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Advanced Materials
by Powder Metallurgy

By Wolfgang A. Kaysser* and Giinter Petzow

1. Introduction

One of the techniques which have an inherent potential
to produce some of the future’s tailored, high-tech materi-
als is powder metallurgy (PM). The efficient use of powder
metallurgy depends both on a scientific understanding of
the complex physical and chemical problems of powder
production, handling, forming and consolidation and on
highly developed complex engineering capabilities. The in-
teraction between materials science and engineering is a
characteristic feature of the new powder metallurgy.

From the ancient powder forged pillar of Delhi to the
present, powder metallurgy has shown itself to be a potent
method for forming special, artificial materials when no
other techniques are available due to high melting points
or bad machinability of the materials or microstructures
not obtainable by other techniques. PM high-tech materi-
als must be fine grained and completely free of pores.
Mechanisms of powder densification and simultaneous
microstructural changes are therefore of major technical
and scientific interest.

The basic steps of conventional powder metallurgy are
powder preparation, handling, shaping, and consolida-
tion.'"! Powders may be produced by chemical reactions
from precursors or by disintegrating solid or liquid bulks.
The powders are shaped in dies under uniaxial load or put
into thin-walled capsules and isostatically pressed. The
shaped compacts contain pores between the individual
particles which amount to porosities between 60 and 10
vol-%. One of the purposes of the subsequent sintering, a
heat treatment below the melting temperature of the major
constituents, is to eliminate the pores; the process is driven
by a reduction in solid-vapor interface area. Porosity re-
duction requires an increasing fraction of solid material in
each unit volume cell by rearrangement or by shape
change of the particles (Fig. 1 top).

2. Advanced PM Materials by Pressureless Sintering

Shape change or center to center approach during solid
state sintering occurs in a quantified way when vacancies
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Fig. 1. Shrinkage by rearrangement and center approach (shape change) dur-
ing sintering. Top: Monosized grains without coarsening. Bottom: Grains
with broad size distribution and coarsening.

diffuse from pores into the grain boundaries where they
are subsequently eliminated. Unfortunately, the transport
of vacancies to the grain boundary sinks by bulk diffusion
or by grain boundary diffusion does not provide complete
densification in metal powders of sizes between 1 and
100 um. In the final stage of sintering, when the porosity is
below 6%, the continuous pore channels transform into
isolated pores which lie at grain boundaries. If the pores
are too small to hold the grain boundaries, but too large,
and therefore too immobile, to move along with the grain
boundaries, grain boundaries and pores separate during
regular grain growth (Fig. 2). Pores that are trapped inside
the grains shrink at much lower rates than pores at grain
boundaries, and they are therefore deleterious for densifi-
cation. Powders can be sintered to full density if the diffu-
sion mechanism controlling the vacancy transport from the

1021




ADVANCED

Kaysser, Petzow/Advanced Materials by Powder Metallurgy

MATERIALS

Fig. 2. Microstructure show-
ing pore drag (asterisk) and
pore/grain boundary separa-
tion (arrow) after final stage
sintering of W—0.15 wt.-% Ni
at 1400°C for 3 h.

pores to the grain boundaries is enhanced and if the grain
boundary mobility is decreased by additives. These basic
principles were successfully applied to obtain translucent
ceramic materials for sodium vapor pressure lamps. The
dense alumina (Lucalox) can be produced by pressureless
sintering when the bulk diffusivity is enhanced and the
grain boundary mobility is reduced by doping the powder
with less than 1000 ppm magnesia.l!

The bulk diffusivity of metals, which controls a major
transport path for vacancies from the pore to the grain
boundary via diffusion through the bulk, can only be mod-
erately increased by doping with small amounts of an al-
loying metal additive. The enhancement of the grain
boundary self-diffusion, which controls a second major
transport path for vacancies, as in W doped with Ni,™
however, also increases the grain growth rate leading to in-
creased pore/grain boundary separation.

