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Abstract. An overview on the present research and development diredions in Powder
Metallurgy (PM) is redized. There are analysed investigations focused on the mechanical
properties of sintered structural parts improving, for overcoming the PM limitations
concerning the cmplex shape and large parts realization as well as for the advanced
materials obtaining, like nanocrystalli ne materials, intermetallics and composites, the most
recent methods for this purpose being considered.
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1. INTRODUCTION

Over the last years Powder Metalurgy (PM) has known an impresgve devel opment
[1]...[3]. This is eloquently highlighted by the upgraded classfication of its present
applications given in Figure 1. The key factors of this development are its high pdentid in
advanced material producing (some of them impossble to be produced by other
techndogical methods), its known advantages in structura parts production [4], as well as
the less influence of the PM companies adivity than of the traditiona, especially
metall urgical, ones on the ecologica system [5]. As PM applications cover very diversified
domains of the modern industry, their development continuowsly stimulate the reseach
efforts for PM progress. The most important diredions of these intensive researches will be
analysed in this paper.

2. SINTERED PART TECHNOLOGY IMPROVING

Sintered parts have applications both as gructura parts and as parts redized from
specia materials (seeFig.1). For both, improving the processng technologies to overcome
the known PM limitations concerning high mechanica properties, complex shape and large
parts redli zation are well-defined reseach targets.
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2.1. Researches for mechanical propertiesimproving

The largest PM application from the tonnage point of view is to the structural parts,
espedally for the aitomotive industry, production [1]. They are commonly made of low-
alloyed with C, Cu, Ni, Mo and, recently, also with Cr, Mn, Si steels. There ae several
research drections for their mechanical propertiesimproving.

2.1.1. Increasing powder compress bility/homogeneity, dust and hazard reduction

In the sintered structural parts production, water atomized iron povders are going to
replace the sponge ones [6]. Therefore, numerous researches are focussd on the
atomization technology improvement for a better particle size distribution and a higher
cleanliness ohtaining. Beside those concerning the @omisation nozzle geometry and
processng parameters of standard urits optimisation [7], high-presaure water atomization
(up to 150 MPa) is investigated to increase fine particle fraction, enhancing particle size
digtribution [8]. Researches are too performed to introduce vacuum induction melting,
degassng and pouing furnaces to replacethe cmmon ones. For an even more alvanced
refining and formation d ceramic inclusions by the melt contact with ceramic liners
avoiding, systems with cooper water-cooled walls - applying the slag triple-melting refining
process were recently developed [9]. All are expected to improve powder purity and
compressihility.

To enhance the sintered steels homogeneity and to reduce dust, the traditional
elemental powder mixtures are being replaced, in spite of their lowest cost. As alloyed
atomized powders have alow compressibility, diffusion pertially alloyed with Cu, Ni and
up to 0.5 % Mo powders, with fine particles of alloying elements diffusion borded to iron,
are used in Europe and Japan, e.g. Distdoy [6] and DF-C [10] grades. For higher Mo
contents, due to its low diffusivity in Fe, the double alloying method joining atomisation
with diffusion has been recently developed [11]. In America instead, although similar
powders are produced (e.g. Ancorsteel FD [12], Atomet DB [13]), they found a limited
market due to the high cost. New multi-component powders, with al oying e ements bound
to iron particles through spedd binders/chemica treatments, e.g. Ancorloy [12], are
replacing them for the lower price. Finally, intensive researches are dore for the hazadous
and expensive Ni from these powders replacing by more ecological and cheger Cr, Mn, Si

(1.
2.1.2. Improving the diefilling and lubrication processes

A highfilli ng density and uniformity over the aoss sction d the die cavity is essentia for
good qality parts obtaining. It strongly depends on the powder flowing rate and, for a
given powder, on the wall thickness type of compading lubricant, filli ng shoe movement
in respect to wall direction (Fig. 2). Numerous studies, some based on the process
modelling, are arried out for its enhancing. Improving the filling system design, contour
filling, usng d agitating feed-shoes or vibratory feeders, powder fluidization/granulation
with an organic binder [14].
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Fig. 1 - Tentative classification of the present PM applications.
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are severa proposed solutions. The most innovative seems to be powder fluidization by a
current of gas of a low pressure introducing ugstream in the filling system. It creates
frictionless walls—powvder / powder particles interfaces. A uniform powder flow results,
eliminating the influences of variationsin powder characteristics/ambient condtions.

