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Abstract

Three modules describing metal behaviour during sequential stages of the spray-forming process are coupled in this contribution to provide
an integrated thermal simulation of the process. These sub-models describe the melt delivery to the atomizer (tundish), the spray, and the
consolidation. Process properties of particular concern in these models are the melt cooling rates and residence times in the various stage
of the spray-forming process, and the interface conditions between the spray and the deposit, where the sprayed material impinges onto th
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 multi-phase
flow in the spray by considering properties of individual particles. The thermal energy inputs for the deposit module are derived from the
spray model by specific averaging procedures. The solidification and cooling parameters of the deposit are then derived in the consolidation
module.

These sequential modules describe the thermal behaviour of a melt element throughout all the successive stages in the spray-forming
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.

0 2003 Elsevier SAS. All rights reserved.
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1. Introduction produced by spray formation include billets, sheets and
strips, and tubes. Materials used in this process include steel,
Spray-forming is a metallurgical process that enables copper or aluminium alloys, superalloys, and metal-matrix-
production of near-net shaped metallic preforms that have composites (MMC).
very interesting properties [1-3]. In this process, the melted  In order to maximize the scope of spray-forming, it is es-
and superheated metal is atomized, usually by inert gasessential to describe the physical transition in the mushy layer
in the first stage. In the spray, the molten metal droplets in the upper parts of the deposited material as accurately as
are cooled and partially solidify as heat is lost to the cold possible. Depending on operational conditions, the geomet-
spray gas. The smaller particles immediately solidify, while ric extent and residence time of the mushy zone may vary
the largest particles remain fully liquid until they reach strongly. Therefore, the functions presented here have been
a size-dependent distance from the atomizer. The mediumdeveloped to describe the thermal behaviour of a melt el-
sized particles are typically in a state of phase changeement from the melt delivery in the tundish, via the spray
(solidification). The spray particles impinge onto the surface phase to the consolidation of the deposit. This thermal be-
of a substrate or already compacted deposit. In the upperhaviour essentially determines the properties of the resulting
part of the deposit, a semi-solid area called the “mushy spray-formed product.
zone” or “mixing layer” is formed by consolidation of the The value of numerical modelling and simulation for in-
spray. In this way, the deposit steadily grows, in a manner yestigating the complex interaction of parameters and con-
governed by the properties of the spray and the shapegitions in the spray-forming process has been widely ac-
and movement of the substrate. Typical forms of deposits knowledged. Analysis of this process typically involves
subdivision of the entire process into sub-processes, which
~* Corresponding author. are then modelled individually by appropriate approaches.
E-mail addressufri@iwt.uni-bremen.de (U. Fritsching). Most interest within the spray-forming process has been fo-
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Nomenclature
cpl specific heat capacity of the liquid Pr Prandtl number
material . .........coooveeeiniii.. Ky~tK—1 490 number density distribution .. .......... /iam
Cps specific heat capacity of the solid r FAdiUS . ..o oot m
material ... kLK1 Re Reynolds number
dexit  tundish exit diameter ..................... m flight distance of droplets/particles ... ...... m
dp particle diameter......................... LI’ tMe . $
? delpé)?'t'otﬁ function T temperature .............ooveeiineeeiinn... h
s Solid fraction Ti mean temperature (enthalpy method) ... . .. .. K
Ssh mean solid fraction (enthalpy method) Th quuidusteg"nperatur(e by ) !
fsm  mean solid fraction (separation method) ! S
: . Tm mean temperature (separation method)...... K
GMR gas to melt mass flow ratio T article temperature i
h liquid melt height in the tundish ........... m P P I'clj PETAITE . s (
hp averaged specific enthalpy of the particle Ts solidus temperature................ e
MASS .+« e e kgL AT melt superheat (temperature above liquidus). |K
Ahs  specific solidification enthalpy (latent Tu turbulence intensity
NEAL) . . v v kgt x normal distance from the substrate surface .. |m
mp particle Mass ...........coevveeeeaa... kg Xmax Maximumdepositheight.................. m
Nu Nusselt number z distance from atomizer to substrate......... m

cussed on the spray behaviour. Here, several models withUsing the coupled model, main process parameters are var-
differing degrees of complexity have been proposed [4-8], ied and their influence on the thermal history is discussed.
while formation of the pre-form and the transient thermal
behaviour have been studied in [9-12]. In addition, im-
portant material properties, such as the possible formation2. Tundish flow model
of pores and the grain size distribution, have been mod-
elled from the thermal conditions of the pre-form duringthe ~ In a typical spray-forming process, the melt is poured
process [13—16]. Approaches for coupling some individual from the crucible into a tundish where a constant melt
models of the spray-forming process can also be found, e.g.,height is maintained in order to control the metal’s flow
in[3,7,17,18]. rate. Modelling of the melt flow and cooling in the tundish

