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Abstract

In the face of ever-increasing materials costs,shetpe manufacturing routes for large volume manurfa of
small parts by Metal Injection Moulding (MIM) andnall volume manufacture of larger parts by e.g. Rapi
Manufacturing and HIP’ping are gaining popularitgas atomised powders offer unique advantages for
manufacturers using these technologies in termslea@inness, flow properties and high packing den3ibese
chemical and physical properties translate intchéigmechanical properties, improved tolerances raode
consistent and cost effective processes. We présgatexamples of applications in each of these melashape
manufacturing technologies which illustrate thesegiples and demonstrate how these methods ararimgt
technically and commercially.

Introduction to Gas Atomised Powders

Powder Metallurgy (PM) is a well established prdduc technology consuming more than
USD6bn of metal powders each year. It is dominhtethe manufacture of ‘press & sintered’
near net-shape ferrous components for automotigkcagions, including transmission gears,
powder forged con-rods and self-lubricating beaginihe powders used in these applications
are irregular in shape made by e.g. water or amaing and confer good green strength after
compaction. After sintering, refined, homogeneousrostructures are obtained with good
mechanical properties at relatively low manufactgrcosts. Gas atomised (GA) powders on
the other hand are used in more specialised presefw the manufacture of high
performance products where the same benefits of migterials utilisation and homogeneity
are obtained, but in addition improved shape cdipabind higher finished part densities are
achieved (~96-100% as opposed to 90-93% in presintered products). The impressive
performance achievable using GA powders is illtsttavith reference to three consolidation
processes: (a), Hot Isostatic Pressing (HIPing)ramluce fully dense parts in special steels,
(b), Metal Injection Molding (MIM) of fine powder® produce small, complex parts and (c),
Rapid Manufacturing using laser and electron beaattimg to produce net shape products.

The GA powders used in these processes are cleanoftygen), spheroidal in shape and
have good flow characteristics but have very déiferparticle size distributions designed for
their respective processes. These characteristigshm contrasted with water atomised (WA)
powders which have irregular shapes, poor flow aigher levels of oxygen and other
impurities. Figure 1 shows SEM images of (a) 17-4BA MIM and (b) an equivalent WA
17-4PH powder.

Fig 1: SEM images of 17-4PH (a) gas and (b) watatomised powder



GA powders are produced by disrupting a streamaifen metal with high pressure inert gas
under controlled conditions. Sandvik Osprey hameef its atomising technology over its 35
year history and offers a comprehensive range loysland particle size distributions. The
company has five gas atomising units, each fittétl imterchangeable melting furnaces and
equipped with an inert gas protective enclosuree@lof these units are specifically designed
to make fine powders (median size < 15um), whiehideally suited for MIM and higher-
resolution laser Rapid Manufacturing technologigse two remaining atomising plants are
used to make coarser powders (median size ~ 40-p@yhich are suitable for HIP'ping,
Rapid Manufacturing using electron beam technolaggt thermal spray/PTA applications.
Figure 2 shows a schematic illustrating the redgafpositions of each consolidation route in
terms of typical ‘component size vs component nusibe
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Fig 2: Schematic showing specialisation of consolidatioroutes vs part size and quantity

HIP'ping of Gas Atomised Powders

While HIP'ping is used routinely to enhance prdperof castings by removing porosity, it is
being used increasingly to manufacture near ngiesparts by consolidation of gas atomised
powders. It is well recognised that HIP'ping allodesigners to make fully dense parts with
refined, segregation-free microstructures. Therelad solubility made possible by the rapid
solidification of the alloy that takes place duripgwder production can also offer additional
performance benefits. From a manufacturing stamdpamproving capabilities to model

shape changes during consolidation mean that apesHIP'ping is being employed on larger
and more complex components. In many cases thisnsnea dramatic reduction in

manufacturing costs through higher materials @i and many fewer thermo-mechanical
processing and machining steps. Examples from \#arfowderMet include sub-sea

hubs/manifolds for the oil & gas industry and stezmasts found in power generation plants

(Fig. 3).
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Fig 3: Sandvik PowderMet steam chest for power genation & sub-sea hub for oil & gas
industry



Once installed, it is important that such composeathieve maximum life in order to
minimise operational costs and HIP'ping helps emsptant integrity. The service
environments for these parts typically feature highssure, highly corrosive and abrasive
fluids and therefore high mechanical strength amlosion resistance are essential. Sandvik
offers a range of advanced stainless steel gramdsding duplex, super duplex, austenitic
and Ni-based alloys for diverse environments.

