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Characteristics of rapidly solidified Al-Si-X
preforms produced by the Osprey process
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This paper describes some characteristics of an Al-20Si-X aluminium alloy, processed by the
Osprey route, in terms of total oxygen content, porosity distribution and microstructure.

A theoretical analysis of the solidification of the material, after a semi-liquid/semi-solid spray
of atomized droplets—particles impacts the deposit, is presented. A heat flow calculation was
conducted applying the forced convection method at quasi-steady conditions. Based on the
calculation of the heat transfer coefficient the cooling rate was estimated within the range
~10%to 10* Ksec™'. Stroehlein OSA-MAT measurements showed that the total content of
oxygen of the Osprey preform was 3.5 and 7 times lower than the corresponding values for
argon (nitrogen) and air atomized Al-20Si-X powders, respectively. Light microscopic
examination of the deposited material revealed a homogeneous microstructure with a porosity
level as low as 1.3%. Microstructural features indicated that the Osprey process provided ra-
pidly solidified material with an average cooling rate of 10° to 10* Ksec™'. This cooling range

proves that the theoretical estimation presented in this work is sufficiently accurate.

1. Introduction
Considerable success has been achieved in the last
decade in the development of advances aluminium alloys
which offer enhanced properties compared to conven-
tional, wrought products. Most of these developments
have centred on P/M (powder metallurgy) and other
rapid solidification technologies which permit new alloy
compositions to be processed without the limitation
imposed by conventional casting [1, 2]. The principal
advantages to be gained arise from macro-segregation
elimination yielding mechanical property improve-
ments, and from the near-net shaping capability.
Another advantage is that the fine resulting grain size
produces excellent workability and also grain-size
strengthening at high temperatures. However, despite
the attractions of these rapid solidification techniques,
the current application of such new alloys is limited,
mainly because of multistep processes which involve
higher costs than alternate production routes such as
casting [3, 4]. This limitation is particularly important
in the automotive industry where products with
improved properties can usually only be sold in com-
bination with a low manufacturing cost.
Consequently, a process which can offer both
superior properties and low processing costs is par-
ticularly attractive. It is believed that among various
relatively well developed new solidification techniques
the Osprey process has the ability to fulfil these
requirements [5]. The Osprey process, pioneered by
Singer [6, 7] and later developed commercially by
Leatham, Brooks and Coombs [8, 9], is a rapid solidifi-
cation process capable of producing near-net shaped
products or coated articles in a single, integrated
operation. The process [10] comprises the steps of
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providing a stream of molten metal, converting the
metal stream into ‘a spray of molten droplets by gas-
atomization and directing the droplets at a collecting
surface where they re-coalesce to form a high density
shaped spray-deposit (preform). The resulting deposit
can either be used in the as-deposited form (either
bonded to or removed from the collector), or it can be
further processed, again either bonded to or separate
from the collector, by conventional working opera-
tions. The rapid solidification results in deposits which
are characterized immediately after deposition by a
fine, uniform grain size without macro-segregation,
irrespective of the thickness of the deposit [10].

Figure 1 shows a schematic diagram of the arrange-
ment for aluminium preform production with the
option to produce particulate composite materials. A
section of an aluminium alloy preform, produced in
35sec with a gas to metal ratio of 3.5m*kg™', is
shown in Fig. 2 [11]. To produce such a preform a
stream of molten aluminium is dispensed from a fur-
nace, directly into a gas-atomizing device at metal
flow-rates which are typically in the range 5 to 25kg
min~'. The metal stream is then impacted by high
velocity jets of atomizing gas (normally nitrogen)
which serves several essential functions, namely:

1. To comminute the stream into a spray of fine
droplets; for aluminium alloys the mean droplet size is
typically 25 to 40 um.

2. To shape and rapidly move the spray; in this way
a high yield of metal is deposited and the desired
preform shape is obtained. Deposition vyields are typi-
cally in the range 70 to 90%, depending mainly on the
size and shape of the preform being deposited.

3. To protect the atomized droplets from oxidation;
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Figure 1 Schematic representation of aluminium preform pro-
duction (including metal matrix composites: MMCs).