The metallic materials produced by pressureless sinter-
ing, such as hard metals, heavy metal alloys and perma-
nent magnets, are all sintered in the presence of a liquid
phase, which reflects the problems of sintering to a pore-
free material in the solid state, but also indicates the ability
to obtain dense materials by liquid phase sintering. The
microstructural development and the shrinkage during sin-
tering in the presence of a liquid phase are governed by a
number of basic principles.”! At sintering temperatures in
all materials one or more phases are solid and at least one
phase is liquid. After processing the microstructure con-
sists often of two solid (sometimes interpenetrating) net-
works. Densification during liquid phase sintering is also
based on rearrangement and shape change of the solid
constituent particles (Fig. 1 bottom). The driving force for
both phenomena results from a decrease in energy caused
by changes in the areas of the liquid/vapor, liquid/solid
and solid/vapor interfaces during rearrangement and/or
shape change. Melt may originate from low melting point
particles or areas which have built low melting point com-
positions by diffusion during heating. With good wetting,
the liquid phase is pulled by capillary forces into particle
necks and small pores. As a reaction to the capillary
forces, particles are rearranged if their mobility allows it.
This rearrangement of the solid particles is a necessary
prerequisite for effective densification throughout the sin-
tering process even during later sintering stages, when, for
example, the rates of particle shape change also limit the
rearrangement rate. Shrinkage due to the shape change of
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the solid constituents always involves solution-reprecipita-
tion processes, e.g., when during coarsening by diffusion
controlled Ostwatd ripening the grains accommodate their
shape to a changing environment.”™ This is shown in Fig-
ure 3 for liquid phase sintering of Mo-Ni by internal etch-
ing boundaries. A major part of the shrinkage results from
rearrangement when small particles are dissolved making
way for the movement of larger particles (see also Fig. 1
bottom).

Fig. 3. Microstructure of Mo-4wt.-% Ni after cyclic liquid phase sintering
between 1300 and 1460°C (Held at 1460°C for 30 min in each cycle). Etched
with Murakami's solution. [5] The bulk material is densely packed; the center
is a pore. Scale: 24 mm equal 10 um.

Due to the effective shrinkage mechanisms liquid phase
sintering yields dense PM materials. As shown above, den-
sification requires grain growth and rearrangement. Com-
plete elimination of pores is thus limited to systems where
either powders are fine initially or where large amounts of
a suitable liquid phase are available. Typical examples of
liquid phase sintered high performance materials are hard
metals (e.g. WC-Co cutting tools) or hard magnets (e.g.
Fe-Nd-B shown in Figure 4.

Fig. 4. Pore free mi-
crostructure of lig-
uid phase sintered
Fe-18.5Nd-6.5B. The
magnetic grains are
indicated by line pat-
terns  (Kerr effect).
The black areas are
solidified eutectic
melt.

3. Advanced PM Materials
by Pressure Assisted Consolidation

For most of the complex alloy systems fine powders and
suitable melt phases are not available. The powder metal
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lurgical production of these advanced materials of great
commercial interest only became possible when, mainly in
the early eighties, modern engineering provided produc-
tion facilities for powder consolidation where heat (as dur-
ing sintering) and pressure (as during compaction) could
be applied simultaneously. The simultaneous application
of pressure and heat allows the use of comparatively
coarse, prealloyed powders with complex microstructures
and high yield strength. Densification is readily attained
without solid state sintering additives and without the
presence of a liquid phase. The processes most frequently
used are hot isostatic pressing and hot extrusion.

1 BULK DIFFUSION
2 GRAIN BOUNDARY DIFFUSION
3 SURFACE DIFFUSION

4 PLASTIC DEFORMATION
5 POWER-LAW CREEP

6 DIFFUSIONAL CREEP
(NH-C CREEP)
7 GRAIN BOUNDARY SLIDING

Fig. 5. Transport mechanisms during hot isostatic pressing. f=force.

During hot isostatic pressing (HIPing) plastic flow and a
number of creep mechanisms contribute to densification
(Fig. 5).”® Which one of these mechanisms dominates
shrinkage and neck growth rate depends on a number of
powder parameters (size, grain size, current geometry, bulk
material properties, interface properties) and processing
parameters (pressure, temperature, time). The neck growth
and center approach rates are described by analytical
equations but can also be predicted from the deformation
of single powder particles under a well controlled load in a
dilatometer.”® These experiments indicate power-law creep
as the dominant densification mechanism for most metal
alloys.

During normal HIPing the powders must be encapsu-
lated in closed thin-walled preforms, a tedious and costly
operation. In 1985 a new method, sinter-HIPing, started
to come into use.”™ The development became possible
through the construction of improved HIP equipment with
pressure vessels which allow dewaxing of binders, often
added to the initial powder mixtures for superior handling,
vacuum sintering and subsequent HIPing in one cycle. The
vacuum sintering is performed to closed porosity (porosity
below 6%), i.e. to a state where all pores are separated from
each other and completely enclosed in a dense material
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matrix. The sources for the closed pores are not limited to
the usual porosity remaining from the starting porosity in
dense randomly packed powder arrangements, but may
also stem from undestroyed initial powder agglomerates,
inhomogeneous flow of powder particles during mould
filling or inhomogeneous drying in slip cast greens. The
elimination of these larger pores, which constitute critical
defects in the final material, during HIPing or sinter-HIP-
ing makes the PM materials often superior to cast materi-
als which frequently contain casting porosity. Figure 6
shows the collapse of a large pore during HIPing of pre-
sintered Al,O;-anorthite by a combined flow of Al,O,
grains and the anorthite glass.”

