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Abstract

Three modules describing metal behaviour during sequential stages of the spray-forming process are coupled in this contribution
an integrated thermal simulation of the process. These sub-models describe the melt delivery to the atomizer (tundish), the spr
consolidation. Process properties of particular concern in these models are the melt cooling rates and residence times in the va
of the spray-forming process, and the interface conditions between the spray and the deposit, where the sprayed material imping
substrate or surface of the deposit. The input parameters for each successive sub-model are delivered by the preceding module.

The tundish module describes the heat and melt flow behaviour in the tundish, and the spray simulation module defines the m
flow in the spray by considering properties of individual particles. The thermal energy inputs for the deposit module are derived
spray model by specific averaging procedures. The solidification and cooling parameters of the deposit are then derived in the co
module.

These sequential modules describe the thermal behaviour of a melt element throughout all the successive stages in the sp
process, from atomization in the liquid state via the spray stage and compaction to the final cooling (to room temperature).

Using the coupled model, main process parameters are varied and their influence is discussed.
 2003 Elsevier SAS. All rights reserved.
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1. Introduction

Spray-forming is a metallurgical process that enab
production of near-net shaped metallic preforms that h
very interesting properties [1–3]. In this process, the me
and superheated metal is atomized, usually by inert g
in the first stage. In the spray, the molten metal drop
are cooled and partially solidify as heat is lost to the c
spray gas. The smaller particles immediately solidify, wh
the largest particles remain fully liquid until they rea
a size-dependent distance from the atomizer. The med
sized particles are typically in a state of phase cha
(solidification). The spray particles impinge onto the surf
of a substrate or already compacted deposit. In the u
part of the deposit, a semi-solid area called the “mu
zone” or “mixing layer” is formed by consolidation of th
spray. In this way, the deposit steadily grows, in a man
governed by the properties of the spray and the sh
and movement of the substrate. Typical forms of depo
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1290-0729/$ – see front matter 2003 Elsevier SAS. All rights reserved.
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produced by spray formation include billets, sheets
strips, and tubes. Materials used in this process include s
copper or aluminium alloys, superalloys, and metal-mat
composites (MMC).

In order to maximize the scope of spray-forming, it is
sential to describe the physical transition in the mushy la
in the upper parts of the deposited material as accurate
possible. Depending on operational conditions, the geo
ric extent and residence time of the mushy zone may v
strongly. Therefore, the functions presented here have
developed to describe the thermal behaviour of a mel
ement from the melt delivery in the tundish, via the sp
phase to the consolidation of the deposit. This thermal
haviour essentially determines the properties of the resu
spray-formed product.

The value of numerical modelling and simulation for
vestigating the complex interaction of parameters and c
ditions in the spray-forming process has been widely
knowledged. Analysis of this process typically involv
subdivision of the entire process into sub-processes, w
are then modelled individually by appropriate approach
Most interest within the spray-forming process has been
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Nomenclature

cpl specific heat capacity of the liquid
material . . . . . . . . . . . . . . . . . . . . . . . . J·kg−1·K−1

cps specific heat capacity of the solid
material . . . . . . . . . . . . . . . . . . . . . . . . J·kg−1·K−1

dexit tundish exit diameter . . . . . . . . . . . . . . . . . . . . . m
dp particle diameter . . . . . . . . . . . . . . . . . . . . . . . . . m
D deposition function
fs solid fraction
fs,h mean solid fraction (enthalpy method)
fs,m mean solid fraction (separation method)
GMR gas to melt mass flow ratio
h liquid melt height in the tundish . . . . . . . . . . . m
hp averaged specific enthalpy of the particle

mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J·kg−1

�hf specific solidification enthalpy (latent
heat) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J·kg−1

mp particle mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg
Nu Nusselt number

