities; predictions

from the model were found to agree well with

measured values of thermal contact resistance.

The objective of this paper was to demonstrate that

the analytical model of Heichal and Chandra to predict

thermal contact resistance [8] can be integrated in a

numerical model of molten droplet impact and solid-

ification. The value of thermal contact resistance will

not be specified as an input: only the average surface

roughness and thermophysical properties of the sub-

strate have to be known. Calculated droplet shapes

during impact were compared with photographs of

molten aluminum alloy 380 landing on a steel surface

and computed substrate temperature variation under

impacting droplets with measured values.

Experimental method

Droplets of molten aluminum alloy 380 (Al 85.5%, Si

8.5%, Cu 4%, Fe 2%) were formed with a pneumatic

droplet generator that consisted of a heated graphite

chamber containing molten metal. Droplets (4.0 mm in

diameter) were forced out through a 2.0 mm diameter

synthetic sapphire nozzle set in the bottom of the

chamber by applying a rapid pulse of compressed

nitrogen [9]. The droplet generator was supported on a

frame with adjustable height, giving impact velocities

of 1–3 m/s.

Test surfaces (50.8 · 50.8 · 6.35 mm in size) were

made of H13 tool steel and mounted on a copper

heater block whose temperature could be controlled.

Test surfaces were polished on an electric belt-sander

to produce average surface roughness (Ra) between

5.0 lm and 0.5 lm.

Photographs of impacting droplets were taken using

a single shot flash photographic method [10]. A Nikon

E3 digital camera was used to take a photograph of an

impacting drop with a single 10 ls exposure flash. By

varying the time delay between release of a droplet and

triggering of the flash different stages of droplet impact

were recorded and an entire impact sequence was

reconstructed from a succession of such images.

Fast-response, thin-film thermocouples were used to

measure surface temperature variation under impacting

droplets. Heichal and Chandra have given a detailed

description of the construction and operation of the

thermocouples [8]. The conductive steel acted as one of

the thermocouple materials. A 0.254 mm diameter

Constantan wire was inserted through a 0.57 mm

diameter hole in the substrate filled with ceramic

cement that held the wire in place and insulated it

electrically from the substrate. A thin conductive film of

graphite was applied on the surface to form an electrical

connection between the wire and surrounding steel. The

voltage difference between the graphite film and a

reference junction kept in an ice bath at 0 �C was

calibrated as a function of the thermocouple tempera-

ture. Substrate temperature variation under an impact-

ing droplet was measured by an array of thin film

thermocouples spaced 1.15 mm apart. The time-varying

signal from the thin film thermocouples was recorded by

a data acquisition system.

Model of droplet impact

Numerical model

The numerical code used to model droplet impact solves

equations of mass and momentum and energy discret-

ized using a finite volume technique on a 3-D Eulerian

structured grid. Details of the numerical model have

been described in detail earlier [4]. The free surface of
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the droplet was modeled by defining the volume-of-fluid

scalar (f), as the fraction of a cell volume occupied by

fluid, equal to one for a cell full of fluid, zero for an

empty cell, and a fraction between zero and one for a

free surface cell. The volume-of-fluid scalar is advected

at a rate described by the equation

@f

@t
þ ð~V: ~rÞf ¼ 0 ð2Þ

where ~V is the velocity vector and t the time. To

identify and track the solid phase a second liquid

volume fraction (k) is defined as a parameter whose

value is equal to one in the liquid and zero in the solid

and a fraction in cells at the liquid–solid interface. In

locations where both liquid and solid phases exist, the

liquid phase has volume fraction k, and the solid phase

(1 – k), in which the liquid portion (k) is free to flow

while the remaining portion (1 – k) is frozen. To

account for solidification the advection equation is

modified to

@f

@t
þ ðkV
!� r!Þf ¼ 0 ð3Þ

The method of solving conservation equations in cells

with both liquid and solid is the same as those used for

cells with no solid, except that solidified regions are

treated as a liquid with zero velocity. Having defined

the new volume fraction for solid cells, the

conservation equations of mass and momentum are

written as:

r! � ðkV
!Þ ¼ 0 ð4Þ

@ðkV
!Þ
@t

þ ðkV
!� r!ÞV!¼ �k

q
r!pþ ktr2 V

!þ k
q

Fb
�! ð5Þ

where t is the kinematic viscosity, q is the density, p is the

pressure, and ~Fb is any body force acting on the fluid.

