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Solid-State Spray Forming of
Aluminum Neai-Net Shapes

Howard Gal_:_vel. and Ralph Tapphorn

Authors” Nete: Tn this article, a metal-mateix compaosite
refers ta any solid-state spray-forming matetial thal com-
prises aluminum ard any reinforcement or fstrengthenmg
material.

INT_RODUCTIQN

Osprey and low-pressure plasma
spray (LPPS)aretwoliquid-phasespray-
forming processes used to produce alu-
minum and aluminum metal-matrix
composites (MMCs). The Osprey pro-
cess is a method for spray forming alu-
minum components'- that uses sequen-
tial stages of atomization and droplet
consolidation. Invented in 1970, the
Qsprey process i5 controlled by Osprey
Metals of Neath, Wales. Licensees for
aluminam deposition include "Alcan
(United Kingdom), Peak (Germany),
Alusuisse (Switzerland), Pechiney
{France), Sumitomo Light Metals (Ja-
pan), and Alcoa (United States).* To im-
prove the performance of the traditional
Osprey” process, recent research con-
ducted at the Idaho National Engineer-
ing Laboratory focused on using De
Lavalnozzles. High-speed deposition of
liquid droplets with De Laval nozzles is
theliquid analog of the solid-statespray-
forming (SSF) processes.

LPPS, a variation on vacuum-plasma
gpray that is sometimes referred to as
controlled-atmosphere plasma spray,
was developed during the ‘same time
period by Erich Muehlberger at Electro
Plasma’ LPPS is well established for
producing ultrahigh-quality coatings. It
is less frequently used for spray forming
and is under investigation for deposit-
ing aluminum MMCs.#

MMCs produced with the liquid-
phase processes exhibit extremely fine
grain size and uniformly distributed
strengthening particles. These attractive
metallurgical features are somewhat al-
layed because post-deposition thermo-

mechanical treatment

must be performed to
obtain peak mechanical
properties. However, the
major drawback for the
processes s capital

Gas Supply
System -

Debris Recovery
System

Metat .
Powdar Feader [—
Reinforcemant :I—} Aijpéﬂitlun :I

Péwidar Feeder

equipment cost. The

" Figure 1. Th'e SSF system for fabricating aluminum MMCs.

minimum equipment
costs for both the Osprey and LPPS pro-
cesses are estimated to be $2 million.
High utility and mechanical-mainte-
nance costs are also assoclated with
these processes.

. Several conventionalmetho ds arealso
available for producing near-net-shape
aluminum components, including die
casting and forging” and powder metal-
lurgy. These processes require signifi-
cant tooling investments and are not
applicable to producing aluminum
MMCs, Additionally, die-cast parts are
low in strength and ductility. The extru-
sion of aluminum MMCs is a viable pro-
cess, but near-net shapes are restricted
to continuous profile parts and, thus,
have only limited uses.

SPRAY FORM_ING ALUMINUM
NEAR-NET SHAPES

SSE is a new approa'ch to forming

free-standing aluminum and aluminum

MMC shapes. The concept is energy-
efficient and ecologically sustainable.

Like conventional {liquid/near-liquid
phase) spray forming, SSF can produce
finished parts thatrequire'a minimum of
tooling and machining. Unlike conven-
tional techniques, SSF does notconsume
energy to melt the aluminum. Because
the process is performed completely ini-
the solid state, the resultant parts are
expected to exhibit material properties
closer to those of wrought, rather than
cast, alloys. Table I compares the SSF,

_LPPS, and Osprey processes.

Table I. Three Processes for Spray Forming Aluminum

Feature Solid-State Spray Forming Low-Pressure Plasma Spray Osprey
Feedstock Powder Powder Bulk
Entrainment Fluidize Fluidize Atomize
Gas Flow - Very High High High
Gas Type Adr, Helium, Steam Ar/H, Argon
Particle Speed Very High. High ~ Slow
Setup Minimatl Extensive Extensive
Atmosphere Ambient Vacuum Chamber
Reworkability Yes No No
Cost Low High High
Temperature Low Very High High
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SSF parts are formed at low tempera-
ture, and, therefore, the sprayed metal
or alloy remains metallurgically unal-
tered. Unstable or otherwise impractical
strengthening phases (including nano-
phase particles) may be added simply
by mixing powdered forms of these
materials with the feedstock. For ex-
ample, MMCs composed of standard
aluminum-alloy matrix and ceramic-re-
inforcement particles are expected to be
formed asfinished ornear-finished parts.
The productionof multiple layers of func-
tionally .graded material may also be
deposited without thermal degradation
or chemical interaction,

SSF is performed with a patent-pend-
ing process developed by Innovative
Technology 2 [tusesaspecially designed,
two-phase, converging-diverging depo-
sition nozzle to accelerate metal par-
ticles entrained in a gas. The gas/par-
ticle suspension is directed onto a sub-
strate of a mandrel or into a mald. The
high-speed collision of the metal par-
ticles causes very large strain in the par-
ticles, which produces large, oxide-free
contact areas. When these active sux-
faces come inte contact, true metallurgi-
cal bonds are formed. Metallurgical
bondingis achieved exclusively throtigh
solid-state reaction, bulk melting does
not occur, Figure 1 schematically repre-
sents the SSF apparatus configured for
spraying aluminum MMCs.