Pr Prandtl number
q0 number density distribution . . . . . . . . . . . . 1/µm
r radius . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
Re Reynolds number
s flight distance of droplets/particles . . . . . . . . . m
t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
Th mean temperature (enthalpy method) . . . . . . . K
Tl liquidus temperature . . . . . . . . . . . . . . . . . . . . . . K
Tm mean temperature (separation method) . . . . . . K
Tp particle temperature . . . . . . . . . . . . . . . . . . . . . . K
Ts solidus temperature . . . . . . . . . . . . . . . . . . . . . . . K
�Tl melt superheat (temperature above liquidus) . K
Tu turbulence intensity
x normal distance from the substrate surface . . m
xmax maximum deposit height . . . . . . . . . . . . . . . . . . m
z distance from atomizer to substrate . . . . . . . . . m
with
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cussed on the spray behaviour. Here, several models
differing degrees of complexity have been proposed [4
while formation of the pre-form and the transient therm
behaviour have been studied in [9–12]. In addition,
portant material properties, such as the possible forma
of pores and the grain size distribution, have been m
elled from the thermal conditions of the pre-form during
process [13–16]. Approaches for coupling some individ
models of the spray-forming process can also be found,
in [3,7,17,18].

In the present contribution, thermal modelling modu
are coupled to describe the thermal behaviour of a melt
ment during successive stages of the spray-forming pro
as illustrated in Fig. 1, from melt delivery in the tundish a
atomization in the liquid state via the spray formation a
to the compaction stage. The input parameters for each
model are derived from the results of the preceding mod

Fig. 1. Stages of integrated sequential spray forming model.
,

,

-

Using the coupled model, main process parameters are
ied and their influence on the thermal history is discusse

2. Tundish flow model

In a typical spray-forming process, the melt is pou
from the crucible into a tundish where a constant m
height is maintained in order to control the metal’s flo
rate. Modelling of the melt flow and cooling in the tundi
is based here on a representation of the tundish geom
and materials, as illustrated in Fig. 2 [19]. Within th
geometry, the melt behaviour is analysed according to
mass, momentum and energy conservation. The follow
assumptions and boundary conditions have been used, b
on experimental observations and theoretical considerat

– the melt flow is stationary and laminar,
– melt properties are constant within the tempera

range considered in the submodel,
– at the exit point for the expanding cold gas flow the w

temperature is constant (0◦C),
– the wall temperature of the upper tundish is const

and lower than the metal’s solidus temperature.

The tundish model is used to calculate the heat
by the melt between the upper free surface and the
Calculated results for various guide tube diameters
initial superheating melt temperatures (above liquidus)
illustrated in Fig. 3 for steel and copper materials. As
superheating of the melt increases, the temperature
increases. In principle, the temperature losses are al
identical for steel and copper melts, although the copper
is about 400 K colder than the steel melt.
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Fig. 2. Geometry and boundary conditions of the tundish model.

Fig. 3. Mean temperature loss of the melt within the tundish for differ
melt superheats and guide tube diameters.

3. Spray simulation

To evaluate the thermal behaviour and properties of m
droplets in the flight phase within the spray, a multiph
flow simulation tool is used, based on the principle
an Eulerian/Lagrangian analysis of dispersed multiph
flows [5,20,21]. In this model, both the turbulent gas fl
and the behaviour of the droplets are described simult
ously in a coupled way.
Fig. 4. Stages of droplet solidification model (low carbon steel).

The gas phase is represented in a two-dimensional fi
volume formulation with upwind discretization for conve
tive terms. A staggered grid with up to≈ 5000 grid cells is
used. The standardk–ε model is used for turbulence mo
eling. Source terms for momentum and thermal energy c
pling between gas and particles are introduced using the
approach [20].

The cooling and solidification of the melt droplets, as w
as the consequent heating of the gas, are also consid
Cooling of the droplets takes the heat transfer by radia
and convection into account. The convective cooling proc
is described by means of the local Nusselt number

Nu= αdp

λg
= 2+ 0.6Re1/2Pr1/3(1+ 3.4Tu0.843) (1)

that contains the effect of local gas turbulence inten
Tu [5].