Surface tension was considered to be a component of the

body force acting on the fluid free surface. Fluid flow was

assumed to be Newtonian, laminar and incompressible.

Any effect of the ambient air on the droplet evolution

was neglected. Only normal stresses were assumed to act

on the free surface. Laplace’s equation was used to

determine the pressure at the free surface.

The conservation of energy equation combined with

the enthalpy-transforming model was used to model

heat transfer [4]. Assuming that the phase change

occurs at a single temperature, the temperature (T) is

related to enthalpy (He) by

T ¼ Tm þ ðc He þ /Þ=k ð6Þ

where Tm is the melting point and k is the thermal

conductivity. Depending on the state of fluid, the

coefficients c and / can be defined as:

c¼ ks=Cs and /¼ 0 He � 0 ( solid phase)

c¼ 0 and /¼ 0 0\He\Hf (liquid� solid interface)

c¼ kl=Cl and /¼�Hf kl

�

Cl He �Hf (liquid phase)

8

>

<

>

:

ð7Þ

where C represents the specific heat, He the enthalpy

and Hf the heat of fusion. The energy equation

becomes:

q
@He

@t
þ q ðV!� r!ÞHe ¼ r2ðc HeÞ þ r2/ ð8Þ

No-slip and no-penetration boundary condition were

applied at solid surfaces. Liquid–solid contact angles

were assumed to be 90�. Free surfaces of droplets and

exposed portions of the substrate were assumed

adiabatic.

Thermal contact resistance model

Mikic’s model of thermal contact resistance between

rough, solid surfaces pressed together was based on

calculating the actual area of contact between surface

asperities, rather than their nominal surface area [5].

The only mode of heat transfer was assumed to be

conduction across these regions of contact, since

convection and radiation across gaps are typically

negligible. The contact resistance was a function of the

contact pressure, surface roughness and hardness of the

contacting solids.

Heichal and Chandra developed a similar theory to

predict contact resistance between a liquid metal and a

rough solid surface [8]. The rough surface was idealized

as consisting of a series of half-cylinders placed next to

each other (see Fig. 1), all having the same radius b,

which proved to be a reasonable description of surfaces

prepared by polishing with emery paper in one

direction. Surface roughness Ra is defined as the

arithmetic average of the height of surface peaks

above a hypothetical perfectly smooth plane. Figure 1

shows an idealized representation of liquid metal in

contact with a rough solid substrate. Surface tension

prevents the metal from penetrating into the valleys

between surface peaks. For the ideal surface shown in

Fig. 1 the average roughness is

Ra ¼
R 2b

0 yðxÞdx

2b
¼
R p

0 b2 sin2ðwÞdw

2b
¼ pb

4
ð9Þ
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Thermal contact resistance is defined with respect to a

plane passing through the base of surface asperities

(see Fig. 1), whose temperature is Tw. Heat conduction

(q) from the liquid at temperature Td to this plane

through a solid interface region of thermal conductivity

kw is:

q ¼ kwðTd � TwÞ
Ra

�A� fA ð10Þ

where A is the area of the reference plane and fA is the

fraction of that area in contact with liquid metal.

Combining Eq. (10) with the definition of thermal

contact resistance equation (1) gives:

Rc ¼ Ra=kwfA ð11Þ

For a perfectly smooth substrate fA = 1 and Rc = Ra/kw.

For a rough substrate we need to evaluate the true area

of contact when a liquid metal column is pressed against

it. Figure 1 shows the geometry of the interface, where

a liquid layer of height h is supported on a solid surface

consisting of an array of semi-circular protrusions of

radius b. Timsit derived a model to calculate the profile

of the liquid meniscus by using variational methods to

determine the shape that minimized the total potential

and surface energy of the system [11]. To obtain an

analytical solution it was assumed that surface

asperities were much smaller than the liquid film

thickness (b << h), that the liquid surface underwent

only small deformation (i.e., s << b) and the liquid–

solid contact angle was 180�. Timsit demonstrated that

the ratio of the true area of contact to the nominal

surface area was:

fA ¼
bh

ðr=qgÞ þ bh
ð12Þ

where g is the gravity acceleration and r is the surface

tension of the liquid [11].