Fig. 6. Closing artificial
pore in presintered
Al;0;-10 vol-% anor-
thite after HIPing at 10
MPa for 30 min. The
arrows indicate the for-
mation  of  special
boundaries by coales-
cence of the AlL,O,
grains.

As mentioned above, the use of HIPing or hot extrusion
provides dense materials also from unsinterable particu-
late combinations, such as short-fiber reinforced compos-
ites and oxide dispersion strengthened high-temperature
alloys. Mixtures of fibers of high strength and high stiff-
ness with fine powders are consolidated at temperatures
low enough to avoid fiber decomposition by chemical
reactions with the matrix, but sufficient to allow adequate
bonding of the fibers to the matrix. Whereas reinforcement
of metals and ceramics with long fibers was found eco-
nomically unviable, short-fiber reinforcement, particularly
with SiC whiskers, is seen to offer a more favorable cost
property-improvement ratio.''” At present the most fre-
quently investigated systems are SiC-whisker reinforced
Al,O;, Si;N,, and Al alloys.""™ A number of technical and
economic problems are, however, still unsolved. The SiC
whiskers are too expensive. The distribution of the whisk-
ers in the fine powder matrix and sintering to closed po-
rosity as well as chemical reactions between the whiskers
and the matrix require further research.
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Oxide dispersion hardened Al alloys or superalloys are
produced by reaction milling in an attritor. During milling,
surface oxides on the powder are destroyed and finely dis-
tributed in the interior of the powders together with other
intentionally added fine oxide powders due to a continu-
ing fracture and rejoining sequence.!'” A modification of
this method is the reaction milling of a mixture of Al and
graphite powder which provides an extremely homogene-
ous distribution of fine graphite inclusions in the Al ma-
trix.''? During tempering of the hot extruded milled
blends, fine Al,C dispersoids form at the sites of the fine
graphite inclusions (Fig. 7). The tensile strength of this ma-
terial at 400°C is 50% of the room temperature tensile
strength.

Fig. 7. Microstruc-
ture of a dispersion
hardened Al alloy
(DISPAL 1 Si 12
transv.).

HIPing and other new consolidation methods such as
hot extrusion also allow fast densification and defect heal-
ing of coarse, unsinterable powders with unusual micro-
structures. Such powders are produced by rapid solidifica-
tion; high cooling rates and high undercooling result in re-
fined microstructures, decreased segregation, metastable
and new phases, as well as in increased solid-solubility
ranges. Gas or water atomization are valuable methods for
producing rapidly solidified powders for high-perform-
ance materials in large quantities. With these methods a
thin falling stream of the molten alloy is disintegrated into
fine droplets by the impact of high pressure gas or water
jets.i

An important aspect of the microstructural refinement is
the cooling rate of the droplets which determines the vel-
ocity of the solidification front. The cooling rate is gov-
erned by the convective heat transfer from the droplet to
the surrounding flowing gas. The cooling rates range from
10° to 107 K s ' for droplets of 50 um (argon) to 5 um (he-
lium) in diameter, respectively. For a special group of ad-
vanced PM materials fine microstructures are not suffi-
cient, but segregation-free microstructures are required.
They allow the formation of highly supersaturated solid
solutions yielding a large amount of extremely fine preci-
pitates during ageing. These are often stable against fur-
ther coarsening due to a low equilibrium solid solubility of
the alloying elements in the solvent at service tempera-
tures. Segregation-free solidification is only possible if the
growth velocity of the solidification front is larger than the
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diffusion speed of the solute atoms.!'”! In Cu-7wt.-%Sn a
solidification-front velocity of about 4 ms~' is required
for segregation-free solidification, which is high compared
to the velocity of 0.02 m s ' obtained during cooling of an
atomized 5 um droplet. To attain a sufficiently fast solidifi-
cation-front movement in fine melt droplets, considerable
undercooling of the liquid is necessary. Undercooling is
possible if potent heterogeneous nuclei are absent. The
probability of a potent heterogeneous nucleus being pre-
sent in a droplet decreases rapidly with decreasing droplet
volume. The percentage of powder particles which have
solidified after considerable undercooling increases rap-
idly with decreasing particle size. Due to extensive engi-
neering efforts and the application of advanced principles
of fluid mechanics, facilities are now available for produc-
ing the required fine powders in large quantities.

