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DLR, German Aerospace Research Establishment, Institute of Materials Research, Linder Hohe,
51147 Kéln, Germany

Abstract

In this paper examples from intermetallics, composites with ductile and high strength
reinforcements, nanocrystalline and superplastic materials are used to illustrate generic and
special achievements and prospects of advanced materials processed by powder
technology. Processing technologies inciude reactive powder metallurgy, nanocrystalline
processing, rapid solidification and mechanical alloying.

1 Introduction

The extension of initial powder metallurgy processing technologies, as solid and liquid
phase sintering, to pressure assisted consolidation methods, as hot isostatic pressing
(HIP}, powder extrusion and powder forging, resulted in a considerable increase in the
number of advanced materials processed by powder technology (PT).

PT processing of advanced materials is typically beneficial if fine grain sizes, reduced
grain boundary and/or interdendritic segregation are required, as in the case of interme-
tallics or prematerials for superplastic forming. Rapid solidification, which is inherent to
most powder metallurgical processes, results in microstructural refinement that is likely to
improve ductility. Besides rapid solidification, PT processing of nanocrystalline powders
obtained by chemical, physical or mechanical treatments, as mechanical alloying, can
result in extremely fine microstructures. Pressure assisted consolidation methods have
opened a wide field of powder-born materials which can be fully densified at temperatures
where microstructural coarsening is slow and reactions between non-compatible phases
{as in most composites) are negligible.

Drawbacks of the PT techniques can be the relatively high cost of the powder production
and of the further processing steps, which require an integral view on available processing
facilities, consumer acceptance and long term benefits for each particular application. High
cost for an advanced material may well be justified by special benefits, e.g. in aircraft tur-
bine engines where every eliminated pound of engine weight yields annother five pounds
of airframe weigth to be saved. Other drawbacks of PT materials, as higher impurity levels
than in cast materials or unfavourable microstructural developments (pores or
precipitations at prior particle boundaries) can be limited or avoided by strict quality control
of each processing step.
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2 Titanium Aluminides

Alloys based on Ti Al {a,) and TiAl (y) are of particular interest for applications in turbine
engines and airframe structures in advanced aircrafts. Fig.1 shows a complex centrifugal
engine rotor produced from a, alloy powder (Ti-24AIl-11Nb; in at.%) by Crucible Materials
[1]. Other emerging applications are sheet materials for next century hypersonic air carriers
and light-weight valves for car engines [2].

Fig.1: Centrifugal engine rotor from a, Ti alloy powder [1].

The primary advantages of titanium aluminides are low density, high strength-to-weight
ratio at elevated temperatures, good elevated temperature creep-rupture strength, a higher
modulus than conventional titanium alloys, and good oxidation resistance. Design studies
projected considerable weight savings for replacements of superalloys with Ti3Al base in-
termetallics, e.g. 43% in a turbine engine stator support ring [3].

PT offers potential for reducing some processing problems and costs inherent to the Ti-
base intermetallics. Powder manufacturing methods include rotating disc atomization,
plasma rotating electrode process and gas atomization [1,4]. Gas atomization has only re-
cently been developed for use with titanium based alloys due to the difficulties associated
with the interaction of crucible walls with molten titanium alloys. Contamination can be
minimized when the molten metal is produced by either consumable or nonconsumable arc
melting [5]. Subsequent atomization through an annular gas flow nozzle yielded compara-
tively coarse (average 200 ym) but clean powders [3]. Other methods include skull melting
or advanced contact-free melting and guidance through the nozzle region [6] which allows
safe homogenization for complex titanium alloys containing elements of widely different
melting points [1].
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Consolidation is achieved either by extrusion, HIP or superplastic forging. The titanium
aluminide alloys usually require temperatures in excess of 980°C and extrusion ratios
greater than 5:1 to attain full density. Following extrusion, the materials are fabricated to
final shapes using hot working techniques (e.g. isothermal forging) and/or machining. After
extrusion in the {a, + B) phase field the a, alloy microstructures are nearly equiaxed a,
grains separated by a worked Widmannstéatten structure. As-extruded y alloys can be ex-
tremely fine grained. For HIP or HIP-related processes similar temperatures and pressures
in excess of 100 MPa are required to produce near-net shapes from preailoyed powder.
The a, microstructure of HIPed material consists of primary a, grains in a transformed R
matrix. The B matrix transforms to a fine scale Widmannstéatten structure during cooling
from HIP temperature. The microstructure of as HIPed y-TiAl consists of a bimodal distri-
bution of nearly equiaxed grains containing a fine lamellar {a, + y) structure.
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Fig.2: Comparison of specific yield strengths of titanium aluminides, titanium and nickel
based alloys as a function of temperature (1).