The height of the liquid column h creates a hydro-

static head that presses the liquid down. It can be

replaced by a local liquid pressure:

pc ¼ qgh ð13Þ

Substituting Eqs. (9) and (13) in Eq. (12) gives an

expression for fA:

fA ¼
pc

pc þ pr=ð4RaÞ
ð14Þ

and by substituting Eq. (14) into Eq. (11), we can get

an equation that allows us to calculate the thermal

contact resistance of the interface region as a function

of the contact pressure, material properties and

average surface roughness:

Rc ¼
Ra pc þ pr=ð4RaÞ½ �

kwpc
ð15Þ

In Eq. (15) surface roughness, Ra, was an input to the

model. Liquid surface tension and the thermal con-

ductivity of the substrate were each assumed to be a

function of temperature, and their values at different

temperatures were supplied in an input table (see

Table 1). During simulations, the values of liquid

surface tension and the thermal conductivity were

updated with time by interpolation between the values

given in Table 1, as a function of local temperatures.

Aluminum alloy 380 does not have a sharp melting

point, but a liquidus temperature of 593 �C and solidus

temperature of 538 �C. In simulations it was assumed

that it behaved as a pure metal with a melting

temperature of 570 �C.

The pressure distribution in the liquid was calcu-

lated at each time step, and local interfacial thermal

contact resistance values calculated from Eq. (15). As

pressure increased, contact resistance decreased. It was

assumed, though, that local contact resistance would

not increase even if the local pressure was subse-

quently reduced. The physical reasoning is that once

high pressure forces molten metal into substrate

crevices, good contact is established that persists even

if the local pressure decreases. Trials showed that this

rule produced accurate simulations. Allowing the local

contact resistance to fluctuate rapidly in response to

rapid pressure changes produces numerical instabili-

ties, and is probably physically unrealistic. For part of

the interface where there was no fluid, meaning empty

cells, the contact resistance of empty cells was set to

1010 m2K/W, which led to negligible heat transfer.

The modified Navier-Stokes equations were solved

on an Eulerian, rectangular, staggered mesh in a 3D

Fig. 1 Geometry of contact meniscus formed with spherical
asperity
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Cartesian coordinate system. We used uniform mesh

sizes at all three dimensions. The substrate was

extended far enough that its boundaries could be

assumed to be at constant temperature. Numerical

computations were performed on a Sun Ultra Enter-

prise 9.1 workstation. The typical CPU time to simu-

late an aluminum droplet impact was 3 days.

Results and discussion

Simulation of droplet deposition at low impact

velocity

Figure 2 shows both photographs and computer gen-

erated images of the normal impact of a 3.92 mm

diameter aluminum alloy 380 droplet with 3 m/s

velocity onto a H13 tool steel substrate at an initial

temperature of 200 �C. The initial droplet temperature

was 630 �C, about 60 �C above the melting point of the

alloy. Average surface roughness (Ra) was 0.5 lm. The

time of each image, measured from the instant of first

contact with the surface, was indicated. Computations

were done on a domain that extended 8 mm in both x

and y directions, 4 mm above the substrate in the z

direction and a depth of 2 mm into the substrate. The

domain was meshed with 100 grid points in both x and

y directions, and 32 grid points in the z direction for

both the droplet and the substrate. In the simulation,

the contact resistance was calculated using Eq. (15) and

it varied with time and position. Droplets impacted,

spread into a thin disk, and solidified with a raised

ridge around the periphery of the splat formed by the

flattened droplet (see Fig. 2). Images from the simu-

lation show good qualitative agreement with experi-

mental photographs.

Figure 3 displays calculated temperature distribu-

tion inside the droplet, at the same times following

impact as those in Fig. 2. Freezing of the metal began

at the edges, which were in contact with the colder

substrate, and blocked spreading of the liquid, con-

tributing to the formation of raised edges. The growth

of the solid layer, corresponding to portions of the

droplet with T £ 570 �C, can be clearly seen in these

cross-sectional views.

To obtain a better quantitative comparison between

simulations and experiments we measured the splat

diameter (D) from photographs at successive stages

during droplet deformation and normalized it by the

initial droplet diameter (D0) to calculate the spread

factor (n = D/D0). Measured and predicted values of

spread factor during the impact are shown in Fig. 4.