On the other hand, a good
lubrication duing compaction plays a

2o major role in odbtaining a high and
3.5 A . N
4’/—‘13 uniform density. Propartion and type of
3.4 1 . . .
o %ﬂ compadion lubricant influence too the
E 3.3 5&’;:& posshilities of its elimination prior to
= %2 sintering. For all types of lubricants, a
= 317 proportion of over ~ 0.8 % leads to the
o 3 —&— Zn starate-parallel powder compressbility reducing [4].
S 291 —O— Zn stearate-perpendicular | To enhance lubrication and reduce the
£ 28 —#— Kenolube-parallel Iubricant propation, beside the dassc
T 27 ll —D— Kenolube-perpendicular Zn/Li steaate / amidic wax, new
26 {Bg —&— Amidic wax-parallel multi -component lubricants (Kenolube,
. —&— Amidic wax-perpendicular | Metallub etc.) were aeated [6], some
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Fig.2 - Filling density distribution as a function 75 ‘ pu
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[14]. S 731
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[ubrication (Fig. 3), higher than for mixed-in- o 7 — 0.8 % Zn stearat
powder lubricants [15]. Even spedal devices 6.9 A 0.6 % Kenolube
are produced for this purpose. 6.8 — ‘ ‘
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2.1.3. Advanced compaction methods Compacting pressure, p [MPa]

To improve densificaion without
productivity reducing, two new compaction
methods are being developed: warm
compadion and high velocity compadion.

Fig. 3 - Compressbili ty curves of ABC
100.30iron powder for different
lubrication systems[11].

2.1.3.1. Warm compadion

Warm compaction is based on the notable decreasing o yield strength of the ferrite
steels at heating (Fig. 4). Consequently, deformability of particles and implicitly,
compressibility of such powders notable increases even at a moderate heating (up to 150
°C), allowing a higher densificaion at the same gplied presaure. A lubricant resistant at
these temperatures, able to assure a good lubrication, without to deaease the powder
flowing cagpacity, and also a heating system of both powder and tooling is necessary,
instead. Several companies developed such lubricants and heating systems (Fig. 5).
Powders for warm compaction are usually delivered previously mixed with lubricant (e.g.
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Densmix [11]), asauring, at 150 °C and 700 MPa
a porosity below ~3 [%]. Investigations are
performed to deaease the working temperature
for the same densities obtaining, in order to
improve die filling / increase tool life. Such a
lubricant, working a 120 °C, was recetly
reported [16].

2.1.3.2. High wocity compaction

Although compaction by explosion (shock
compadion) has been used for severa yeas, it
was not extended due to its difficulties and low
productivity. The dynamic compaction idea was
recently reconsidered; new technologica

Uireen Densiny (ghem’)

{ |
‘ o vy bt | s i |
y ' [T o]

Fig. 7 - Compresshility curve for
CDC[17].

Yield strength of ferrite steelsvariation
vs. temperature [16].

Remir nber variants, lessdangerous and of a
high poductivity, are being
Upper puich beater —oJR B developed. So, Combustion
; py—— Hue Driven Compadion (CDC, Fig.
Ugptyr ek, 6) uses the cntrolled release of
Ting shoe i + energy from combustion of
= = natural gas to compact powder.
Die Another variant, High Velocity
umepm- Compaction (HVC), redizes

Lower punch

Fig. 5 - Schematisation of a warm compadion system [

16].

densification by intensive repeated shockwaves
creaed by a hydraulically - operated hummer [18].

Both CDC and HVC are

able to develop higher loads than the airrently used
for compaction (Fig. 7), leading to a higher density (at

Fe, 7.2+7.4 [g/lcm?] [17]).

2.1.4. Advanced sintering methods

High temperature sintering and activated

sintering are getting an increasing attention.

2.1.4.1. High Temperature Sintering

Ebectric Gas Inlet
Ignitor “HF =
L

Combustible
rGas Mixture

|- Ram

Fig. 6 - Schema of the CDC
process[17].
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In High Temperature Sintering (HTS), a temperature with 100 + 160 °C over the
commonly used ones (for ferrous parts 1250+ 1285 °C) is adopted. On this way, the solid-
state sintering mechanisms increase in intensity, resulting in a higher densification and

better homogenizaion, or even in the fina sintering
stage adieving [4], espedadly fatigue resistance ad

sy, | toughness being improved (Fig. 8). Although these
’ff,ﬂ’ N ! effeds have been known, HTS application, requiring
’\,{?\ : special sintering  furnaces  equipped  with
N [ 'm ceramic/carbonrcarbon  composite  muffle  and

[ transportation system, was not passble until they could

o " be economicdly fabricaed [19]. Beside its positive
effeds, HTS leads to the aystal grain growth. To avoid
it and for cost reduction, HTS is still investigated.