Debris generated during the SSF pro-
cess is removed with a coaxial suction
nozzle, driven by a debris-recovery sys-
tem. The debris-recovery system filters
contaminants from recovered effluent
gas and allows excess powder to be re-
cycled. SSF equipment is simple and,
therefore, less expensive to manufacture
and use.than other processes. The S5F
process is ecologically sustainable be-
cause it uses powders in the solid-state
form and a debris-recovery nozzle, re-
sulting in a nonpolluting manufactur-
ing process.

Figure 2 shows a 55F deposﬂmn noz-
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zle without the surreunding coaxial de-
bris-recoverynozzle. Thenozzleis fabri-
cated from tungsten carbide to reduce
wear, which is anticipated to be a prob-
lein with ceraniic and other hard rein-
forcement particles. Thisnozzle wasalso
used to create the first SSF samples (tita-
nium, zinc, and copper) that were pro-
duced for the Lawrence Livermore Na-
tional Laboratory.# -

Brass and stainless-steel versions of
the depositionnozzle wereinitially used
in the kinetic-energy metallization pro-
cess, whichis used to produce thin metal
coatings.® SSF differs from the coating
process in that the system is optimized
for the faster overlapping strokes re-
quired to spray thick, free-standing
shapes. In a simple manifestation, SSF
is used to produce aluminum and alu-
minum MMC tubes (Figure 3). Here, the
mandrel is rotated while the gun
traverses in and out of the plane of
the page.

A unique feature of SSF is that it per-

mits pinnacle or pyramid fabrication -

withoutliquid splatter, rebound, or form
slumping. This feature allows near-net-
shape components tobe formed without
supporl'mg molds. In addition, because
SSF is a directed and collimated spray
technique, overspray issubstantially less
than that of the Osprey or LPPS pro-
cesses. Thisfeatureis expected to reduce
material and energy waste and allow
damaged near-net-shape parts to be re-
worked or repaired.

ECONOMICS AND MARKET
* POTENTIAL

The cost of operating a small 3SF noz-
zle (1.6 mm throat) usingair heatedupto
500 K is $3-5 per hour for the power
(30 kW) required to run the compressor
and the gas heater. A theoretical SSE
deposition rate of 2.6 kg/h yields an
electrical energy cost of $1-2/kg of de-
posited material. All of these numbers
will scale in proportion to the nozzle-
throat area.

The specific energy required for the
air-heated SSF process is —41.5 MJ/kg.
This compates favorably te the LPPS
process, which requires 96-135 MJ/kg
atadeposition rate of only 1.2 kg/hand
apower consumption rate of 32—45 kW
To sustain the plasma, the LPPS method
typically uses argon gas flowing ata rate
of 45 R/min. Thus, argon gas alone can
cost as much as $10-20/kg if it is not
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Figure 3. The SSFcohfigurationforproducing
a MMC tube over a mandrel, -

recycled. If'it is recycled, argon costs
could be $1-2/kg.

LIPS and SSF bofh use metal powders

as feedstock material. Thus, the deposi-
tion cost per kilogram of aluminum for
the LPPS process (gas recycling) is be-
tween $8-18/kg, compared with $1-
2/kg projected for ah air-heated SSFsys-
tem. In addition, the cap1tal~uwesnnent
cost for an 55F system Is estimated to be
an order of magnitude less than that of
the LPPS system.

The Osprey process is capable of ex-
tremely high producl'lon rates for alumi-
num alloys, ranging from 0.2-2.0kg/s.2
Based ‘on the eriergy required to melt
aluminum and a 50 percent depoqition
efficiency, the Osprey process’s.specific
energy requirement is 1,920 kJ/kg of
deposited material. Whileé this low spe-
cific energy is economically attractive,
the electrical power requirements for an
Osprey plant are enormous, ranging
from 384 kW to 3.8 MW, depending on
the deposition rates. Spray forming alu-
minum MMCs with the Osprey precess
has been accomplished through the in-
jection of reinforcement particles {typi-
cally 5-10um SiC or ALQ,, up to 20% by
volume) into the molten-metal feedstock.
While demonstration studies were suc-
cessful, sufficient deposition rates for
scaling up to commerdcial productionare
not established.?

Fortraditional reinforcement patticles
(e.g.,SiCor AL,0,),S5F isnotexpected to
be cost competitive withthe Osprey pro-
cess. However, Osprey was developed
mainly to spray form sheet material, not
individual parts. More importantly, asa

high-temperature, liguid-phase process, -

the Osprey process is not applicable to
the spray formirig of aluminum with
new strengthening phases, including, but
not limited to, nanophase particles,
Meoreover, the capital-equipmentcost for
even a small-scale Osprey plant is at
least an order of magnltude 1ugher than
for an S5F facility.