Results from two sets of simulations are shown. The

first was done with varying contact resistance, calcu-

lated from the local liquid pressure using Eq. (15), and

it gave values of spread factor that lay within 10% of

Table 1 Properties of nickel, aluminum alloy, steel H13 and stainless steel

Properties Nickel Aluminum alloy 380 H13 Tool steel Stainless steel

Density [kg/m3] 7900 2570 7800 7900
Melting point [oC] 1453 570 – –
Heat of fusion [J/kg] 310,000 389,000 – –
Kinematic viscosity [m2/s] 6.E-7 �C – –

78 4.5E-7
2000 4.0E-7

Liquid thermal conductivity [W/(mK)] 90.7 70 – –
Liquid specific heat [J/(kgK)] 609 1000 – –
Surface tension [N/m] 1.778 1.07 – –
Solid thermal conductivity [W/(mK)] �C �C �C �C

527 67.6 100 144.5 27 17.6 127 16.6
727 71.8 200 147.5 204 23.4 327 19.8
927 76.2 300 152.5 427 25.1 527 22.6
1227 82.6 400 148.0 649 26.8 727 25.4

927 28.0
1227 31.7

Solid specific heat [J/(kgK)] oC oC oC oC
527 530 300 980 20 460 127 515
727 562 400 1050 500 550 327 557
927 594 479 1150 600 590 527 582
1227 661 727 611

927 640
1227 682

For substrate materials, the only properties needed are density, thermal conductivity, and specific heat

123

J Mater Sci (2007) 42:9–18 13



experimental results. For the second set of simulations

a constant value of contact resistance was used, as done

in previous investigations, where typically values of

Rci ~ 10–6 m2K/W were used [12]. Trials showed that a

value of Rc = 1.64 · 10–6 m2K/W gave results that

agreed closely with those obtained from the variable

contact resistance trials. Of course, there was no way to

determine this value a priori.

Figure 5 shows the radial variation of pressure,

measured from the point of impact, at the interface

between the substrate and droplet at three instants

during impact. Figure 6 shows the distribution of

thermal contact resistance, calculated from the liquid

pressure. At t = 0.3 ms (measured from the instant of

impact) the gauge pressure in the droplet centre was

approximately 22 kPa, rising to 30 kPa before dropping

Fig. 3 Simulated
temperature distribution
inside a 3.92 mm aluminum
alloy droplet initially at
630 �C impacting with a
velocity of 3 m/s onto a tool
steel substrate initially at
200 �C

Fig. 2 Sequential impact of a 3.92 mm aluminum droplet on a
tool steel substrate at 200 �C with 3 m/s of impact velocity and
0.5 lm of surface roughness

Fig. 4 Evolution of spread factor during the impact of an
aluminum alloy droplet on a tool steel substrate initially at
200 �C. The value of contact resistance for simulation with
constant Rc is 1.64 · 10–6 m2K/W
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off to zero at the droplet edge. The contact resistance

followed an opposing trend, minimum at the center

where pressure was highest, and increasing towards the

edge. Beyond the edge of the splat, in empty compu-

tational cells, contact resistance was set to 1010 m2K/W.

As time advanced pressure in the droplet decreased

(see Fig. 5), until it was completely dissipated by

t = 2.0 ms. However, contact resistance did not show a

corresponding increase (Fig. 6) since we assumed that

contact between the droplet and substrate, once

established, would persist even when the pressure

was relieved. Contact resistance values at any given

point were calculated from the maximum local

pressure encountered at that point.

Figure 7 shows the surface temperature variation of

the H13 tool steel substrate under the splat center

during the impact of an aluminum 380 alloy droplet

with an initial temperature of 630 �C. The tool steel

substrate was initially at 200 �C, and the surface

roughness was 0.5 lm. The experimental results

shown are temperature measurements by a thermo-

couple placed at the point of droplet impact. Results

from simulations are shown for three different cases:

for variable Rc, calculated from the model; with

constant Rc = 1.64 · 10–6 m2K/W; and with Rc =

10–4 m2K/W. Experimentally, the surface temperature

increased after the impact, reached a maximum of

approximately 515 �C after 2.0 ms and then declined

slowly. The simulation with variable contact resis-

tance gave results that were closest to experiments.

The discrepancy may have been due to the assump-

tion of constant melting point made in the model: in

reality aluminum alloy 380 has a liquidus temperature

of 593 �C and solidus temperature of 538 �C, whereas

in simulations a melting temperature of 570 �C

was assumed. The simulation with a constant value

of Rc = 1.64 · 10–6 m2K/W gave even lower values

of surface temperature, and when Rc was set to

10–4 m2K/W there was barely any change in substrate

temperature.