An alloy composition-dependent model of the solid
cation process within melt droplets of a spray is used
has been described in [22]. Due to the high cooling ra
of molten metal droplets in spray processes the proces
delayed nucleation and therefore heavily undercooling
the droplets prior to nucleation and the onset of solidifi
tion has to be considered. The model derived in [22]
scribes the cooling and solidification process of a mo
metal droplet within 6 stages as illustrated in Fig. 4 for
example of a low carbon steel droplet. After cooling in t
liquid state (from the superheat temperature to the liqu
temperature), the droplet may be undercooled down to
nucleation temperature, where the first nuclei are built
the second stage, after nucleation the drop temperature r
due to rapid release of latent heat. Further solidification a
recalescence takes place with a decrease in droplet tem
ature until the peritectic temperature has been reached
the peritectic transformation at constant temperature oc
Further segregated solidification takes place in the dro
after peritectic transformation. After the solidus tempera
has been reached, the droplet is completely solidified a
further cools down in the solid state. Model assumptions
equations for the analysis of droplet cooling and solidifi
tion are listed in [22].

The spray model predicts the transient heat transfer
cooling behaviour of individual droplets along their flig
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Fig. 5. Effects of particle diameter on calculated temperatures and solid fractions of individual particles at a point within the spray cone (s = 0.27 m,r = 0 m);
standard parameters, the solidification interval of C30 steel is indicated in grey.
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Table 1
Parameter sets

Parameter set Material pg Ṁg ML GMR �TL
[MPa] [kg·s−1] [kg·s−1] [ – ] [K]

Standard C30 0.35 0.21 0.175 1.2 150
P1 C30 0.35 0.21 0.175 1.2 100
P2 C30 0.35 0.21 0.175 1.2 200
P3 C30 0.35 0.21 0.175 1.2 300

trajectories in the spray. The droplets are represente
parcels at increments of 10 µm. Consequently, the the
state of the particles impinging on the deposit or subst
can be calculated. The results of a spray simulation
shown in Fig. 5. The calculated temperatures and s
fractions of individual particles of different sizes at
position along the centreline of the spray (r = 0 m) at
a distance ofs = 0.27 m below the point of atomizatio
are illustrated (due to the geometrical arrangement of
atomizer, the atomization point is located at a distanc
z = 0.13 m below the atomizer, therefore, the distance
s = 0.27 m corresponds to a distance from the atomizez,
of 0.4 m). The process parameters used in this calcula
are standard parameters for the spray-forming of C30 s
as shown in Table 1.

From the data in Fig. 5, the following conclusio
regarding the particle’s thermal state with respect to
droplet diameter can be made:

dp < 60 µm: All particles in this size range at the po
tion under investigation are already fully solidifie
(solid fractionfs = 1) and at temperatures belo
solidus temperature. As the particle size decrea
their temperature decreases as well, while the s
tering of temperatures increases due to the p
cles’ reduced inertia and mass, and the turbu
gas flow, which results in particle dispersion.
l

,

60< dp < 380 µm: In this droplet size range the partic
are in the process of solidification (0< fs < 1).
The thermal state of individual particles may va
as well: in the size range between 70 and 80
some fully solidified particles may be observe
while in the size range 270 to 330 µm some drop
that are still fully melted (fluid) may be found
Particles that are in the process of solidificat
have temperatures between the solidus and liqu
temperatures (this temperature region is indica
in the figure in grey). The solid fraction of particle
decreases with increasing particle size.

380 µm< dp: All particles within this size range are st
fully liquid at the position under consideratio
Their temperature is above liquidus temperatu
which means that they still contain some superh
The amount of superheat increases with increa
particle size.

The spray model yields data related to the tempera
and solid fraction of individual droplets within the spra
The droplets are divided into classes with properties (e
size) in certain ranges that collectively represent all parti
within the spray. The mass contribution of the droplet clas
on the total mass flux is taken into account. To der
the integral heat and mass fluxes from the spray to
deposit, the droplet data have to be averaged in a sui
manner.