Titanium aluminide alloys produced from powder mostly have properties equivalent to tho-
se of cast and wrought products [1]. The yield strength of two titanium aluminde alloys
produced by PT are compared with other titanium and nickel based alloys on a density-
corrected basis in Fig.2. The a, alloy (Ti-25Al-10Nb-3V-1Mo; in at.%) was HIPed at
1038°C, solution treated and aged. At temperatures up to 700°C the specific yield
strength of this alloy is superior to both, the IMI 829 (Ti-5.5Al-3.55n-3Zr-0.3Mo-1Nb-
0.3Si, in wt.%) and the alloy 718 {Ni-19Cr-3Mo-5.1Nb-0.5A1-0.9Ti-18.5Fe-0.04C; in
wt.%). IMI 829 is a creep resistant conventional titanium alloy and the Inconel alloy 718 is
a widely used Ni-based superalloy. The gamma alloy (Ti-48Al-1V; in at.%), shown in Fig.2,
was HIPed at 1149°C and cooled without further heat treatment before measuring the me-
chanical properties.

3 Nickel Aluminides

As future bullk material the ordered B2 (CsCl) phase NiAl has a higher potential to be pro-
cessed by PT methods than Ni Al, due the extremely limited formability of NiAl at tem-
peratures < 600°C. Particular remedies of improving ambient temperature strength and
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toughness are macroalloying [7], microalloying, grain refinement [8], and utilization of fi-
brous second phases or particles for reinforcement [9]. A recent review article by Stoloff
and Alman [10] describes PT and other innovative processing techniques for the fabrica-
tion of intermetallic matrix composites in detail.

A recent study (7) revealed the beneficial effect of ternary alloying with 5 at.%Nb or 5
at.%Ti on the mechanical properties of stoichiometric NiAl at room temperature and on the
creep properties at elevated temperatures. Attritor milling of the Ar-atomized powders for
20 h under flowing Ar was followed by sintering of CIPed compacts for 2 h under hy-
drogen and subsequent HIPing to complete density without encapsulation. The appro-
ximately 4-fold increase in fracture toughness of the ternary alloys over the binary NiAl is
as significant, as is the change in fracture path from intergranular to transgranular upon al-
loying with Ti or Nb.

4 Reactive Powder Technology

Also self sustaining combustion synthesis (SHS) of powders is a commercially used
processing method, reactive sintering of preforms on the basis of SHS is in its infancy.
Sintering of preforms from compacted elemental powder mixtures would an economically
most attractive method to obtain parts, e.g. from y-TiAl. Elemental Ti and Al powders with
or without additives {other elements as e.g. Cr, Mn, Nb or short fibres or particles such as
Al,0;and TiB,) are randomly mixed in the desired ratio and precompacted in air or
protective gas, to reduce the enclosed oxygen content [11]. The addition of extra
elements can be achieved by the use of prealloyed powders [12]. Precompaction is essen-
tial for the elementa!l powder metallurgy (EPM) of titanium aluminides and may be conduc-
ted by uniaxial or isostatic pressing and subsequent extrusion, drawing, rolling, forging or
swaging [12] to destroy the oxide layers at the powder surfaces and to allow for metallic
bonding between the initial particles.