In the present contribution, thermal modelling modules is based here on a representation of the tundish geometry
are coupled to describe the thermal behaviour of a melt ele-and materials, as illustrated in Fig. 2 [19]. Within this
ment during successive stages of the spray-forming processgeometry, the melt behaviour is analysed according to its
as illustrated in Fig. 1, from melt delivery in the tundish and Mass, momentum and energy conservation. The following
atomization in the liquid state via the spray formation and assumptions and boundary conditions have been used, based
to the compaction stage. The input parameters for each subOn experimental observations and theoretical considerations:

model are derived from the results of the preceding module.
— the melt flow is stationary and laminar,

— melt properties are constant within the temperature
range considered in the submodel,
melt delivery (tundish flow) — at the exit point for the expanding cold gas flow the wall
temperature is constant {Q),
— the wall temperature of the upper tundish is constant,
and lower than the metal’s solidus temperature.
spray The tundish model is used to calculate the heat loss
by the melt between the upper free surface and the exit.
Calculated results for various guide tube diameters and
initial superheating melt temperatures (above liquidus) are
compaction illustrated in Fig. 3 for steel and copper materials. As the
superheating of the melt increases, the temperature loss
increases. In principle, the temperature losses are almost
identical for steel and copper melts, although the copper melt
Fig. 1. Stages of integrated sequential spray forming model. is about 400 K colder than the steel melt.
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Fig. 2. Geometry and boundary conditions of the tundish model.

wall temperature

solidus temperature
(1050°C for copper
1450°C for steel)

) adiabaticwall 2L _ g
on

wall temperature 0°C

60

d. steel copper
3mm i

50

40

30

mean temperature loss [K]

100 200

melt superheat [K]

Fig. 3. Mean temperature loss of the melt within the tundish for different

melt superheats and guide tube diameters.

3. Spray simulation
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time

Fig. 4. Stages of droplet solidification model (low carbon steel).

The gas phase is represented in a two-dimensional finite
volume formulation with upwind discretization for convec-
tive terms. A staggered grid with up to 5000 grid cells is
used. The standard-¢ model is used for turbulence mod-
eling. Source terms for momentum and thermal energy cou-
pling between gas and particles are introduced using the PSI-
approach [20].

The cooling and solidification of the melt droplets, as well
as the consequent heating of the gas, are also considered.
Cooling of the droplets takes the heat transfer by radiation
and convection into account. The convective cooling process
is described by means of the local Nusselt number

Nu= “A—dp =2+ 0.6Re/?Prl/3(1 4 3.4TP84) (1)

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

An alloy composition-dependent model of the solidifi-
cation process within melt droplets of a spray is used, as
has been described in [22]. Due to the high cooling rates
of molten metal droplets in spray processes the process of
delayed nucleation and therefore heavily undercooling of
the droplets prior to nucleation and the onset of solidifica-
tion has to be considered. The model derived in [22] de-
scribes the cooling and solidification process of a molten
metal droplet within 6 stages as illustrated in Fig. 4 for the
example of a low carbon steel droplet. After cooling in the
liquid state (from the superheat temperature to the liquidus
temperature), the droplet may be undercooled down to the
nucleation temperature, where the first nuclei are built. In
the second stage, after nucleation the drop temperature raises
due to rapid release of latent heat. Further solidification after
recalescence takes place with a decrease in droplet temper-
ature until the peritectic temperature has been reached and
the peritectic transformation at constant temperature occurs.
Further segregated solidification takes place in the droplet

To evaluate the thermal behaviour and properties of melt after peritectic transformation. After the solidus temperature
droplets in the flight phase within the spray, a multiphase has been reached, the droplet is completely solidified and it
flow simulation tool is used, based on the principle of further cools down in the solid state. Model assumptions and
an Eulerian/Lagrangian analysis of dispersed multiphaseequations for the analysis of droplet cooling and solidifica-
flows [5,20,21]. In this model, both the turbulent gas flow tion are listed in [22].

and the behaviour of the droplets are described simultane-

ously in a coupled way.