Figure 2 Section of an aluminium alloy preform — spraying time
35sec (Osprey Metals Ltd).
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the nitrogen used for atomization is evaporated from
a standard, high purity, liquid source and because the
droplet flight time is only a few milliseconds, no signifi-
cant oxidation of the droplets occurs.

4. To transfer kinetic energy from the high velocity
gas to the atomized droplets; this assists in the forma-
tion of high density preforms.

5. To rapidly extract a controlled amount of heat
from the droplets, both in flight and on deposition;
this is essential to the production of rapidly solidified
preforms, irrespective of section thickness.

The widespread interest and development of spray-
deposition (the Osprey process) can be ascribed to
several flexibly interrelated factors whose characteris-
tic is increasingly demanded when specifying proces-
ses or materials to meet the demands of new products.
Although the Osprey process for aluminium alloys
can be described as incorporating the advantages of
powder metallurgy without the disadvantages of
degassing and consolidation, it is more useful to men-
tion some options that become available when this
route is followed {12, 13]:

(a) The rapid formation of a range of semi-finished
products such as tubes, billets or strip directly from
the melt. Coated products can also be manufactured.

(b) The processing of difficult to work conventional
alloys and novel alloy compositions as a direct conse-
quence of rapid solidification.

(c) The creation of composite products which can
contain over 20 volume % dispersoid by injection of
particulate into the atomized stream of molten alloy
(Fig. 1).

(d) A range of secondary processing routes can be
considered without prolonged soaking times and/or
large deformation ratios being necessary as a result
of fine grain size, segregation-free, non-dendritic
microstuctures.

It has been described in the literature that the
microstructure of spray deposited materials varies
depending upon different processing conditions.
Apelian, Kear and Schadler [14] emphasize that
among many factors which contribute to the final
microstructure of the Osprey material, the most
important are droplet-particle velocities, size distribu-
tion, temperature profiles and droplet-substrate inter-
actions. The latter is crucial since it affects the cooling
rate, microporosity and hence the microstructure. In
turn the cooling rate has an important effect on the
development of the microstructure before, during and
after solidification [15].

Although the Osprey process is assumed to be per-
formed with a cooling rate of 10° to 10" K sec™' [9, 16,
17], there are still not enough experimental and
theoretical data proving that an actual cooling rate of
spray-deposited material is within the rapid solidifica-
tion range. Therefore, it was necessary to undertake a
theoretical and experimental study on the solidifica-
tion characteristics, cooling rate and microstructure of
an Osprey preform.

2. Experimental procedure
The spray-deposited preform studied was produced by
Osprey Metals using nitrogen for atomization. The



TABLE T Nominal composition of the Material studied, wt %

Si Cu Mg Fe Al
20.0 3.1 1.3 0.3 bal.

nominal composition of the material investigated is
given in Table I.

A theoretical analysis of the solidification of the
material, after a spray of atomized droplets (particles)
in semi-liquid/semi-solid state impacts the deposit, is
presented. A heat flow calculation was conducted
applying the forced convection method at quasi-
steady conditions. Based on the calculation of the heat
transfer coetflicient the cooling rate was estimated.

The total content of oxygen was measured by
means of the Stroehlein OSA-MAT method. Porosity
measurements, of small prisms taken from a cross
section of the preform along the plane of spraying,
were provided by autopycnometry in helium (with
evaporation of moisture at 120°C for 5 minutes).

Description of the microstructure was provided by
optical microscopic examination of samples prepared
by a standard metallographic technique, followed by
etching with a 1% solution of nitric acid in Wilcox and
Keller’s reagent.

3. Results and discussion

3.1. On-deposition solidification

As already described [9, 12, 18], upon the instant of
impingement (deposition) a range of droplet sizes can
be at different temperatures and states of solidifica-
tion. For a given alloy and atomizing gas the cooling
rate in flight is mainly determined by the size of an
individual particle since the size strongly governs the
amount of heat that must be dissipated from the
droplets in flight prior to impact. An extended discus-
sion on the cooling rate and solidification mode of
atomized Al-20Si-X alloys, in terms of atomizing gas,
gas velocity and particle diameter, was presented in a
previous publication [19]. Under optimum conditions,
the coarse particles are deposited in the fully molten
state and the fine particles will be deposited fully
solidified at a temperature close to that of the atomiz-
ing gas. From experimental observations, it is believed
that the majority of particles of an intermediate size
will be deposited in the semi-solid/semi-liquid con-
dition, or in an undercooled state (Fig. 3) [11]. This is
also reported by Lavernia et al. [15] whose experimen-
tal results suggest that definite proportions of liquid
and solid phases are required in the spray at the
moment of impact for the attainment of sound deposits
(the amount of liquid phase in the spray should be
between 15 and 30%).