Thermal averaging may be performed in two differe
ways, describing two extreme situations that occur i
molten metal spray [4]. The first averaging method (the
thalpy method) describes the thermal status of the par
mass in thermal equilibrium, here the thermal state of a
tain particle mass is described after adiabatic equaliza
This means the particle mass has a specific enthalpy w
is directly related to its thermal state (temperature and s
fraction).
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In a molten metal spray, situations may occur where
particle mass should already be fully solidified accord
to its average properties (when calculated by the enth
method), although it still contains some liquid. This m
occur when the main spray consists of a large proportio
cold, solidified particles and only a small number of lar
fluid, and hot melted particles. These liquid droplets s
deliver a certain amount of liquid melt to the mushy lay
on the deposit surface, which is not accounted for by
enthalpy method. However, if a separation averaging me
is used, this deficit is avoided. Here, the amount of solidi
mass or fluid melt mass remaining in the spray is calcula
separately.

3.1. Averaging the particles’ specific enthalpy (the
enthalpy method, indexh)

In this averaging approach, the specific heat con
and the remaining latent heat content of each par
class i are summed to average the specific enthalpyhp
of the impinging spray. This approach yields the therm
equilibrium condition of the total droplet mass [23]:

hp = 1∑
i mp,i

∑
i

{
mp,i

[(
cpl(Tp,i − Ts) + �hf

)
(1− fs,i )

+ cps
(
(Tp,i − Ts)fs,i + Ts

)]}
(2)

Based on the calculated average specific enthalpyhp from
Eq. (2), the mean spray solid fractionfs,h and the mean
temperatureTh are calculated according to the solidificati
state of the droplet mass:

(a) If the droplet mass is fully solidified, the avera
specific enthalpy is lower than the specific enthalpy
solidus temperatureTs:

hp � cpsTs 	⇒ fs,h = 1, Th = hp

cps
(3)

(b) If the particle mass is in a state of phase cha
(solidification):

cpsTs < hp < cpsTs + cpl(Tl − Ts) + �hf 	⇒

fs,h = cpsTs + cpl(Th − Ts) + �hf − hp

(cpl − cps)(Th − Ts) + �hf
,

Th = hp + (1− fs,h)[(cpl − cps)Ts − �hf]
(1− fs,h)cpl + fs,hcps

(4)

The mean solid fraction can be calculated iterativ
from the enthalpy methodfs,h and the temperature o
the enthalpy methodTh using the appropriate equilib
rium phase diagrams. For pure metals, the mean tem
ature is equal to the constant solidification tempera
(Th = Ts = Tl ).

(c) If the particle mass is still totally liquid, the mea
specific enthalpy is greater than the specific enthalp
liquidus temperature:
-

cpsTs + cpl(Tl − Ts) + �hf � hp 	⇒

fs,h = 0, Th = hp + (cpl − cps)Ts − �hf

cpl
(5)

3.2. Averaging the solid fraction and temperature
separately (the separation method, indexm)

In the second averaging approach, the non-equilibr
situation in the spray process is recognised. The en
exchange within the total particle mass occurs only via
specific heat content and not via the remaining latent
content of the particles:

fs,m = 1∑
i mp,i

∑
i

(mp,ifs,i )

Tm = 1

(cpsfs,m + cpl(1− fs,m))
∑

i mp,i

×
∑

i

(
mp,iTp,i

(
cpsfs,m + cpl(1− fs,m)

))
(6)

When considering a certain volume in which 50% of
mass consists of small, cold, and fully solidified particl
and the other 50% consists of a single large, fully fluid, a
hot particle, then the separation method yields a mean
lidification state as a solid fraction offs,m = 0.5 (regardless
of individual temperatures or the latent heat contents of
single hot particle). For the enthalpy method, the mean p
erties are calculated in a coupled way. Here, the resu
mean temperature and the mean solid fraction depend o
difference between the small particles’ temperature and
solidus temperature, and on the residual superheat rema
within the large particles.