The spray model predicts the transient heat transfer and
cooling behaviour of individual droplets along their flight



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

2000 peotteet 1
108 =
. | €
& - — 5
o i *Te 106 . o
3 1400 af c il
5] A
e il o
1000 H g g_ 3
Al =) 102
800 8y g & I \
600 1 1 1 I 1 a LA 1 L a L A 0 | ‘]
0 100 200 300 400 500

particle diameter [um]

Fig. 5. Effects of particle diameter on calculated temperatures and solid fractions of individual particles at a point within the spyray 6&¥er(,r = 0 m);
standard parameters, the solidification interval of C30 steel is indicated in grey.

Table 1 60 < dp <380 um: In this droplet size range the particles
Parameter sets are in the process of solidification @ fs < 1).
Parameter set  Material  pg Mg M,  GMR AT_ The thermal state of individual particles may vary
[MPa] [kgs Y [kg-sl] [-]  [K] as well: in the size range between 70 and 80 pm
Standard 0 | 085 021 10175 = 12 150 some fully solidified particles may be observed,
Pl €30 035 021 0175  1.2p while in the size range 270 to 330 um some droplets
P2 C30 035 021 0175 1.2 200 ) ;
p3 c30 035 021 0175 1.2 300 that are still fully melted (fluid) may be found.
Particles that are in the process of solidification
have temperatures between the solidus and liquidus
) o temperatures (this temperature region is indicated
trajectories in the spray. The droplets are represented by in the figure in grey). The solid fraction of particles
parcels at increments of 10 um. Consequently, the thermal decreases with increasing particle size.
state of the particles impinging on the deposit or substrate g um< dp: All particles within this size range are stil
can be calculated. The results of a spray simulation are fully liquid at the position under consideration.
shown in Fig. 5. The calculated temperatures and solid Their temperature is above liquidus temperature,
fractions of individual particles of different sizes at a which means that they still contain some superheat.
position along the centreline of the spray £ 0 m) at The amount of superheat increases with increasing
a distance ofs = 0.27 m below the point of atomization particle size.

are illustrated (due to the geometrical arrangement of the
atomizer, the atomization point is located at a distance of  The spray model yields data related to the temperature
z =0.13 m below the atomizer, therefore, the distance of and solid fraction of individual droplets within the spray.
s =0.27 m corresponds to a distance from the atomizer, The droplets are divided into classes with properties (e.g.,
of 0.4 m). The process parameters used in this calculationsjze) in certain ranges that collectively represent all particles
are standard parameters for the spray-forming of C30 steel,within the spray. The mass contribution of the droplet classes
as shown in Table 1. on the total mass flux is taken into account. To derive
From the data in Fig. 5, the following conclusions the integral heat and mass fluxes from the spray to the
regarding the particle’s thermal state with respect to the deposit, the droplet data have to be averaged in a suitable
droplet diameter can be made: manner.
Thermal averaging may be performed in two different
dp < 60 um: All particles in this size range at the posi- ways, describing two extreme situations that occur in a
tion under investigation are already fully solidified molten metal spray [4]. The first averaging method (the en-
(solid fraction fs = 1) and at temperatures below thalpy method) describes the thermal status of the particle
solidus temperature. As the particle size decreases,mass in thermal equilibrium, here the thermal state of a cer-
their temperature decreases as well, while the scat-tain particle mass is described after adiabatic equalization.
tering of temperatures increases due to the parti- This means the particle mass has a specific enthalpy which
cles’ reduced inertia and mass, and the turbulent is directly related to its thermal state (temperature and solid
gas flow, which results in particle dispersion. fraction).
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In a molten metal spray, situations may occur where the  cpsTs+ cpi(Ti — Ts) + Ahs < hp =
particle mass should already be fully solidified according fig + (cpl — o) Ts — AR
to its average properties (when calculated by the enthalpy fon=0, Tp= PP PITs !
method), although it still contains some liquid. This may cpl
occur when the main spray consists of a large proportion of
cold, solidified particles and only a small number of large,
fluid, and hot melted particles. These liquid droplets still
deliver a certain amount of liquid melt to the mushy layer ) _
on the deposit surface, which is not accounted for by the " the second averaging approach, the non-equilibrium
enthalpy method. However, if a separation averaging methodSituation in the spray process is recognised. The energy
is used, this deficit is avoided. Here, the amount of solidified €Xchange within the total particle mass occurs only via the

mass or fluid melt mass remaining in the spray is calculated specific heat content and not via the remaining latent heat
separately. content of the particles:

1
3.1. Averaging the particles’ specific enthalpy (the Ssm= S Z(mp,ifs,i)
iMpi

enthalpy method, indey

(5)

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

1
In this averaging approach, the specific heat content /™= (cpsfsm+cpl(L— fsm)) D mp,i
and the remaining latent heat content of each particle

classi are summed to average the specific enthdlpy X Z(mp.,iTp.,i(Cpsfs,m+cp|(1— fsm))) (6)
of the impinging spray. This approach yields the thermal i
equilibrium condition of the total droplet mass [23]: When considering a certain volume in which 50% of the
o 1 mass consists of small, cold, and fully solidified particles,
hp = - Z{mp,i[(cpl(Tp,i —Ts) + Ahg) (1 — fsi) and the other 50% consists of a single large, fully fluid, and

i mp. i hot particle, then the separation method yields a mean so-

+ Cps((Tp_j CTY) fai + Ts)]} ) Iidi_fica_tti_on state as a solid fraction ¢gf m = 0.5 (regardless
of individual temperatures or the latent heat contents of the

Based on the calculated average specific enthajpfrom single hot particle). For the enthalpy method, the mean prop-

Eqg. (2), the mean spray solid fractiofy, and the mean erties are calculated in a coupled way. Here, the resulting

temperaturd, are calculated according to the solidification mean temperature and the mean solid fraction depend on the
state of the droplet mass: difference between the small particles’ temperature and the

solidus temperature, and on the residual superheat remaining
(a) If the droplet mass is fully solidified, the average within the large particles.
specific enthalpy is lower than the specific enthalpy at  Differences in the results obtained using the two averag-

solidus temperaturgs: ing methods are shown in Fig. 6 for the averaged temper-
i ature and solid fraction of the spray along the centreline,
hp < cpsTs => fsh=1, Th=—"2 (3) as a function of the particle flight distance. The results of
Cps the enthalpy method represent the thermal equilibrium with
(b) If the particle mass is in a state of phase change respect to the particle mass. This occurs when bringing all
(solidification): particles from a specific location (point of impingement) to-
— gether and leaving this mass under adiabatic conditions for
cpsls < hp < cpsls+ cpi(Ti — Ts) + Ahg = an inner compensation process (heat conduction and solidifi-
cpsls+ cpl(Th — Ts) + Ahs — h_p cation), obtaining the equilibrium values Bf and fs . This
sh= (cpl — cpe) (Th — Ts) + Aht compensation process immediately occurs when the parti-
— cle mass impinges on the deposit. In the mixing layer an
T = hp + (1= fswl(cpl = cp9 Ts — Ahil (4) equalization process will take place. Therefore, the enthalpy
(1= fsn)ept + fsheps method properly describes the thermal state of the particle

The mean solid fraction can be calculated iteratively massin the mixing layerafter deposition. In contrast, the
from the enthalpy methodsr and the temperature of  separation methods describes the instantaneous local ther-
the enthalpy method}, using the appropriate equilib- mal state (i, and fsm) of the particle masi the spray
rium phase diagrams. For pure metals, the mean temper- As can be seen in Fig. 6, for the whole particle flight
ature is equal to the constant solidification temperature distance the instantaneous mean particle temperatures and
(Th=Ts=T,). mean solidification fractions calculated by the separation
(c) If the particle mass is still totally liquid, the mean model are lower than the values derived by the equilibrium
specific enthalpy is greater than the specific enthalpy at state (enthalpy) method. With respect to the solidification
liquidus temperature: process after the deposition this difference means that the
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overall particle mass is “undercooled” and may be reheated The boundaries between these three zones can be shifted
after the deposition (in the mixing layer) by the latent heat relative to the flight distance of the particles by adjusting the
released during solidification. superheating of the melt in the crucible/tundish, as shown
To compare the results obtained by the two different in Fig. 7. If the superheating of the melt is lovA{j =
averaging methods for the thermal properties of the particle 100 K) the cooling of the particles occurs immediately
mass along the spray centreline, the spray may be subdividechfter solidification. For this case zone 1 is not visible.

into three different zones: The transition from zone 2 to zone 3 occurs at a flight
distance of approximately = 0.47 m. By increasing the
Zone 1 Overheated spraylf, > Th; fom > fsh)- melt superheating, this transition is shifted to greater flight