It is essential that the surface on to which the par-
ticles are deposited is not at too low a temperature as
this leads to each individual particle retaining its own
identity and characteristic microstructure after depo-
sition [20]. Conversely, according to Leatham and
Ogilvy [11, 12], the surface on to which the particles
are deposited must not be at too high a temperature as
a thick layer of molten alloy can build up on the
surface of the preform and subsequently be ejected
from the surface by the high velocity gas and/or mo-
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Figure 3 Schematic representation of the deposition stage of the
Osprey Process.

tion of the collector. Needless to say the presence of
such a fully liquid layer can lead to problems with the
process since splashing can become excessive [21].
Ideally, the conditions of deposition are controlled in
such a manner that a layer of semi-solid/semi-liquid
metal of controlled thickness is maintained at the
surface of the preform throughout the deposition
operation. This is supported by the results obtained by
G. Miravete er al. [22] which indicate that a small
fraction of liquid mixed with solid exists at the top of
the growing preform during deposition.

It has been pointed out [12] that the particles in
which dendritic solidification has occurred during
flight are impacted at high velocity on to the surface of
the preform resulting in dendrite fragmentation. The
fine presolidified particles and the coarse (or under-
cooled) fully molten particles add to the solid and
liquid content of the surface of the preform. Thus, the
preform surface consists of a mixture of dendrite frag-
ments, pre-solidified particles and liquid metal. The
fine, pre-solidified particles and the dendrite frag-
ments appear to re-melt in the liquid metal, aided
partly by the release of latent heat.

The final microstructure of spray deposition will be
determined both by the solidification prior to and
after the impingement of the atomized particles on to
the deposit surface. The latter is of particular interest
for this study.

3.7.1. Heat transfer considerations and
cooling rate

Heat extraction from the semi-solid/semi-liquid layer

is assumed to be performed by conduction of heat to

the substrate and extraction of heat by the fast moving
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Figure 4 Schematic illustration of the on-deposition solidification.

atomizing gas. The conduction of heat to the substrate
could be dominant at the initial transient stage of
deposition. While the particles are deposited on a
quite cold substrate, the degree of interface contact
plays an important role. But in this particular case of
spray deposition, as the thickness of the deposit
increases, the cooling of the deposit has to rely mainly
on heat transfer to the surroundings by forced convec-
tion of the relatively cold atomizing gas flowing over
the deposit surface.

Apart from the initial and final transient stages
of the deposition process, a constant supply of drop-
lets to the deposit, a constant heat transfer from
the layer to the flowing gas and hence a constant
cooling rate during the process are assumed. Figure 4
illustrates schematically the deposition and solidifica-
tion mechanism.

The heat transfer is considered to take place in a
quasi-steady state. Since the states a and @’ are com-
mon except for the increment of the deposit thickness,
the complexity in dealing with the process from g to &
and b to a’ is therefore avoided. Another assumption
made in this study is that the internal heat flow is
practically isothermal. To evaluate the heat extraction
from the film by the atomizing gas, the approach of
the convection heat transfer, particularly dealing with
laminar flow, is applied [23-25]. The effectiveness of
this heat extraction is characterized by a heat transfer
coefficient A.

In the case of convection from a flat plate over
which a fluid is flowing, the heat transfer coefficient (%)
is presented by [23]:

h = (k/D)Nu (1)
where Nu is given by
Nu = 0.332Re'? Pr'? )
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Figure 5 Gas-preform interfacial heat transfer coefficient as a func-
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Nu, Re and Pr are dimensionless groups called Nus-
selt number; Reynolds number and Prandtl number,
respectively. They are expressed as:

Nu = hD/k,
Re = (Ug,/u,)D 3)
Pr = c,u,/k,

where h = heat transfer coefficient (Wm2K™'),
U = gasvelocity (msec™"), D = diameter of a preform
(m), o, = gas density (kgm™’), ¢, = heat capacity of
the gas (Jm > K1), k, = thermal conductivity of the
gas (Wm ™' K™"), u, = dynamic viscosity of the gas
(Nsm~?).