Differences in the results obtained using the two ave
ing methods are shown in Fig. 6 for the averaged tem
ature and solid fraction of the spray along the centrel
as a function of the particle flight distance. The results
the enthalpy method represent the thermal equilibrium w
respect to the particle mass. This occurs when bringing
particles from a specific location (point of impingement)
gether and leaving this mass under adiabatic condition
an inner compensation process (heat conduction and so
cation), obtaining the equilibrium values ofTh andfs,h. This
compensation process immediately occurs when the p
cle mass impinges on the deposit. In the mixing layer
equalization process will take place. Therefore, the enth
method properly describes the thermal state of the par
massin the mixing layerafter deposition. In contrast, th
separation methods describes the instantaneous local
mal state (Tm andfs,m) of the particle massin the spray.

As can be seen in Fig. 6, for the whole particle flig
distance the instantaneous mean particle temperature
mean solidification fractions calculated by the separa
model are lower than the values derived by the equilibr
state (enthalpy) method. With respect to the solidificat
process after the deposition this difference means tha
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Fig. 6. Comparison of results of two averaging methods for calculating particle temperatures and solid fractions; mean averages for different particle diameters
and flight distances (s), spray parameters= standard (Table 1).

Fig. 7. Mean temperatures and solid fractions of the particle mass along the centreline of the spray’s flight path for three different melt superheat values;
comparison of different averaging methods for spray parameter sets P1 to P3 (Table 1).
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e. In
overall particle mass is “undercooled” and may be rehe
after the deposition (in the mixing layer) by the latent h
released during solidification.

To compare the results obtained by the two differ
averaging methods for the thermal properties of the par
mass along the spray centreline, the spray may be subdiv
into three different zones:

Zone 1 Overheated spray (Tm > Th; fs,m > fs,h).
In this zone, the values for temperature a

solid fraction obtained by the separation method
greater than those obtained by the enthalpy meth
For the overall particle mass this means that
calculated values for the solidification fractio
tend to be too low, according to thermal equilibriu
considerations. This implies, in turn, that if th
spray particle mass within this zone is broug
together during deposition, the remaining superh
from the larger, still liquid droplets will completel
remelt the already solidified particle mass.

This overheated spray condition would result
an undesired increase of porosity and reduction
yield, as the spray particles during deposition m
impinge on a more or less liquid pool, resulting
liquid droplet fragmentation and entrapment of g
bubbles.

Zone 2 Slightly undercooled spray (Tm < Th; fs,m < fs,h).
In this zone, the results derived from the sepa

tion method are lower than the values obtained
the enthalpy method. The averaged particle tem
ature (with respect to the specific enthalpy) is in
range of the solidification interval (Ts < Th < Tl ).
Therefore, in the state of thermal equilibrium a
ter deposition the particle material in the mus
zone tends to have higher solid fractions. The
maining superheat in the bigger liquid drops is n
sufficient to remelt parts of the already solidifi
particle material. However, the particle mass s
contains enough enthalpy to ensure that even in
state of thermal equilibrium some melted parts w
remain (fs,h < 1).

Zone 3 Heavily undercooled spray (Th < Ts; fs,h = 1).
In this zone, the particle material in therm

equilibrium after deposition is completely soli
ified (fs,h = 1). The equilibrium temperature
lower than the solidus temperature (Th < Ts). In
this zone the deposited material will be imme
ately solidified following deposition.

During spray formation, the spray may be co
pacted although the equilibrium state is alrea
fully solidified. The remaining liquid in the spra
(calculated by the separation method) still allo
compaction in this zone of the spray. But t
amount of cold porosity is increased in this zone
The boundaries between these three zones can be s
relative to the flight distance of the particles by adjusting
superheating of the melt in the crucible/tundish, as sh
in Fig. 7. If the superheating of the melt is low (�Tl =
100 K) the cooling of the particles occurs immediat
after solidification. For this case zone 1 is not visib
The transition from zone 2 to zone 3 occurs at a fli
distance of approximatelys = 0.47 m. By increasing the
melt superheating, this transition is shifted to greater fli
distances (s = 0.62 m for �Tl = 200 K ands = 0.77 m
for �Tl = 300 K). As superheating increases, zone
is established. The transition from zone 1 to zone 2
located at a flight distance ofs = 0.12 m (�Tl = 200 K)
and s = 0.22 m (�Tl = 300 K). As the melt superhea
increases, the zone transition is shifted towards increa
flight distances.