In this zone, the values for temperature and distances {= 0.62 m for A7j = 200 K ands = 0.77 m

solid fraction obtained by the separation method are o7 A7i = 300 K). As superheating increases, zone 1

greater than those obtained by the enthalpy method is established. The transition from zone 1 to zone 2 is
For the overall particle mass this means that the

located at a flight distance af=0.12 m (AT} = 200 K)
calculated values for the solidification fractions

ands = 0.22 m (AT; = 300 K). As the melt superheat
tend to be too low, according to thermal equilibrium increases, the zone transition is shifted towards increasing
considerations. This implies, in turn, that if the

flight distances.
spray particle mass within this zone is brought

together during deposition, the remaining superheat 4. Thermal conditionsinside the deposit
from the larger, still liquid droplets will completely

remelt the already solidified particle mass. _ The deposit is built up through deposition of the impact-
This overheated spray condition would resultin jnq droplets/particles from the spray. The impacting parti-
an undesired increase of porosity and reduction of cjes deliver mass and heat to the deposit. The mass and heat
yield, as the spray particles during deposition may flux contribution of the impacting particles as well as their
impinge on a more or less liquid pool, resulting in  particle size distribution strongly influences the cooling and
liquid droplet fragmentation and entrapment of gas processing of the material in the deposit [25-27]. Therefore,
bubbles. it is essential to derive the temporal enthalpy distribution in-
Zone 2 Slightly undercooled sprayl, < Th; fsm < fsh)- side the deposit during the compaction process and the fol-
In this zone, the results derived from the separa- lowing cooling process in order to describe the thermal his-
tion method are lower than the values obtained by tory of a material element.
the enthalpy method. The averaged particle temper-  The model used in this investigation for the enthalpy dis-
ature (with respect to the specific enthalpy) is in the tribution in the deposit is based on a model for calculating
range of the solidification intervall§ < T, < Tj). the temperature distribution in a growing deposit in com-
Therefore, in the state of thermal equi”brium af- bination with the Underlying substrate [9,11] The model is
ter deposition the particle material in the mushy Pased on the numerical solution of the two-dimensional heat
zone tends to have higher solid fractions. The re- conduction equation on a non-orthogonal coordinate system
maining superheat in the bigger liquid drops is not f|tt|ng_thel transient deposit contour. Thg heat conservation
sufficient to remelt parts of the already solidified equation mcl_udes a source term .dESCI’I.bIng the _release of la-
particle material. However, the particle mass still tent heat during solldlf_lcatlo_n. To investigate the |nﬂuenc_e_ of
contains enough enthalpy to ensure that even in the_the substrate_-to-atomlz_erd|stance on the thermal conditions
state of thermal equilibrium some melted parts will in the (_jeposn, calculations based on the stande_lrd parame-
remain (fun < 1). ter set_tmgs (Taple ;) are perfo_rmed. The depo_sn geometry
Zone 3 Heavil uﬁdercooled spray < T _1) undgrlnyestlgatlon is of Gaussian shapg, resultmgfrom nor-
Y praylh < 7s fsh=1). mal impingement of the spray onto a circular disc. For the
Ir_1_th_|s zone, the pa_rt_|cle_mater|al n thermal boundary condition at the deposit and substrate surface, the
equilibrium after deposition is completely solid- 0.4 transfer due to convection and radiation is taken into ac-
ified (fsh = 1). The equilibrium temperature is o, nt The convective heat transfer coefficient has been cor-
lower than the solidus temperaturgh(< 7s). In rejated from measured heat transfer coefficient values in an
this zone the deposited material will be immedi- atomizer gas jet flow [19].
ately solidified following deposition. By changing the distance between the atomizer and
During spray formation, the spray may be com- sypstrate, the thermal state of the particle mass is changed
pacted although the equilibrium state is already as well as the spray width (mass flux distribution). As this
fully solidified. The remaining liquid in the spray  distance increases, the radial mass flux distribution becomes
(calculated by the separation method) still allows flatter and broader [24]. Thus, the dimensions of the deposit
compaction in this zone of the spray. But the are changed, but its essential form remains the same. In
amount of cold porosity is increased in this zone.  the following discussion, the relative deposit heiglitmax
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Fig. 8. Effects on the calculated temperature distribution along the centreline of the deposit of: the normalized Jistagec® the substrate surface, the
time during the spray phase (10, 20 and 30 s, solid symbols) and the distémdbe atomizer. Spray parametetsstandard (Table 1). The shape of the
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.