The value of Pr is about unity (within a factor of
perhaps two or three) for all gases under normal
conditions [24]. Therefore a combination of Equations
1, 2 and 3, gives

ho= 0332k,(e,/p,)" (U/D)"™ )

where all the thermophysical properties refer to the
gas. The results of the calculation of the heat transfer
coefficient (#), for nitrogen, by means of Equation 4,
are given in Fig. 5. The thermophysical data of nitro-
gen gas, given in Table II, are taken from [26].

TABLE II Thermophysical data of nitrogen gas [26]

Property Symbol Units Value

Thermal k, Wm 'K~ 3.33 x 1077
conductivity

Density 0, kgm™? 0.853

Dynamic g Nsm™ 21.98 x 107°
viscosity
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It is apparent, from Equation 4, that the heat trans-
fer coefficient depends on the atomizing gas, gas veloc-
ity and preform diameter. It is implied by the laminar
flow theory that there is no lateral flow of the depo-
sited semi-solid/semi-liquid layer (this is a unique fea-
ture of the spray deposition process distinguishing it
from conventional casting).

The condition for Newtonian cooling during depo-
sition is expressed as

h < ky/X, )

where X, is the thickness of the film and k,, is the
thermal conductivity of the film material.

In the case of Newtonian cooling, the local solidifi-
cation time, for a given heat transfer coefficient £, can
be estimated by

lf=

AHJRAT, A (©)

where 4 is given by Equation 4, A is the surface area
of the film, AH is the total heat that has to be removed
and AT, is expressed by

AT, = T—T, 7

where T'is the temperature of the film material and 7,
is the temperature of the atomizing gas.
AH is given by

AH = V(e AT, + AH)) )

where V' = volume of the solidified film material
(m?), ¢, = specific heat of the liquid (Jm™* K™'),
AH;, = latent heat of fusion (Jm™*), and
AT, = T — T;if the droplets (particles) are deposited
at T, and the solidification temperature is 7;.

Suppose the film thickness is X, the area of the film
A, and the fraction of solidified material g, then

AH = AX(c, AT, + AH) (1 — g) )

Figure 6 Local solidification time as a function of the solidify-
ing film thickness for atomization in a stream of nitrogen
(D = 1 mm).

Substituting Equation 9 into Equation 6 gives
o= X(1 — g) (c AT, + AH)/RAT,  (10)

From the preceding discussion it can be concluded
that AT, is a very uncertain factor that can vary from
positive through zero to negative depending on the
state of undercooling and solidification of the arriving
droplets. Because of the relatively small effect of AT,
the value of AT, is taken to be zero and then Equation
10 becomes

= X(I — g)AH/hAT, (11)

The results of the calculation of the local solidifica-
tion time, by means of Equation 11, for film thick-
nesses of 1 ym, 10 yum and 100 um and a solid fraction
of 0.6, at different velocities of the gas, for preform
diameters of 1, 10 and 100 mm are shown in Figs 6, 7
and 8, respectively. This local solidification time is the
time required for the solidification of the film to be
completed. Figure 9 shows the overlapping of the
results presented in Figs 6, 7, 8 and 9.

The thermophysical data of the aluminium pre-
form, given in Table III, are taken from [27]. The
fraction of solid phase, g, is assumed at the initial
transient stage of the solidifying film. One can empha-
size that g is dependent on the deposition rate. Figure
10 shows the local solidification time as a function of
the fraction of solid phase of the preform layer (D =

TABLE 111 Thermophysical values for the aluminium preform
[27]

Property Symbol Units Value

Specific o Jm K 24 x 10°
heat

Latent heat AH, Jm™? 9.4 x 10°
of fusion
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150mm, see Fig. 12) for a given film thickness at
different velocities of the gas.