Fig. 9 - Multi-punch die complex 2.1.4.2. Adtivated sntering

part compaction Sintering adivation, especialy by a transient

liquid phese aestion, is too in attention. It is possble
by addition of small amounts Of soween cousousrs
“activators’ - forming with the

base powder an eutedic of a .

melting pant below the sintering q
temperature. At ferrous materials, m

the most used activator is FOWDER-BRCER BLEMCING a

phosphorus (added as Fe;P)[17]. "™™="#
Some companies are even a

producing Fe-P powders or
premixes [6],[12]. Boron, forming
with Fe an eutectic & a lower

content than P, caught too recently
ahigh interest[20]. 7k —lﬁﬂﬂ

2.2. Extending PM
capability of

complex parts
processng

Althougha notabl e progress
inthe omplex PM parts
production has been achieved by
introducing the new computer
controlled multi-level presses,
redizing the compaction by a
multi -punch die with separately
operated punches (Fig. 9), as
this can compad only linea parts, reseaches are now focused on the amplex 3-D parts

redizing, especially by Powder Injedion Molding/Seledive Laser Sintering.

Fig. 10 - PIM processand obtained perts[4].
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2.2.1. Powder Injedion Molding
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Fig. 12 - Example of a complex part redized

Fig. 11 - Schematic representation o by SLS[22].

SLSprinciple.
with povder metalurgy. By injedion of a
powder-binder mixture (feedstock) in a die
cavity, theoretically any shape @n be readlized. Investigation are presently done to obtain
fine spherica powders of an increased flowing cgpadty, from a higher diversity of
materials, to improve binder properties / feedstock rheologicd behavior for a better die
filling, to improve debinding / sintering/ mechanical properties, dimensiona control [21].

2.2.2. Selective Laser Sintering

Selective Laser Sintering (SLS) represents the latest development in the meta
powder forming. It consists of monogranular powder layers siccessvely redizing on the
maahine plate, able to sequentially move down by a step equal to the layer thickness(Fig.
11). In eeah layer and between two successve layers, a laser beam, by a computer
controll ed sequential displacement in coordinates, joints particles upon a program to realize
the required cross €ction of the part for that layer. The processis repeaed until the whole
partis“built”, layer-by-layer. At its end, the un-sintered particles are removed. It isobvious
that SLS allows large posshbilities concerning the part geometry / dimensions (Fig. 12) and
processed materials. However, the obtained mechanicd properties are modest

and a supplementary sintering operation is usually necessary. Numerous reseaches are
focused onSLSimproving by the laser

beam power/resolution/powder sinteribility increasing (e.g. by coating) [22].
2.3. Large sintered parts redization

Beside the re-consideration of powder forging, determined by technologicd
equipment development through introducing robotized transfer directly from the sintering
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furnace to the forging pressand then to the controlled cooling unit [4], Spray Forming is
the most promising methodfor large PM parts reali zation.

2.3.1. Spray forming

In Spray Forming (SF, Fig. 13), the stream of droplets formed in a gas atomisation
unit is accelerated by the gas jet to the rotating cavity of an open mold (substrate). The
adjustable rotation of the mold allows a uniform compaction of the atomized particles. A
properly adjusted downward movement of the growing part allows for a permanently
constant distance between the gomising nozzle and part, and thus its homogeneous growth.
SF has applications to the billets, tubes, rolls and flat parts of high dimensions production
[23]. Procesdng route is much smpler and productive than in common technology,
homogeneity is higher. It is still in research, being suitable for aloyed steds/composites
processng.

2.4. Improving metal matrix properties

Sinter-hardening and particulate reinforcing are the most known ways of medanica
properties of sted matrix improving. To increase the sinter-hardening efficiency, modular
furnaces with a mnvedive cooling zone — by sintering gas re-circulation, were recently
redized [24]. Particulate matrix reinforcing was reported e.g. by microalloying technique
from classc metallurgy applicationin PM [25].

3. SPECIAL/ADVANCED Funnel

MATERIALSPRODUCTION Niolien
/' 4 infiltrant ‘

a Losse

/// L —powder

As results from Figure 1, PM has /// !
numerous appliceations to special/advanced [ mold

- tancdish ‘

Fig. 14 - SILP principle [26].

materials production - as sntered parts/coatings. Only the
most important, new, of high performance PM
techndogies of such materials obtaining will be cnsidered.

subsirase

3.1. Sintering by infiltration of |oose powders

Sintering by Infiltration of Loase Powders (SILP) is

Fig. 13 - Principle of the SF a relatively new technology that combines sintering with
process[23). casting. It consists in a mold cavity filling with a seleded
mixture of powders, followed by its infiltration with an

appropriate molten alloy (Fig. 14) [26]. As a result, aliquid phase sintering processoccurs
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leading to a new aloy formation. The powder mixture may contain some reinforcing
components, eg. carbides, diamond etc., which are diffusion bonded or mechanical
embedded by the matrix, resultinga composite of required properties.