4. Thermal conditions inside the deposit

The deposit is built up through deposition of the impa
ing droplets/particles from the spray. The impacting pa
cles deliver mass and heat to the deposit. The mass and
flux contribution of the impacting particles as well as th
particle size distribution strongly influences the cooling a
processing of the material in the deposit [25–27]. Theref
it is essential to derive the temporal enthalpy distribution
side the deposit during the compaction process and the
lowing cooling process in order to describe the thermal
tory of a material element.

The model used in this investigation for the enthalpy d
tribution in the deposit is based on a model for calculat
the temperature distribution in a growing deposit in co
bination with the underlying substrate [9,11]. The mode
based on the numerical solution of the two-dimensional h
conduction equation on a non-orthogonal coordinate sys
fitting the transient deposit contour. The heat conserva
equation includes a source term describing the release o
tent heat during solidification. To investigate the influence
the substrate-to-atomizer distance on the thermal condi
in the deposit, calculations based on the standard par
ter settings (Table 1) are performed. The deposit geom
under investigation is of Gaussian shape, resulting from
mal impingement of the spray onto a circular disc. For
boundary condition at the deposit and substrate surface
heat transfer due to convection and radiation is taken into
count. The convective heat transfer coefficient has been
related from measured heat transfer coefficient values i
atomizer gas jet flow [19].

By changing the distance between the atomizer
substrate, the thermal state of the particle mass is cha
as well as the spray width (mass flux distribution). As t
distance increases, the radial mass flux distribution beco
flatter and broader [24]. Thus, the dimensions of the dep
are changed, but its essential form remains the sam
the following discussion, the relative deposit heightx/xmax



410 D. Bergmann, U. Fritsching / International Journal of Thermal Sciences 43 (2004) 403–415

e
he
Fig. 8. Effects on the calculated temperature distribution along the centreline of the deposit of: the normalized distancex/xmax to the substrate surface, th
time during the spray phase (10, 20 and 30 s, solid symbols) and the distancez to the atomizer. Spray parameters= standard (Table 1). The shape of t
sprayed deposit in the sketch is shown at 10, 20 and 30 s. The spray phase is 30 s and the cooling phase is also 30 s.
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(i.e., height in relation to the maximum deposit height)
used instead of the total deposit heightx. For the standard
spray condition in Table 1 the height of the deposit that
been actually sprayed was 0.132 m. Because the geom
of the deposit slightly changes with operational conditio
the relative heightx/xmax is used for the discussion of th
results.

Figs. 8 and 9 illustrate the temperature and solid frac
distribution along the centreline of the deposit for a sp
time of up to 30 s and a subsequent cooling period of
to 30 s. It can be seen that by decreasing the substra
nozzle distance the heat flux into the deposit is increase

At a distance ofz = 0.4 m, the material inside the de
posit reaches temperatures that are within the solidifica
interval of the material 1733< T < 1783 K (grey shaded
y

-

area) during the compaction period throughout the wh
depth of the deposit. The temperature is below solidus o
very close to the substrate (x/xmax< 0.05) (Fig. 8). There-
fore, the solid fraction throughout the whole deposit de
(0.05< x/xmax < 1) is smaller than 1 (Fig. 11) for a sub
strate located at this distance. The mixing layer, where
terial that is still melted is found, strongly increases dur
the growth of the deposit (compaction period).

During further cooling the material’s temperature d
creases, beginning from the deposit surface and the
posit/substrate interface. After 60 s the temperature of
material in the upper area of the deposit (0.6< x/xmax< 1)
is below solidus temperature, and the material is fully
lidified. In the underlying region (0.25 < x/xmax < 0.6)
the material is in the solidification state (semi solidifie
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Fig. 9. Effects on the calculated solid fraction along the centreline of the deposit of: the normalized distancex/xmax to the substrate surface; the time duri
the spray phase (10, 20 and 30 s, solid symbols) and the distancez to the atomizer. Spray parameters= standard (Table 1). The shape of the sprayed dep
in the sketch is shown at 10, 20 and 30 s. The spray phase is 30 s and the cooling phase is also 30 s.
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0.84< fs < 1) and the temperatures are within the soli
fication interval.