The deformed preforms can be machined to components with complex shapes. No
intermetallic phases are intended to form before machining. The formation of the titanium
aluminides is realized by reactive annealing (there will be no sintering in its strict meaning,
due to the absence of pores). The reaction of elemental Ti and Al powders to the interme-
tallic phase TiAl proceeds through an intermediate step in which the intermetallic phases
Al Ti and Al,Ti exist. Unfortunately, Kirkendall pores forming during solid state interdif-
fusion, macro pores forming during flow and subsequent reaction of liquid Al and solid Ti
as well as the interdiffusion of Al,Ti and unreacted Ti forming intermetallic phases of
higher density (TiAl and Ti,Al) cause considerable swelling and residual porosity during
sintering, i.e. pressure assisted consolidation methods are required to manufacture dense
products by reaction synthesis.Up to now, the mechanical properties of TiAl{X) materials
obtained by elemental powder metallurgy are limited by high oxygen contents and proces-
sing flaws [12].

Elemental powder processing or reactive sintering of Ni aluminides has been reported in
detail by (13,14). To date, NijAl with a relative density of up to 97% has been achieved
by optimizing reaction sintering parameters, including particle size, heating rate and atmo-
sphere. Parts with high density (99.3%) can be obtained by applying a low compressive
stress (50 MPa) during reactive consolidation and subsequent vacuum annealing to
complete the reaction. Monlithic NiAl and NiAl matrix composites can be fabricated from
reactive synthesis approach as long as prealloyed NiAl {10 to 25 wt.%) is present to dilute
the exothermic reaction between Ni and Al. The optimal fabrication route proposed for
NiAl is reaction sintering followed by HIP [9].
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5 Composites
5.1 Particulate Reinforced Materials

The main candidates for the substitution of already existing materials by particle reinforced
materials are light alloys where the reinforcement additions enhance specific stiffness and
perhaps also yield some improvement in strength at elevated temperatures. The relative
benefits of the conventional powder metallurgy route in terms of microstructural versatility
are set against the relatively high intrinsic costs that arise from a multiplicity of batch
processing steps. Co-spray deposition as one of the more mature alternative powder-
related processing options, trades some microstructural versatility for potential cost
saving. Proposed MMC applications have succeeded to the point of small production run
orders, but aerospace industry seems not yet convinced that MMC can substitute for
major established materials. Al matrix composites like co-sprayed 2014/SiC,-T6 or
6061/SiC,-T6 have achieved remarkable mechanical properties as YS = 466 MPa, E =
100.4 MPa, € = 2.0 % and YS = 342 MPa, E = 91.56 MPa, € = 3.2 % ( YS = yield
strength, E = Youngs modulus, € = elongation to fracture} [15].

A second category of MMCs holds the key to successful systems development. For
example a combination of specific strength or stiffness at elevated temperature, not
obtainable with presently developed materials may be the essential requirement of a viable
hypersonic transport vehicle. Powder technology relies in this case on its technological
absolute merit compared to other technologies as demonstrated in Ti;Al/SiC and Al,Ta/-
Al, O, systems. Seybolt [16] mechanically alloyed NiAl with Al,O,, Y, 0, and ThO, part-
icles. The particles improved the high temperature tensile properties of NiAl. The effect of
fine TiB, (1 to 3 ym) has been studied {17] and Martin Marietta “s proprietary XD process
has been employed to fabricate NiAl dispersed with 2.7 to 30 vol.% TiB, particles. These
particles significantly improved the compressive strength of stoichiometric NiAl; the
addition of 30 vol.% TiB, improved the compressive flow stress of NiAl at 1027°C from
25 to 95 MPa at a strain rate of 2 x 10%s™ (18). The same process was used to disperse
fine TiB, particles in NiAl/Ni,AlTi [19] alloys, CoAl and Ti-45at.%AIl. Kumar improved the
fracture toughness of NiAl and NiAl/TiB, alloys by reinforcement with 15 vol.% Al,O,
whiskers from 6 to 9 MPa {m. Fabrication of NiAl composites with either chopped fibrous
Al,O, (Dupont-FP, 20 ym in diameter, 5 - 30 mm in length) or with particulate TiB, (3 ym)
provided composites with high compressive strength at room temperature which increased
from 1000 to 1915 MPa by addition of up to 40 vol.% TiB,.