Near-net-shape 55F aluminum and
alum_mum MMC parts are applicable to
. several markets, includ-

ing automotive, aero-
space, bicycles, electron-

. ics heatexchangers, and
- rapid prototyping. The
automotive, aerospace,
andelectronicindustries
require a wide range-of

Figure 2. An 8SF tungsten- -carbide dep05|tlon nozzle wnh

fitting.
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aluminum components
in various shapes.'?

KEY EXPERIMENTAL RESULTS

The initial approach of this work was
to test the validity of the S5F apparatus
for producing free-standing aluminum
shapes. Aluminiim powder in a size dis-
tribution of less than 10 um diameter
was accelerated with helium ata driving
pressure of 1.38 MPa, Later, aluminum
MMC deposition was attempted.

Pure Aluminum

Figure 4 is an aluminum sample that
was _formed intc near-net shape from
powder with 55F. The near-rectangular
flatwas obtained by traversing thenozzle
across the substrate with overlapping,
painting-like strokes. This sample rep-
resents SSF buildups of 0.64 em and is
10.16 com long and 1.28 cm wide. A scan-
ning electron micrograph of a cross sec-
tion of this aluminum sample is shown
in Figure 5. This sample is in the as-
deposited condition (no post-deposition
heat treatment). Note the highly de-
formed particles and the well-defined
particle boundaries. The lowet portion
of the micrograph shows the K662 alu-
miium substrate. .

A white-light micrograph of a Cross-
section of an aluminum SSF sample after
it was annealed and etched is shown in
Figure 6. This sample was annealed at
—750 K for four hours to determine if
excessive grain growth would occur; this
was not .the case. The figure also
illustrates the contrast between the met-
allurgical characteristics of the alumi-
rnum SSF deposition (top) and the K662
substrate. Note the extremely fine grain
size of the SSF deposition. The micro-
graph also shows extremely low poros-
ity in the 85F-deposited material. The

Figure 4. Apure alumlnum S5F free- standmg
shape.

1

100 um

Figure 5. A backscatter scanning electron
micregraph cf an aluminum SSF sample.
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wereextremely low. Ap-
parently, these hard par-
ticles act primarily as
abrasivesduring thecol-
lision process and tend
toremeve theahiminum
deposit as fast as it oc-
curs. No MMC material
was produced.

SSF deposition pro-
duced with other diffi-
cult-to-deposit (high
hardness/low ductility)
materialg suggestsan al-
ternative approach to
aluminum MMC depo-
sition “that will be at-

) - L.
. : 100 um
Figure 6. A white-light micrograph of an anngaled and etched
aluminum SSF sample. ~ - - I

mechanical properties of this sample
were niot available at the time this article
was published. :

Tnnovative Technology is evaluating
methods of eliminating the post-deposi-
tion annealing process. Heated air is one:
approach for both reducing the expend-
able costs of §SF and at the same time
rendering the powder particles suffi-
ciently ductile to diminish the degree of
work hardening induced by the deposi-
tion process. In addition, Innovative
Technology is investigating an auxiliary
proprietary process that renders the an-
nealing step unnecessary and allows for
the direct near-net-shape spray forming
of aluminum.

Aluminum MMCs

Strengthening-phase powders were
mixed withaluminum powder (less than
10 wm diameter) in a ratio of .one part
strengthening phase totwo parts alumi-
num. Two strengthening phases were
investigated: SiC 400 mesh and SiC 60
mesh. Additional work was planned
with ALQ, strengthening-phase pow-
dets, but was discontinued based on the
results. ' _ :

Deposition rates for these materials

— tempted in future work.
In this approach, specially. prepared
strengthening-phase powders that bet-
ter match the mechanical impedance of
aluminum willbe used. -~ * -

CONCLUSIONS

The next steps in developing SSF will
require sufficient funding to produce
samples with the suggested refinements
and evaluate these samples. The steps
include developing a proprietary auxil:
jary process that renders the annealing
step unnecessary and allows for the di-
rect use of the near-net shape in the as-
sprayed condition, investigating spe-
cially prepared strengthening phase
powders that better match the mechani-
cal impedance of aluminum for produc-
ing near-net-shape aluminum MMC,
using heated air as an accelerating gas,
and conducting additional mechanical
tests of aluminum and aluminum MMC
to determine material properties.

After this work is completed, a pro-
duction-prototype SSF systermn must be
marufactured. Finally, to complete the
SSF commercialization process, either &
production facility or agreements with
contract producers will be required. In-
novative Technology anticipates that the
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SSF technology will alse be licensed for
use in various manufacturing plants.
Whileitis tooearly toestimate the costof
these tasks, they will be considerable.
The feasibility of such an expense willbe
evaluated on the basis of preliminary .
technical results, the market opportu-
nity that the technical results suggest,
and market-penetration estimates. .
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