Rapidly solidified microstructures depend strongly
on the cooling rate of the liquid phase [28]. For very
high cooling rates (10’ K sec™' and higher) a feature-
less microstructure can be obtained. In most cases of
industrial rapid solidification processes the micro-
structure is of the cellular/dendritic type with different
scales as a result of varying cooling rates. These cool-
ing rates are connected with the local solidification
time.
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Figure 7 Local solidification time as a function of the solidify-
ing film thickness for atomization in a stream of nitrogen
(D = 10mm).

The cooling rate has been estimated with the formula
hAT, [ Xc, (12)

where ¢ denotes the cooling rate in the period from the
impingement of droplets/particles on to the deposit to
the beginning of the solidification of a particular film,
or, say, to the arrival of the next group of droplets/
particles. The results of the calculation of the cooling
rate, by means of Equation 12, as a function of the
cooling film thickness at different gas velocities, are
shown in Fig. 11. From these results the cooling rate

e

Figure 8 Local solidification time as a function of the solidify-
ing film thickness for atomization in a stream of nitrogen
(D = 100mm).



Figure 9 Local solidification time as a function of the solidify-
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was estimated in the range of ~10% to 10* K sec™'.

This range is in a good agreement with other rapid
solidification techniques as, for instance, the produc-
tion of metal powders by gas atomization [19, 29]. The
results imply that the rapidly solidified structure can
be obtained by spray deposition and that the Osprey
preform process is a rapid solidification process.

3.2. Osprey preform
Figure 12 shows an Osprey preform, produced with
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Figure 10 Local solidification time as a function of the fraction of
solid phase of the preform layer for atomization in a stream of
nitrogen at different gas velocities (D = [S0mm, see Fig. 12).

a gas to metal ratio of 3.5m’ kg~' [11], as well as
the internal surface taken from a cross-section of the
deposit. It is recognized that, with the exception of
the side effects, the preform is built up from very thin
and parallel distributed layers, perpendicular to the
spraying direction, without cracks or shrinkages and
without rejection of liquid from the semi-solid/semi-
liquid metal surface of the preform. This is a clear
indication that the deposition proceeds uniformly,
layer by layer, without any influence of R (Fig. 12) and
that the solidification mode is in a good agreement
with the model assumed by Leatham and Ogilvy
[11, 12].

3.3. Microstructure

Porosity measurements obtained from one of the
spray-deposited preforms are given in Fig. 13. These
results were provided by autopycnometry in helium
(with evaporation of moisture at 120° C for 5 minutes)
of prisms taken from a cross-section of the preform
along the plane of the spraying direction. The porosity
was distributed relatively uniformly and varied from a
minimum of 0.9% to a maximum of 1.6% with the
average value being 1.3%; the size of the pores was
typically in the range 5 to 40 um.

The microstructure of a spray-deposited preform
is homogeneous and free from macro-segregation
(Fig. 14). It exhibited fine, uniform precipitation of
silicon particles with an average size of 4um and a
maximum size of 7 um. It must be emphasized that
this homogeneity is one of the most important charac-
teristics of spray-deposited materials.

Light microscopic examination indicated that
during the whole deposition period similar conditions
in terms of heat extraction and deposition rate exist,
providing a final uniform microstructure (Fig. 14).
Another very important factor of spray-deposited
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Figure 11 Cooling rate as a function of the cooling film thickness for
atomization in a stream of nitrogen at different gas velocities.

materials concerns the absence of oxide film forma-
tion during atomization and deposition.

3.4. Relationship between silicon particle size
and cooling rate

The relationship between solidification rate and den-

drite cell size cannot be applied for determining the

TABLE IV Oxygen contents of rapidly solidified aluminium
materials [19]

Material Atomization Oxygen
gas content wt %

J1 Al-2081-3Cu-1Mg air 0.203
(powder)

J2 Al-20Si-3Cu-1Mg-5Fe  air 0.200
(powder)

J3 Al-20S1-3Cu-1Mg-7.5Ni air 0.220
(powder)

K1  Al-20Si-5Fe-2Ni air 0.213
(powder)

K2  Al-20Si-5Fe-2Ni argon 0.106
(powder)

OS1  Al-20Si-3Cu-1Mg nitrogen 0.110
(overspray powder)

082 Al-20Si-3Cu-1Mg nitrogen 0.030

(preform)

cooling rate of a spray-deposited material because of
the lack of a “cast” cellular microstructure due to the
fact that the mechanical action of splatting breaks off
the dendrites of the semi-liquid/semi-solid particles at
the point of deposition.