(i.e., height in relation to the maximum deposit height) is area) during the compaction period throughout the whole
used instead of the total deposit heightFor the standard  depth of the deposit. The temperature is below solidus only
spray condition in Table 1 the height of the deposit that has very close to the substrate (xmax < 0.05) (Fig. 8). There-
been actually sprayed was 0.132 m. Because the geometryore, the solid fraction throughout the whole deposit depth
of the deposit slightly changes with operational conditions, (0.05 < x/xmax < 1) is smaller than 1 (Fig. 11) for a sub-
the relative heighk /xmax is used for the discussion of the strate located at this distance. The mixing layer, where ma-
results. terial that is still melted is found, strongly increases during

Figs. 8 and 9 illustrate the temperature and solid fraction the growth of the deposit (compaction period).
distribution along the centreline of the deposit for a spray  During further cooling the material's temperature de-
time of up to 30 s and a subsequent cooling period of up creases, beginning from the deposit surface and the de-
to 30 s. It can be seen that by decreasing the substrate-toposit/substrate interface. After 60 s the temperature of the
nozzle distance the heat flux into the depositis increased. material in the upper area of the deposi(@ x /xmax < 1)

At a distance of; = 0.4 m, the material inside the de- is below solidus temperature, and the material is fully so-
posit reaches temperatures that are within the solidification lidified. In the underlying region (@5 < x/xmax < 0.6)
interval of the material 1733 T < 1783 K (grey shaded the material is in the solidification state (semi solidified,
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Fig. 9. Effects on the calculated solid fraction along the centreline of the deposit of: the normalized digtangeto the substrate surface; the time during
the spray phase (10, 20 and 30 s, solid symbols) and the disiandbe atomizer. Spray parametetsstandard (Table 1). The shape of the 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.

0.84 < fs < 1) and the temperatures are within the solidi-
fication interval.

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

t=10s 0.21<x/xmax< 0.33, 1733< T <1783K
0.87< fs<1

t=20s 053<x/xmax<0.66, 1733< T <1783K
0.87< fs<1

t=30s 0.85<x/xmax<1, 1733< T <1783K
087< fs<1

The thickness of the mixing layer at this distange<
0.6 m) only slightly increases. Almost 10 s after the end
of the compaction times(= 40 s) all of the deposited
material is completely solidified. Temperatures are below
solidus " < 1733 K) and the solid fraction everywhere is 1.
Inside the deposit a parabolic temperature profile has been
established. At = 0.4 and 0.6 m the substrate is located in
the heavily undercooled zone of the spray.

By further increasing the nozzle-to-substrate distance to
z = 0.75 m the particle material in the spray is so cold
that the temperatures within the deposit do not stay in the
solidification interval even during the compaction process.
The material is completely solidified almost immediately
after deposition s = 1). Therefore, no mixing layer is
established in this case, but spray compaction still occurs
as the spray still contains some liquid melt.
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5. Coupled model for a time period of 100 s. The process conditions under
consideration are listed in the standard parameter settings

The various spray-forming sub-models are coupled in of Table 1 ¢ = 0.6 m, deposit centreliney /xmax = 0.5).
order to analyse the behaviour of the melt material from From the top of the tundish (upper melt surface) to the exit of
melt superheating to room temperature via cooling and the tundish in the atomization nozzle, the melt is cooled by
solidification. The time axis is shown in terms of the mass- ~ 20 K (for an initial melt temperature of 1933 K). The solid
averaged mean residence time of the particle mass in thefraction of the melt does not change as the melt stays fully
spray. By combining these data with the calculated temporal liquid ( fs = 0). In total, the mean residence time of the melt
cooling and solidification distributions of a fixed volume in the tundish is 51.6 s for an exit diameterdaki =4 mm
element inside the deposit, one obtains the mean thermaland a surface height éf= 0.25 m for the meltin the tundish
history of the material at a specified location in the deposit. (determining the melt mass flow rate).