For successful HIP'ping, it is important that povedare clean and have good flow and high
packing density to enable effective filling of tlsapsule and to minimise shrinkage and
distortion that occurs during consolidation. Thenerally dictates that a broad, coarse size
distribution is favoured, with low surface areaatsorb minimum impurities and therefore
ease high temperature degassing. A recent studyhéyindian Defence Metallurgical
Research Laboratory [1] compared the performant¢#iPiped 304L stainless steel parts with
the wrought alloy with a view to using the techrgylan the aerospace industry. They used
Osprey GA 304L powder (Bal Fe, 0.045%wt. C, 0.045%iy 0.95%wt Mn, 0.006%wt P,
0.007%wt S, 18.2%wt Cr, 9.0%wt Ni, and 400ppm Ohva particle size -180um andJf
88um. Following degassing, capsules were congdeliday HIP'ping at 120C and 120MPa
for 3hours. Room temperature tensile propertiggoduced in Table 1, show the superiority
of the HIP'ped steel compared with minimum valysscgied for the wrought material. The
improvement in strength was attributed to the hdglgree of compositional uniformity and
enhanced diffusion across the powder particlesnduiilP'ping, resulting in improved
cohesive strength of the particle boundaries. leuntiore, the fine grained microstructure and
uniform dispersion of very fine oxides was believedontribute to increased alloy strength.
However, it is critical that low levels oxygen amaintained in the GA powder otherwise
prior particle boundary networks will compromiseojperties. The DMRL study concludes
that the HIP route is suitable for manufacture @amnet shaped components for aerospace
applications.

TABLE 1: Room temperature tensile properties of aipped stainless steel

Material Condition 0.2% Yield UTS Elongation | Reduction in
strength(MPA) (MPa) (%) Area (%)

As HIP'ped Osprey 304L] 280 660 85 85

Specification for wrought

steel (ISO:6603-1972) 200 490 40 40

Gas Atomised Powders for Metal Injection Molding

While coarse GA powders are used to manufactuge IeiiP'ped parts (e.g. up to 10MT), at
the other end of the size spectrum, fine GA powdmgically 10 um median but down to
5um) are, not surprisingly, exploited in Metal ktjen Molding (MIM). This manufacturing
process is suitable for the high volume manufacierg.>1000parts) of relatively small
(<200g), complex parts.

Global sales of MIM powder were reported to be apphing 6000Mt/year in 2008 with a
10-15% growth rate [2]. Japan was an early adayttve technology and Asia has continued
to grow at a faster rate than other parts of tedel now accounting for an estimated 50% of
the total market. The MIM market in Asia is domigtby consumer, computer and
communication—related devices (so-called 3C) wif@seresponse is critical, but impressive
growth in manufacture of automotive parts is algdent.

MIM components are produced using a three stageepso (a), feedstock formulation by
kneading of alloy powders with a polymer binder poments (typically 6wt% binder) (b),
injection molding of the feedstock into multi-caritools and finally (c), the most critical
stage, binder removal and high temperature sirgedimring which linear shrinkage of 10-
15% occurs. Binder removal can be completed seglgrat in a combined cycle depending



on the feedstock formulation. Batch or continuoirstesing furnaces produce sintered
components with high densities (>97%) that usuedlyuire very few finishing operations.
The requirement for finishing operations, such @lsshing of watch cases or coining to meet
precise tolerances can be influenced by the chafistarting powder size: finer sizes giving
higher density and better surface finish.

MIM components manufactured using GA powders gdlyexhibit superior physical
properties to components made with equivalent WMdey including, e.g. higher density and
correspondingly lower porosity. This is demongttain Fig 4 which shows micrographs of
surface finish on 316L components manufacturedgugientical particle size fractions of
90%-22um. The superior surface finish shown by @f MIM component is critical for
consumer applications where a highly polished fingsoften required.
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Fig 4: Example of surface improved surface finistand reduced porosity with: (a) GA powder
0.4% porosity, as compared to (b) WA powder and 4%porosity.

Conventional austenitic stainless steels remaig pepular for 3C markets, but as demands
on performance, such as wear resistance and strehgte increased, alternative alloy
systems are being assessed. Recent research catriggparately by Krug and Zachman [3]
and Hwang [4] shows that the physical propertie8XfL components can be improved by
sintering in a cracked ammonia atmosphere to isergdhe nitrogen content in the final
component and by using finer particle sizes. Waik hlso been done on alternative alloys
including the Nitronic family of alloys. These dtdly austenitic, non-magnetic alloys which
contain Mn as the primary austenite stabiliser.(&ligronic 60 has composition; Bal Fe,
16-18% Cr, 8-9% Mn, 3.5-4.5% Si, 0.08-1.8% N, 0.C%and typically contain high levels
of nitrogen which confer higher strength and hasdnman 316L making them particularly
suited to the 3C market.