In experiments an array of thermocouples, spaced

1.15 mm apart, was placed under the impacting droplet

[8]. Figure 8a shows the variation of substrate temper-

ature recorded by three thermocouples, located at

radial positions, measured from the point of impact,

r = 0, 1.15 mm and 2.3 mm. Immediately after impact

the substrate temperature, initially at 200 �C, increased

to 500 �C in less than 0.3 ms. The response of the

second and third thermocouples lagged behind that of

the first, as the edge of the spreading splat reached

them. Figure 8b shows the calculated temperature

variation at the three thermocouple locations, calcu-

lated from the model using a variable contact resis-

tance. The calculated variations are similar to those

measured, though the maximum temperatures are

slightly lower than those recorded in experiments.

Fig. 5 Contact pressure distribution at the interface along one
radius of the splat during the impact of aluminum alloy droplet
on a tool steel substrate initially at 200 �C, and the surface
roughness is 0.5 lm

Fig. 6 Thermal contact resistance distribution at the interface
along one radius of the splat during the impact of aluminum alloy
droplet on a tool steel substrate initially at 200 �C, and the
surface roughness is 0.5 lm

Fig. 7 Surface temperature histories of the steel substrate under
the splat center during the impact of an aluminum alloy droplet.
The substrate was initially at 200 �C, surface roughness 0.5 lm.
(a) Experimental measurements; (b) simulation with constant
contact resistance Rc = 1.64 · 10–6 m2K/W; (c) simulation with
insulated interface, where contact resistance Rc = 1.0 · 10–4

m2K/W; (d) simulation with variable thermal contact resistance
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Simulation of plasma sprayed droplet at high

impact velocity

Thermal contact resistance values between an impact-

ing droplet and the substrate are of critical importance

in simulations of molten metal droplet impact [13, 14]. If

the value is high, solidification of the particle is delayed

until it has spread completely, and splashing is avoided

so that circular, disk shaped splats are formed. If contact

resistance is low the particle solidifies rapidly, leading to

freezing around the edges of the spreading droplet,

which obstructs flow and causes splashing. Typically,

contact resistance values are not known, and serve as an

adjustable parameter in models.

To determine if the model of contact resistance

proposed here could be used to produce realistic

simulation of thermal spray particle impact, we simu-

lated the impact of plasma sprayed nickel powders, for

which experimental results were available [1]. Based

on measurements of particle properties using a DPV-

2000 diagnostic system (Tecnar Ltd., Montreal, Can-

ada), the average velocity was 72 m/s, average particle

diameter 50 lm, and average particle temperature

1654 �C. Figure 9 shows the scanning electron micro-

scope (SEM) images of splats formed by thermal

plasma sprayed nickel particles on stainless steel

substrate under these conditions with two different

surface temperatures. On the surface initially at room

temperature, splats were fragmented, consisting of a

small, irregular core surrounded by debris from the

break-up of the droplet (see Fig. 9a). On the heated

surface, with Tw = 360 �C, splats are, in general, disk

shaped (see Fig. 9b).

Figure 10 shows successive stages during the simu-

lated impact of a single liquid nickel droplet with a

Fig. 8 (a) Experimental measurements and (b) simulation of
temperature histories at three different radial locations of the
splat

Fig. 9 The SEM image of thermal plasma sprayed nickel
particles on a stainless steel substrate. The substrate initial
temperature was (a) room temperature; (b) 360 �C

Fig. 10 Simulation view of sequence impact of a liquid nickel
droplet with a diameter of 50 lm initially traveling at 72 m/s on a
stainless steel substrate. The substrate initial temperature was
20 �C, and the surface roughness was 0.5 lm
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diameter of 50 lm initially traveling at 72 m/s impact-

ing on a stainless steel substrate with surface roughness

of 0.5 lm. The initial temperature of the droplet was

1654 �C and the substrate temperature was 20 �C.

Thermal contact resistance was calculated with Eq.

(15). The computational domain was 150 lm wide,

150 lm long, 60 lm high and extended to a depth of

30 lm into the substrate. The domain was meshed with

150 grid points in both x and y directions, 60 grid points

in the z direction above the substrate and 30 grid points

into the substrate. As the droplet landed and spread,

solidification started around the edges, disrupting flow

of the spreading liquid sheet and forcing it to break up.

By t = 3.0 ls the droplet had solidified, formed a splat

surrounded by satellite droplets that that resembled

those seen in photographs (see Fig. 9a).