Transient thermal and solidification distributions are In the spray flow, the melt droplets are cooled mainly
shown in Figs. 10 and 11, illustrating the three different by convective heat transfer to the surrounding atomizer gas
modelling regions (melt flow in the tundish; particle cooling flow. Until impingement onto the substrate£ 0.6 m is the
in the spray; growth and cooling of the deposit) at different distance from the atomizer, and= 0.47 m is the distance
time scales. The timeg) is taken as the time where the melt from the atomisation point below the atomizer) the mean
element is at the top surface of the tundish. The temperatureresidence time of the particles in the spray is 0.011 s.
and solidification history of the melt element are described In this time, the melt material is cooled down by 260 K

tundish spray deposit
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Fig. 10. Calculated mean material cooling curves in the three process steps. Spray pararstadard (Table 1), spray distance- 0.6 m, mid point of
deposit atc/xmax=0.5.
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Fig. 11. Calculated mean material solid fraction in the three process steps. Spray paranstterdard (Table 1), spray distange= 0.6 m, mid point of
deposit atc /xmax = 0.5.
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(T = 1650 K) corresponding to a mean cooling velocity the temperature only decreases slightly,spy12 K within
of 2.4 x 10* K-s~1. Consequently, the solid fraction in the the solidification interval.
spray increases tfi; = 0.71. If the distance is increasede= 0.6 m, the mean thermal
Because of thermal diffusion and the release of latent heatconditions of the impacting mass are changedrlp=
inside the mixing layer of the deposit, the temperature of the 1650 K andfsm = 0.71. For a short time the temperature
material increases suddenly immediately after compaction of the material reaches the solidification interval, and then
when the material comes into equilibrium. For the discussed decreases after finishing the solidification process.
parameter settings the temperature increase-i80 K. At a distance of = 0.75 m, the particle mass completely
After complete solidification of the volume element under solidifies immediately after compaction. After a brief rise in
investigation (s = 1), the temperature will then decrease temperature towards the solidification interval, the volume
again, at a cooling velocity of 2 to 3-K1. element cools down continuously. The material inside the
If the standard process conditions are varied (parametersdeposit cools down faster in this case than it does for either
see Table 1), the thermal properties of the particle mass inof the other two nozzle-to-deposit distances considered.
the spray are responsible for consequent changes in transient As well as increasing mean temperatures, raising the
cooling and solidification processes inside the deposit, asmelt superheat (parameter settings P1 to P3) increases
shown in Fig. 12. Here the temperature and solid fraction the remaining melt content of the impacting particle mass
value of the melt element under observation is illustrated (Fig. 13). Here also, the dotted lines in the figures indicate
versus time on a linear scale. The dotted lines in the figuresthe melt elements temperature and solid fraction values for
indicate the melt elements temperature and solid fraction the compacting particle mass immediately upon impact. For
values for the compacting particle mass immediately upon a melt superheat oA7; = 300 K the remaining liquid
impact before consolidation in the deposit. For a distance of melt content in the particles is sufficient to prevent the
only z = 0.4 m, the compacting particle mass has a mean material inside the deposit from being completely solidified
temperature off, = 1707 K and a mean solid fraction in the time shown here. The temperature remains in the
content of fs = 0.56. Due to the high remaining liquid melt  solidification interval after reheating.
content, the volume element discussed here at the end of the For a melt superheat oA7p = 200 K, the volume
time shown is not completely solidified/d = 0.86). Thus, element discussed here is completely solidified after 66 s.
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Fig. 12. Influence of the distaneéetween the atomizer and the substrate on the thermal history of a material element (spray patastetelsd parameters,
Table 1).
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Fig. 13. Influence of the melt overheat on the thermal history of a material element (spray paraayaeameter sets P1 to P3, Table 1).

Before that, the temperature distribution peaks at54 s atomization area, the spray is still superheated, in the
(at T = 1752 K), following the increase that occurs during following zone the average spray condition is slightly
compaction, and then declines. undercooled. For higher nozzle distances the spray is highly
A melt superheat of jush 7{ = 100 K results in a sudden  undercooled.
solidification of the material element after compaction. Too  Based on these submodels, the thermal behaviour of a
little latent heat is then released to raise the temperaturemelt material element of steel has been simulated during
of material above the solidus temperature. After a small successive process steps (melt flow in the tundish; particle
increase in the temperature it drops immediately. flight in the spray; compaction, growth of the deposit
and cooling) with varying atomization nozzle-to-deposit
distances and melt superheat values. The cooling rates of the
6. Summary material within all the stages of the spray-forming process

are derived from these functions.
Sub-models describing different stages of the spray-

forming process have been coupled to give an integrated
thermal model of the process. The main aim of coupling Acknowledgement
simulations of spray-forming processes is to allow ther-
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Thermal averaging of the impacting particle mass can be
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