SILP alows large and complex parts processng from a broad variety of materials,
e.g. diamond dilling tools [26]. Investigation are being performed to enlarge its
application, to improve liquid / solid comporents wetting, to deaease processng
temperature for avoiding RCs alteration [27].

4.2.  Mechanica Alloying

Mechanical Alloying (MA) is too a relatively new tedhnology that enables a large
variety of advanced materials obtaining. It consists of materia milling in a high energy
mill, process producing repeated powder particle deformation, work hardening, fracturing,
clean surfaces forming, locd heating, solid state welding,
re-fraduring and so on under the impact energy transferred to them from collisions of the
chaotic moving balls [28]. Pure dloys/solid solutions of an extended solubility limit are
obtained if comporents does not read ead other, or if the reached temperature, produced
by powder hedaing as a result of the medanica energy of collisions partialy
transformation in heat, istoo less for a possble reaction ignition (Fig. 15-c). Intermetallics
or other types of compounds are formed when comporents reects together or with the
milling atmosphere - if the ignition temperature of the reaction, Tig, (a), is reached by the
particles (b). Finaly, amorphous phases / nanocrystalline materials are obtained by a

Table1
Typical advanced materials produced by MA [28].
Solid solutions _ Amor-
— Intermetallic phous
Solvent Solute Equilibrium MA compounds phases
[% at] [Yoat]
Al Mg 21 23.0 AlCo Al-Cr
Mn 0.0 185 AlMn Al-Fe
Ti 0.0 6.0 AINi Al-Ni
Fe Al 185 50.0 AINb, Al-Nb
Si 9.0 275 CroNb Al-Ti
Ni Ag 2.0 9.0 FesSi Ti-Co
Al 10.0 27.0 FeTi Ti-Cu
Nb 6.0 15.0 M@,Si Ti-Ni
Ti Al 36.0 55.0 NiAl Zr-Cu
Mg 29 60.0 TiB, Zr-Fe
\Y, Co 7.0 40.0 AI-Ni-Ti Nb-Cr
Zr Al 0.5 15.0 Ti-Al-Nb Nb-S

medhanical disordering at an enough longMA time. In Table 1 are given several examples
of such advanced materials obtained by MA.
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Intensive research are being performed for the MA process better understanding, its
application to new components /
nanocrystalline materials obtaining,
for the resulted powder sintering to
obtain bulk materials withou to alter
their microstructure, espedally the
nanocrystalline one, for the direa bulk
MA processing technoogy and
parameters establishement [29].

4.3. Reattive Processng

Temperature [K]

Readive processing (RP) is an

MA Time [h]

Fig. 15 - Ignition and particle temperature vs. MA
time [28].

dternative to conventional methods, suitable to
produce avanced materials containing oxides,
cabides, nitrides, borides, silicides, intermetalli cs
etc., like bulk materials, metal/intermetallic matrix
composites with in-situ synthesised reinforcing
components, coating composite layers. It is based
on the possbility of some elements to form, by
exothermic irreversible reactions, the abowve ) ) o
mentioned compounds. The thermodynamic ~ F19. 16 - SEM image of thein-situ
condition for this purpose is a negative Standard NiAl particulate reinforced with TiB,
Gibbs Free Energy of readion/compound and Al,0; [30].

formation, AG%, < 0. Such synthesis readions are

highly exothermic, facilit ating the bulk material s/coating layers abtaining.

AlthoughRP can be redised in numerous variants, in the solid (S), solid-liquid (SL)
and transient solid-liquid-solid (SLS) states of the readants, the most important are Self-
propagating High-temperature Synthesis - SHS (S), Readive Infiltration (SL), Reactive
Spray Deposition (SLS) [30]. The largest application to the bulk materials obtainingis SHS
in the “Presaure assisted smultaneous synthesis’ (“thermoexplosion”) mode. A typica
SEM microstructure of a NiAl matrix composite, realised on this mode is given in Figure
16. Numerous recantly published papers on this matter demonstrate the grea interest in the
RP application for alarge variety of speda materials, e.g. FGM, obtaining [31].

4. CONCLUSIONS

The @ove presented developments and future trends in PM demonstrate the large
aria of reseach drectionsthat are still opened for its further devel opment.
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