5.2 Long Fiber Reinforced Material

Long fiber reinforced metal matrix composites (MMC) are essentially survivor materials
which may hold the key to some successful systems developments. At present, costs of
these materials are astronomically high due to the prizes for long fibers and manual
composite processing. Nevertheless, these MMCs show specific properties not achieved
by any other type of material. SiC long fiber reinforced titanium alloys are presently mainly
processed by hot pressing of alternating layers of titanium alloy (foils or plasma sprayed)
and fibers.

A suitable PT method is based on coating of fibers with the Ti alloy matrix and subsequent
HIP of fiber bundles. Fig. 3 shows a SiC fiber (SCS-6, Textron Speciality Materials, Lowell,
MA) coated with Ti6AI4V by magnetron sputtering. Under optimized consolidation condi-
tions HIP of the wound fiber bundies yields pore free material by superplastic deformation
of the fine grained Ti alloy matrix (Fig.4) [22]. The fiber coating and HIP method yields SiC
reinforced Ti alloys with properties shown in Fig. 5 for the matrices Ti6AI4V and IMI 834.
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Parts and materials on the basis of long SiC fiber fabrics woven with Mo wires and
metallized by plasma spraying with Ti, Al or Cu alloys are under development.

Fig.4: SiC/Ti6Al4V composite from wound and HIPed fibers.

As mentioned above, the fabrication of NiAl composites with 40 vol.% of chopped fibrous
Al,O, (Dupont-FP, 20 ym in diameter, 5 - 30 mm in length) also provided an outstanding
increase of the compressive strength at room temperature. Brindley [20] prepared TiAl
powder cloths from prealloyed powders; these cloths were interspersed with layers of
continuous SiC fibres and consolidated by hot pressing. Anton [21] infiltrated an Al,Q; fi-
brous preform with elemental Al and Ta powders. Consolidation of the composites or of
the Al;Ta matrix was performed by reactive hot pressing.
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Fig.5: Improved ultimate tensile strength of SiC long fibre reinforced Ti alloys.

6 Nanocrystalline Materials

Nanocrystalline materials are characterized by an extremely large number of internal
interfaces that may promote dynamic processes needed for superplastic forming or low
temperature sintering (Fig.6). Applications are seen for the sensor technology and other
applications, i.e. for damping devices [23]. The dominant mechanical property change
resuiting from reducing the grain size of nanocrystalline metals is the significant increase in
their strength. In the as-consolidated state nanocrystalline Pd samples with 5 - 10 nm
grain sizes exhibit up to 500% increase in hardness over coarser grained (100 ym)
samples [24]. Similar results have been observed in nanocrystalline copper as well. The in-
creased strength of nanocrystalline metals and the increased ductiliy of nanophase cera-
mics indicate a convergence of the mechanical response of these two classes of materials
as grain sizes enter the nanometer range.

Fig.6: Plasma activated sintered Nb - 15at.%Al from mechanically alloyed composite
powder (TEM) [27].
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Up to now measurements of sintering charcteristics of most nanocrystalline metal alloy
powders have been hampered by the formation of oxides at the reduced sintering tempera-
tures [25]. The often quite rigid necklace-type structures formed by the nanocrystalline
grains yield larger porous defects after cold compaction which are hardly removed during
sintering, even if additional external pressure is applied. Fig. 9 [26].

7 PT Materials for Superplastic Forming

For a beneficial application of superplastic forming in production considerably shortened
forming times of less than one minute and equivalently high forming and strain rates in
excess of 0.1 s are essential. Recently, a number of PT composites have shown
isothermal superplasticity during deformation in this range of strain rates (HSRS) [27].

Fig. 7 shows the elongation-to-failure as a function of strain rate for various Al alloys.
These include 7475 Al, 2090 Al-Li alloy, the commercial Supral alloys, Al/SiC, {(w and p
indicate whiskers or particles, respectively), and Al/Si;N, composites, a Zr-modified 2124
Al and mechanically alloyed 9021. It is evident that there is an increased strain rate for
optimal superplastic flow with a decrease in grain size [28].
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Fig. 7: The elongation-to-failure as a function of strain rate for various Al alloys [28].