GA powders have also been used extensively in kiadlenging automotive sector where
design for dynamic loading is critical. In this eapowder cleanness is an issue and work has
been done to determine the benefits of GA MIM powd&idilsoy et al [5] demonstrate that
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Fig 5: a) Ultimate tensile strength and b) Hardnes for MIM parts produced with GA and WA powder



improved mechanical properties may be expected eden using a coarser GA powder
(D50 10.65um) compared with finer WA powder (D50%uim). It was found that GA
17-4PH showed superior tensile strength, hardnedsebbngation compared with WA (Fig
5).

Perhaps the largest single volume application ftiviNarts worldwide is in components for
diesel auto turbochargers including roller bearingses and nozzle rings. Prior to adoption
of MIM, conventional casting and machining was #stablished fabrication route but this
was very costly because of low material yield amnghhmachining costs. While the vast
majority of turbochargers are currently deployediesel engines operating at max 850
there is a desire to develop MIM’ed parts for gemolengines which will require
development of new alloys with higher temperatumpability (>1050C). Candidate alloys
include IN713C, the established investment caditlay, and other advanced Ni base alloys.
The application of MIM to production of high tempé&ire auto turbine wheel manufacture
(Fig 6) has the potential to reduce component cask$ improve performance though
developments are still at an early stage.

Fig 6: Turbocharger turbine wheel, currently manufactured by
investment casting but a target for MIM manufacturers

One example where MIM technology has largely dispdh investment casting as the
preferred manufacturing method is in the dentalsse particular orthodontic applications.

Traditional investment cast F75 (CoCrMo alloy) odbntic brackets have for many years
been replaced by MIM components which are proddeednore cheaply by virtue of the

reduced number of process steps and radically eeldsirap rate.

Gas Atomised Powders for Rapid Manufacturing

Rapid Manufacturing (RM) is a generic term embrg@amumber of technologies for making
near net shape parts from metal powders. For exar@glected Laser Melting (SLM) and
Electron Beam Melting (EBM) have in common the aéa powder bed which is acted upon
by a rastered laser or electron beam respectiVélg.raster pattern and the build up of layers
is driven by Computer Aided Design (CAD) files, CA€an or MRI data. The parts are built
up layer by layer in the powder bed with fresh pemtdyers deposited by rolling or wiping
across the bed surface. The process is repeatetiafite is translated into three dimensions
with each successive layer of powder (Fig 7 (alaFpart resolution depends on the RM
process and reflects the size of powders usedalypio the process. This can be ~ 20 um for
SLM up to 50 um for EBM.

GA powders are ideally suited for use in all RM g@sses and have been adopted by all of
the leading machine manufacturers. The critical gewcharacteristics include good flow,
high packing density and low surface oxide levéilgs essential that when applying fresh
powder layers to the powder bed, that a uniformedagf powder is deposited to ensure
uniform and consistent part build.



Good flow characteristics are inherent in the spidat particle shape of GA powders, but
flow is enhanced by removing the very fine compdnehthe powder distribution by
classification. The spheroidal nature of the powaleo ensures good packing which means
that parts build uniformly with high density andninhal distortion.

These new techniques are able to produce complegpa3id quickly and in small numbers
which is ideal for making functional prototypesspeke items and production runs of a few
tens or hundreds of parts. Indeed it is possiblenédke complex parts with internal detail
which are impossible to make by conventional mitahing methods.

The surface finish of RM parts is dependent on mavailze and power input and control of
surface texture is an important attribute for aartsmponents, in particular for the medical
sector. Here, the rough surface can encourage ieagsowth of bone and tissue which can
speed recovery after implantation of bespoke itBanseconstructive surgery. Biocompatible
materials such as Titanium and CoCrMo-based aléfwgsamong those most in demand for
RM processes.
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Fig 7: a) Scematic diagram of the SLM process arlg) an example of a removable partial denture
frame- work produced by SLM
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Rapid manufacturing of medical devices using SLM leeen employed successfully in
various applications, including osteotomy and ihgllguides. Commercialization of the SLM
technology is progressing with orthodontic applmas including manufacture of customized
prostheses, including crown and bridge framewonkd eemovable partial denture frame
work.

Summary and Conclusion

Gas atomised powders are essential precursorsgioperformance net shape manufacturing
routes such as HIP’ing, Rapid Manufacturing anddigtjection Moulding. Each fabrication
route demands distinct powder size ranges for aptinperformance and these can be
achieved by tuning atomising conditions as appeberiNet shape technologies such as those
described are efficient in reducing manufacturiimget and increasing materials utilisation.
Strong growth in these areas is therefore setritirage.
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