From the relationship between silicon particle size
and cooling rate proposed in our previous works
[5, 19, 31] it can be deduced that the mean cooling
rates to form 4 to 7 um silicon precipitates are in the
range 10° to 10° Ksec™'. This cooling range proves
that the theoretical estimation presented in this work
is sufficiently accurate.

3.5. Oxygen content
The content of oxygen, of the material investigated,
was measured using the Stroehlein OSA-MAT. The

Figure 12 Osprey preform.
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Figure 13 Porosity distribution of an Osprey preform as-sprayed.

principle of the method has already been described in
detail [19].

Figure 15 presents the oxygen spectrum correspond-
ing to the spray-deposited preform OS2:Al-20Si-
3Cu~-1Mg. The upper curve represents the second
derivative curve of this oxygen spectrum. The X-axis
of the lower curve gives the time of heating, whereas
the Y-axis gives the relative speed of reduction of
oxygen in per cent. The oxygen content is determined
by the integral below the envelope curve.

The total oxygen content of the nitrogen atomized
Osprey preform  OS2:Al-20Si-3Cu-1Mg, namely
0.030 wt %, was compared with the total oxygen con-
tents of the air atomized (for the powders J1, J2, J3,
and K1) and the argon or nitrogen atomized (for the
powders K2 or OS1) Al-20Si-X aluminium powders,
previously obtained [19], whose corresponding values

1.311.310.9
1.411.3(1.3

N w

1.211.2
1.2

1.5
1.6 |1

200 pm
| ——

are gathered in Table IV. The values reported are
averages from different samples.

It is apparent, from the results presented in Table
IV, that the total oxygen contents of (i) the argon or
nitrogen atomized powders (0.106 to 0.110 wt %) and
(i) the air atomized powders (average value 0.209 wt %)
are 3.5 and 7 times higher, respectively, than 0.030 wt %
corresponding to the total oxygen content of the nitro-
gen atomized Al-20Si~X Osprey preform OS2. This
low oxygen content is one of the advantages that the
Osprey process offers to minimize the problems asso-
ciated with the oxide contamination of rapidly quen-
ched powders that form difficult-to-reduce oxides [15].
The presence of a high volume fraction of oxides,
particularly in stringer form in the worked alloys,
has been shown to be highly detrimental to frac-
ture toughness properties, fatigue crack growth

Figure 14 Microstructure of a spray-deposited preform.
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Figure 15 Oxide spectrum and second derivative of the oxide spec-
trum. Osprey preform as-sprayed OS2: Al-20Si-3Cu-1Mg.

rates and resistance to the fatigue crack initiation
[31].

4. Conclusions

The Osprey process gives a rapidly solidified, fine
grain size (typically 20 to 50um), homogeneous
microstructure without macro-segregation, irrespec-
tive of preform thickness.

A non-particulate microstructure is generated by
depositing the atomized droplets into a thin layer of
semi-solid/semi-liquid metal which is maintained at
the deposition surface.

Aluminium alloys can be spray-deposited without
oxide films and with fine precipitates.

Spray-deposited material exhibited an average
porosity level as low as 1.3%. The porosity is uni-
formly distributed throughout the preform.

The microstructure does not depend on the small
local porosity variations revealed in this study.

The total content of oxygen of the Osprey preform
(0.030 wt %) was 3.5 and 7 times lower, respectively,
than the total oxygen contents of (i) the argon (nitro-
gen) atomized powder (0.106 to 0.110wt %) and (ii)
the air atomized powders (average value 0.209 wt %).
On the basis of a heat flow analysis a cooling rate of
~ 10% to 10* K sec™' was estimated. The silicon par-
ticle size indicated that the mean cooling rates to form
4 to 7 um silicon precipitates are in the range 10° to
10* K sec'. This cooling rate proves that the theoreti-
cal estimation presented in this work is sufficiently
accurate.
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