The origin of high-strain-rate-superplasticity (HSRS) of the particulate reinforced PT mate-
rials is connected to their reduced grain size and the large number of metal/ceramic interfa-
ces. Besides grain boundary sliding, which is generally believed to be the dominant defor-
mation mode in fine-grained, superplastic alloys, the formation of minor amounts of liquid
phase at the metal/ceramic interfaces is thought to cause HSRS [28].

The PT process yields prematerials with a very fine, equiaxed, homogeneous grain structu-
re which is an essential condition for optimized superplastic forming. An example of PT
processed prematerials are ultrahigh carbon steels (UHC-steel) which are superplastically
formed by isothermal forging [29]. They contain 2.5 wt.% C, 5.3 wt.% Cr, 9.8 wt.% V,
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small amounts of Mo and Mn and the balance Fe. They are designed for cold working
applications such as extruder scews for paper recycling machines. Inert gas atomized
powders (av. particle diameter < 45 um, inner grain size < 2 um) are consolidated by
HIP at 100 MPa, 1180°C for 4h. Under these conditions only minor microstructural coarse-
ning occur. The HIPed material is superplastically forged at temperatures slightly above
1000°C and strain rates between 102 and 102 5™,

The cost saving potential of superplastic forming is well established for (@ + B) Ti alloys.
This is documented by a variety of areospace parts which have been produced through
this technique, often in combination with diffusion bonding [30}. A typical example of
superplastic forging of Ti alloys is Protasul 100, an a + 8 alloy with 6 wt.% Al and 7
wt.% Nb. The biocompatible alloy requires no particular thermal treatment to achieve
superplasticity at temperatures between 900 and 930°C. Wing parts of a N707
Al11Zn2.4Mg1.1Cu alloy have been produced by superplastic forging of spray deposited
(Alusuisse Lonza) blanks [29]. The fine grained material {(5-9 ym) showed superplastic
behaviour at 400 to 450°C with a strain rate sensitivity between 0.31 and 0.44.

8 Mechanical Alloying

During intensive milling of powder blends continuous fracture, microforging and solid state
diffusion events can provide alloying on an atomic scale (mechanical alloying). Since the
early 70s a variety of materials including immiscible systems, metal ceramic composites,
intermetallic and ceramic compounds have been synthesized by this method. The
favourable properties of these materials result mainly from their overall chemical and
microstructural homogeneity which, in general, cannot be achieved by conventional
techniques [31].

The unique possibility to achieve a homogeneus distribution of nanometer-sized oxide
particles in a metallic matrix enables the preparation of Ni-, Fe- and Al-based ODS alloys
for structural applications at temperatures close to their melting point. At present, this
represents still the major technical field of the mechanical alloying process and will be
described here for a Ni-base ODS alloy in more detail.

Conventional Ni-base superalloys for turbine blades rely for much of their strength on the
precipitated ¥y~ phase. This phase may start to coarsen at temperatures > 850°C and
shows partly or complete dissolution above 1000°C. ODS alloys as MAG000 (Inco Alloys)
contain fine oxide dispersoids. Their presence aliows higher Cr and lower refractory metal
(W, Mo) contents than in conventional alloys for the sake of better oxidation resistance
and lower density without sacrifice in creep strength. MAG000 contains 2.5 vol.% of Y,0,
particles in the nanometer size range, appr. 50% by volume of y~ phase comprising Ni, Al,
Ti and Ta. Solid solution strengthening comes from moderate additions of the refractory
elements Mo and W. Oxidation resistance is provided by 15 wt.% Cr and 4.5 wt.% Al. A
balanced combination of Ti, Ta and Cr ensures protection against sulphidation [32]. At
lower temperatures , however, the strength of MA60QO is inferior to the strength of
conventionally cast single crystal superalloys. The potential of MA600O0 is thus best used
in small size turbine engines running at high temperatures. Moderate tensile stresses are
becoming operative at the root of the short and light weight blades at a position which
runs at less than 700°C. A recent commercial application as solid first stage blades for a
newly designed land based gas turbine (1.6 MW, EGT hurricane engine) yields electricity
generation at high efficiency due to a gas inlet temperature of 1134°C [32].
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