From the abundance of recent developments of materi-
als from rapidly solidified powders, three examples are
presented. The first example, the aluminides, illustrates the
beneficial use of high cooling rates to obtain finer micro-
structures. The other two examples, a dispersion strength-
ened Cu-Sn alloy and a Cu-Ti-B alloy, are indicative of the
advantages of high undercooling.

Iron aluminide and nickel aluminide intermetallics have
recently been the object of considerable interest as poten-
tial structural materials for high temperature applications.
The cubic DO, (Fe;Al), L1, (Ni3Al), and B2 (FeAl, NiAl)
lattice structures yield special properties such as a low
density (compared to the superalloys), high strength and
high elastic moduli which make them interesting for light-
weight applications in the aerospace industry. Excellent
corrosion resistance up to 800°C with high yield strength
at elevated temperatures open a wide field in coatings, es-
pecially in oxygen-rich hot gases, with an optimum rela-
tion of price to performance. A major problem of coarse-
grained intermetallics is their extreme brittleness, whereas
single crystals and polycrystals with grain sizes smaller
than 20 um display considerable ductility at room temper-
ature." The reasons for the failure of coarse-grained ma-
terials are the weak grain boundary structures and the sen-
sitivity of grain boundaries to segregation of impurity
atoms. Several remedies exist to improve the unfavorable
properties, the most promising one being the use of rapid
solidification to obtain fine-grained materials. Figure 8 top
shows Ni;Al powder with an average grain size below
15 pm which was obtained by Ar atomization.!'!

A homogeneous distribution of fine oxides, giving a dis-
persion strengthened material, can be obtained directly
from rapidly solidified melts. The Ar-atomized Cu-7Sn
particle shown in Figure 8 bottom has an area where segre-
gation-free solidification occurred. Undercooling was in-
creased by minimizing the number of potent nuclei. With
the addition of Al the metal oxides which were the initial
potent nuclei of the melt were transformed into fine, dis-
persed A],O; particles of low potency. A homogeneous
distribution of Al,O, particles was obtained in areas which
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Fig. 8. Microstructure of
Ar-atomized powders. Top:
Ni;Al (scale(right):50 pm);
bottom: Cu-7wt.-%Sn, puri-
fied with Al addition. The
bright spots show the fine
A},0O, particles.

solidified segregation-free!'® (small bright spots in Fig. 8
bottom).

Cu-Ti alloys are mainly used as electric conductors and
contact materials with increased microhardness and only
slightly reduced electrical conductivity compared to unal-
loyed Cu.!'"" The mechanical and electrical properties of
Cu-Ti can be further improved by the addition of boron
resulting in dispersion hardened copper alloys for welding
machines, where a high microhardness is obtained by ad-
ditional dispersion strengthening. If suitable amounts of B
and Ti are added to Cu, extremely stable TiB, precipitates
form during ageing with a negligible amount of Ti and B
remaining in the solid solution, providing an increased
hardness at high electrical conductivity. However, during
cooling of ternary Cu-Ti-B melts at rates below 10* K s !
the primary solidification of TiB, yields precipitates,
which are too coarse for effective precipitation hardening.
In atomized powders the primary precipitation of TiB,
during solidification is suppressed due to undercooling
and a high cooling rate. Ti and B remain in a supersatu-
rated Cu solid solution, which provides a hardness of more
than 500 HV,, after ageing the powders at moderate tem-
peratures.''8!

4. Outlook

Powder metallurgy (PM) is now recognized by most of
the governments of the industrial nations to be key tech-
nology in the development of advanced materials. For ex-
ample, in 1987, the Bundesministerium fiir Forschung und
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Technologie invested no less than 60 million DM in sup-
port of the German PM research and development pro-
gram. Faith in the potential of powder metallurgy rests on
two factors:

- PM can satisfy the demands of specific material require-
ments. The inherent flexibility of PM materials, as com-
pared to cast materials, results from an almost unlimited
number of workable phase combinations, which include
ceramics, polymers and metals. PM is one of the most
promising techniques for the production of complex
composites.

- PM enables the production of refined, homogeneous
and highly supersaturated materials. New classes of ma-
terials can be used, which require small grain sizes, such
as the intermetallic phases.

Powders are increasingly being used for the production
of thin layers and layered structures. The plasma spraying
of powders has already established itself as one of the
most important methods for the production of high quality
surface coatings. The spray deposition of atomized liquid
droplets onto substrates is increasingly serving the same
purpose. Fine droplets form a rapidly solidifying thin li-
quid layer on a substrate. The latter method smoothly
bridges the gap between PM and casting technology.
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