Figure 11 shows the calculated pressure distribu-

tions under the droplet at t = 0.5, 1.0 and 1.5 ls, while

Fig. 12 shows calculated contact resistance at the same

times. Initially (t = 0.5 ls) there is a very high pressure

region under the splat (~10 MPa), which produces low

contact resistance. The pressure decays to zero very

rapidly (by t = 1.5 ls), but the contact resistance near

the centre of the splat remains low because of the ever

high pressure at the center of the splat. As the edges of

the splat fragment the contact resistance alternated

between low and high values, since empty cells were

postulated to have a contact resistance of 1010 m2K/W.

Increasing the substrate temperature to 360 �C

produced relatively little change in the splat shape.

Figure 13a shows the final splat shape for a 50 lm

diameter nickel particle impacting under the condi-

tions given above, where the dynamics of impact are

shown in Fig. 10. Raising the substrate temperature to

360 �C delayed the onset of solidification slightly, so

that the central splat was slightly larger (see Fig. 10b),

and splashing was somewhat reduced. However, the

change was relatively minor. The change in splat shape

seen in the photographs of Fig. 9 cannot be explained

by the change in surface temperature alone.

It has previously been shown that heating a steel

plate produces an oxide layer on its surface, which may

result in an increase in contact resistance between the

droplet and substrate [1]. This increase would not be

predicted by the contact resistance model, which

accounts solely for surface roughness. It can be

represented, though, by a constant thermal resistance

added to the previously calculated contact resistance

value. Figure 14a shows the final splat shape for a

50 lm nickel particle impacting with 72 m/s velocity on

a steel surface at 360 �C. A constant value of 10–7 m2K/W

was added to thermal contact resistances calculated

from Eq. (15). Break-up of the splat is greatly reduced,

with a large disc-shaped splat, surrounded by a few

satellite droplets. If the constant contact resistance was

increased to 2 · 10–7 m2K/W, splat break-up was

almost completely eliminated, producing a disc-shaped

splat with a few small fingers radiating from it, which

resemble the photographs of Fig. 9b.

Summary and conclusions

An analytical model to calculate thermal contact

resistance between a molten metal droplet and a

rough, solid surface can be incorporated into a

numerical model of droplet impact to calculate local

thermal contact resistance at each point under an

impacting droplet. A value of the thermal contact

resistance does not then have to be provided to the

model; the only inputs are the substrate roughness and

thermal conductivity.

The numerical model was able to accurately predict

the impact dynamics of 4 mm diameter aluminium

alloy droplets landing on a tool steel plate with 3 m/s

velocity, and the substrate temperature variation under

Fig. 11 Contact pressure distribution at the interface along one
radius of the splat during the impact of nickel droplet on a tool
steel substrate initially at 20 �C, and the surface roughness was
0.5 lm

Fig. 12 Thermal contact resistance distribution at the interface
along one radius of the splat during the impact of nickel droplet
on a tool steel substrate initially at 20 �C, and the surface
roughness was 0.5 lm
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the droplet. It also predicted the final splat shape of a

50 lm diameter plasma sprayed nickel particle landing

with 72 m/s velocity on a stainless steel surface, where

the splat was fragmented. However, it could not

predict the disk-like shape of a splat formed by a

nickel droplet landing on a heated steel surface.

Adding a constant contact resistance to the value

calculated by the analytical model produced a splat

shape that resembled those obtained experimentally. It

is likely that surface oxide or other contaminants

produce additional changes in contact resistance that

cannot be predicted from the surface roughness alone.
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Fig. 13 Simulation view of
the final splat shapes of a
liquid nickel droplet with a
diameter of 50 lm initially
traveling at 72 m/s on a
stainless steel substrate. The
surface roughness was 0.5 lm.
The substrate initial
temperature was (a) 20 �C,
and (b) 360 �C

Fig. 14 Simulation view of the final splat shape of a liquid nickel
droplet with a diameter of 50 lm initially traveling at 72 m/s on a
stainless steel substrate. The surface roughness was 0.5 lm. The
substrate initial temperature was 360 �C. The contact resistance

scheme was modified so that in: (a) a constant Rc = 1.0 · 10–7

m2K/W was added to the variable thermal contact resistance
calculated from Eq. (15); (b) a constant thermal contact
resistance Rc = 2.0 · 10–7 m2K/W was used
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