If the substrate-to-nozzle distance is increased toz =
0.6 m, the region where the temperature is in the solid
cation interval during the compaction time and the mate
is semi solidified is limited to a small layer at the top of t
deposit:

t = 10 s: 0.21< x/xmax< 0.33, 1733� T � 1783 K

0.87� fs < 1

t = 20 s: 0.53< x/xmax< 0.66, 1733� T � 1783 K

0.87� fs < 1

t = 30 s: 0.85< x/xmax< 1, 1733� T � 1783 K

0.87� fs < 1
The thickness of the mixing layer at this distance (z =
0.6 m) only slightly increases. Almost 10 s after the e
of the compaction time (t = 40 s) all of the deposite
material is completely solidified. Temperatures are be
solidus (T < 1733 K) and the solid fraction everywhere is
Inside the deposit a parabolic temperature profile has b
established. Atz = 0.4 and 0.6 m the substrate is located
the heavily undercooled zone of the spray.

By further increasing the nozzle-to-substrate distanc
z = 0.75 m the particle material in the spray is so co
that the temperatures within the deposit do not stay in
solidification interval even during the compaction proce
The material is completely solidified almost immediat
after deposition (fs = 1). Therefore, no mixing layer i
established in this case, but spray compaction still oc
as the spray still contains some liquid melt.
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5. Coupled model

The various spray-forming sub-models are coupled
order to analyse the behaviour of the melt material fr
melt superheating to room temperature via cooling
solidification. The time axis is shown in terms of the ma
averaged mean residence time of the particle mass in
spray. By combining these data with the calculated temp
cooling and solidification distributions of a fixed volum
element inside the deposit, one obtains the mean the
history of the material at a specified location in the depo

Transient thermal and solidification distributions a
shown in Figs. 10 and 11, illustrating the three differ
modelling regions (melt flow in the tundish; particle cooli
in the spray; growth and cooling of the deposit) at differ
time scales. The timet0 is taken as the time where the m
element is at the top surface of the tundish. The tempera
and solidification history of the melt element are descri
l

for a time period of 100 s. The process conditions un
consideration are listed in the standard parameter set
of Table 1 (z = 0.6 m, deposit centreline,x/xmax = 0.5).
From the top of the tundish (upper melt surface) to the ex
the tundish in the atomization nozzle, the melt is cooled
≈ 20 K (for an initial melt temperature of 1933 K). The so
fraction of the melt does not change as the melt stays f
liquid (fs = 0). In total, the mean residence time of the m
in the tundish is 51.6 s for an exit diameter ofdexit = 4 mm
and a surface height ofh = 0.25 m for the melt in the tundis
(determining the melt mass flow rate).

In the spray flow, the melt droplets are cooled mai
by convective heat transfer to the surrounding atomizer
flow. Until impingement onto the substrate (z = 0.6 m is the
distance from the atomizer, ands = 0.47 m is the distance
from the atomisation point below the atomizer) the me
residence time of the particles in the spray is 0.011
In this time, the melt material is cooled down by 260
Fig. 10. Calculated mean material cooling curves in the three process steps. Spray parameters= standard (Table 1), spray distancez = 0.6 m, mid point of
deposit atx/xmax= 0.5.

Fig. 11. Calculated mean material solid fraction in the three process steps. Spray parameters= standard (Table 1), spray distancez = 0.6 m, mid point of
deposit atx/xmax= 0.5.



D. Bergmann, U. Fritsching / International Journal of Thermal Sciences 43 (2004) 403–415 413

ity
e

heat
the
tion
sed

er
se

ters
s in
sien
, as
tion
ted
ures
tion
pon
e of
ean
n
lt
f th

l

re
hen

ly
in
me
the
ther

the
ases
ass
ate
for

For

the
ed
the

6 s.
(Tm = 1650 K) corresponding to a mean cooling veloc
of 2.4 × 104 K·s−1. Consequently, the solid fraction in th
spray increases tofs = 0.71.

Because of thermal diffusion and the release of latent
inside the mixing layer of the deposit, the temperature of
material increases suddenly immediately after compac
when the material comes into equilibrium. For the discus
parameter settings the temperature increase is≈ 90 K.
After complete solidification of the volume element und
investigation (fs = 1), the temperature will then decrea
again, at a cooling velocity of 2 to 3 K·s−1.

If the standard process conditions are varied (parame
see Table 1), the thermal properties of the particle mas
the spray are responsible for consequent changes in tran
cooling and solidification processes inside the deposit
shown in Fig. 12. Here the temperature and solid frac
value of the melt element under observation is illustra
versus time on a linear scale. The dotted lines in the fig
indicate the melt elements temperature and solid frac
values for the compacting particle mass immediately u
impact before consolidation in the deposit. For a distanc
only z = 0.4 m, the compacting particle mass has a m
temperature ofTm = 1707 K and a mean solid fractio
content offs = 0.56. Due to the high remaining liquid me
content, the volume element discussed here at the end o
time shown is not completely solidified (fs = 0.86). Thus,
t

e

the temperature only decreases slightly, by≈ 12 K within
the solidification interval.

If the distance is increased toz = 0.6 m, the mean therma
conditions of the impacting mass are changed toTm =
1650 K andfs,m = 0.71. For a short time the temperatu
of the material reaches the solidification interval, and t
decreases after finishing the solidification process.

At a distance ofz = 0.75 m, the particle mass complete
solidifies immediately after compaction. After a brief rise
temperature towards the solidification interval, the volu
element cools down continuously. The material inside
deposit cools down faster in this case than it does for ei
of the other two nozzle-to-deposit distances considered.

As well as increasing mean temperatures, raising
melt superheat (parameter settings P1 to P3) incre
the remaining melt content of the impacting particle m
(Fig. 13). Here also, the dotted lines in the figures indic
the melt elements temperature and solid fraction values
the compacting particle mass immediately upon impact.
a melt superheat of�TL = 300 K the remaining liquid
melt content in the particles is sufficient to prevent
material inside the deposit from being completely solidifi
in the time shown here. The temperature remains in
solidification interval after reheating.

For a melt superheat of�TL = 200 K, the volume
element discussed here is completely solidified after 6
,
Fig. 12. Influence of the distancez between the atomizer and the substrate on the thermal history of a material element (spray parameters= standard parameters
Table 1).
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Fig. 13. Influence of the melt overheat on the thermal history of a material element (spray parameters= parameter sets P1 to P3, Table 1).
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Before that, the temperature distribution peaks att = 54 s
(at T = 1752 K), following the increase that occurs duri
compaction, and then declines.

A melt superheat of just�TL = 100 K results in a sudde
solidification of the material element after compaction. T
little latent heat is then released to raise the tempera
of material above the solidus temperature. After a sm
increase in the temperature it drops immediately.

6. Summary

Sub-models describing different stages of the sp
forming process have been coupled to give an integr
thermal model of the process. The main aim of coup
simulations of spray-forming processes is to allow th
mal analysis of the material’s residence time and co
ing/solidification rates, and of the build-up of the mixin
layer during compaction of the impinging particles from t
spray onto the deposit.

The spray analysis has shown that the particle
distribution in the spray can be classified into three differ
states (already solidified, partially solidified and still liquid
Thermal averaging of the impacting particle mass can
done using either the separation or the enthalpy met
A three-zone subdivision of the spray, depending on
process conditions is proposed. In the zone close to
atomization area, the spray is still superheated, in
following zone the average spray condition is sligh
undercooled. For higher nozzle distances the spray is hi
undercooled.

Based on these submodels, the thermal behaviour
melt material element of steel has been simulated du
successive process steps (melt flow in the tundish; par
flight in the spray; compaction, growth of the depo
and cooling) with varying atomization nozzle-to-depo
distances and melt superheat values. The cooling rates o
material within all the stages of the spray-forming proc
are derived from these functions.
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