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Abstract: The major reason that there is not more widespread use of
titanium and its alloys is the high cost. In this paper, developments in one
cost effective approach to fabrication of titanium components — powder
metallurgy — is discussed with respect to various aspects of this technology.
These aspects are the blended elemental approach, prealloyed techniques,
additive layer manufacturing, metal injection molding, spray deposition,

far from equilibrium processing (rapid solidification mechanical alloying
and vapor deposition) and porous materials. Use of titanium powder for
sputtering targets, coating, as a grain refiner in aluminium alloys and
fireworks are not addressed.

Key words: additive layer manufacturing, blended elemental, compaction
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8.1 Introduction

Titanium alloys are amongst the most important of the advanced materials
which are key to improved performance in aerospace and terrestrial systems.'~
This is because of the excellent combinations of specific mechanical properties
(properties normalized by density) and outstanding corrosion behavior®!!
exhibited by titanium alloys. However, negating widespread use is the high
cost of titanium alloys compared to competing materials. This has led to
numerous investigations of various potentially lower cost processes,'™
including powder metallurgy (PM) techniques.'~>%1%12.13 In this paper the
titanium PM scenario will be reviewed, dividing the various technologies into
the categories shown in Table 8.1. Basically the power metallurgy techniques
to be discussed are the blended elemental (BE) approach, prealloyed (PA)
methods, additive layer manufacturing (ALM), metal injection molding
(MIM), spray deposition (SD) and far from equilibrium processing (rapid
solidification mechanical alloying and vapor deposition). Powders to be
attached to the surface of body implants (to improve the bonding between
artificial devices and the human body) will only be discussed briefly, and
for fireworks, sputtering targets, coatings and as a grain refiner in aluminium
alloys will not be addressed. An indication of where PM fits into the broad
scenario of fabrication techniques is shown in Fig. 8.1.
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Table 8.1 Categories of titanium powder metallurgy

Category Features Status
Additive Powder feed melted with a laser or Pilot production
manufacturing other heat source
Powder injection Use of a binder to produce complex Production
molding small parts
Spraying Solid or potentially liquid Research base
Near net shapes Prealloyed and blended elemental Commercial
Far from Rapid solidification, mechanical alloying Research base
equilibrium and vapor deposition
processes
1000

Die casting

Fine blanking
Forging
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8.1 Diagram showing where powder metallurgy (PM) in general
and powder injection molding (PIM) in particular, fit in with other
fabrication processes (courtesy of Krebsdge, Radevormwald).

In publications over the past few years'™ the cost of fabricating various
titanium precursors and mill products has been discussed and it has been
pointed out that the cost of extraction is a small fraction of the total cost of
a component fabricated by the cast and wrought (ingot metallurgy) approach
(Figure 8.2). To reach a final component the mill products shown in the figure
must be machined, often with very high buy-to-fly ratios (which can reach as
high as 40:1). The generally accepted cost of machining a component is that
it doubles the cost of the component (with the buy-to-fly ratio being another
multiplier in cost per pound), Fig. 8.3. This means that anything that can be
done to produce a component which is closer to the final configuration will
result in a cost reduction and hence the attraction of near net shape powder
metallurgy components.
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8.2 Cost of titanium at various stages of a component fabrication.
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8.3 Manufacturing cost breakdown for Boeing 787 side-of-body
chord. (courtesy Boeing).

8.2 Powders

Table 8.2 shows the characteristics of the different types of titanium powders
that are either available or under development today. This table is based
in part on a recent review of powder production methods co-authored by
McCracken.'* The oxygen level of the hydride—dehydride (HDH) powder
can be reduced by deoxidizing with calcium.!'* It is also possible to convert
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Table 8.2 Characteristics of different types of titanium powders (modified from
Abkowitz et al."®)

Type/process Elemental or Advantages Status/

prealloyed disadvantages
Hunter process (pure Elemental Low cost, excellent for Limited availability
sodium) cold press and sinter High chloride
HDH? Kroll process Elemental Lower cost
(pure magnesium) Good compactibility

Readily available
Low chloride

HDH powder Prealloyed Readily available High cost
produced from alloys Fair compactibility
Atomized Prealloyed High purity High cost
available Not cold

compactable
REP/PREP® Prealloyed High purity High cost

Not cold

compactable
Armstrong/ Both Compactable Processibility/quality
International titanium Moderate cost Production Scale-up
(ITP) powder
Fray Both TBD Developmental
MER® Both TBD Developmental
CSIRO TiROH Both TBD Developmental

aHydride-dehydride. PRotating electrode powder/plasma rotating electrode powder.
°MER Corp., Tucson, AZ. 9CSIRO Melbourne, Australia.

the angular HDH to a spherical morphology using the Tekna process (see
later).

The development of new titanium production methods such as the ITP/
Armstrong, Fray, CSIRO and MER processes (see later) shown in Table
8.2 is aimed at lowering the cost of PM titanium powder. However, these
powders will not be available for some time and their relative cost and
processing characteristics are yet to be established.

There are a number of processes which produce pre-alloyed spherical
titanium powder including the following:

e ATI Powder Metals (formerly Crucible Research Center): spherical gas
atomized alloy powder, 100 pounds (45 kg) capacity melting furnace, 50
pounds (23 kg) of —=100/+325 (-=150/+45 pum) Ti-6Al-4V at US$130.00
per pound (US$260 per kg).

e Advanced Specialty Metals: spherical plasma rotating electrode process
(PREP) —100/+325 (—150/+45 pwm) Ti-6Al-4V for US$189.00 per pound
(US$416 per kg).
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e Raymor (now includes Pyrogenesis): spherical plasma atomized Ti-
6Al-4V powder, —450 to +60 mesh (-30/+250 wm) powder available.
Ti-6A1-4V US$118 per pound (US$260 per kg), oxygen 0.09 wt%.

e Baoji Orchid Titanium: spherical PREP, Ti-6A1-4V =70/+325 (-210/+45
um), 0.13 oxygen max. US$84 per pound (US$185 per kg).

e ALD Vacuum Technologies: spherical gas atomized Ti-6Al-4V electrode
induction melting gas atomization.

Sumitomo Sitex: gas atomized Ti-6Al-4V, oxygen 0.08-0.13 wt%.
TLS Technik: gas atomized Ti-6Al-4V with 0.13 oxygen. Ti-6Al-4V
100-270 mesh (53-150 pum), O, 0.13 wt%, US$73 per pound (US$ 161
per kg).

e Affinity International GA and PREP: but they seem to have gone out of
business.

e Jowa State University/Ames Lab: experimental gas atomization, cost
effective very fine spherical powder produced using a close-coupled
high pressure supersonic gas (less than 325 mesh, 45 pum). Plans are
to commercialize the process under a company called lowa Powder
Atomization Technologies.

e Tekna induction plasma spheriodization process converts irregular shaped
titanium powders to a spherical morphology. Typically an irregular
powder with —100/+400 mesh (—150/+37 wm) is converted to a spherical
powder in the same size range (but with a significant improvement in
tap density and flow rate).

¢ Quad Cities Manufacturing Laboratory: to establish capabilities for PREP,
GA, HDH and the Tekna induction plasma spheriodization process (to
convert HDH powders).

The atomized powders are generally prealloyed and spherical (Figure
8.4(a)), sponge fines (a by-product of sponge production) are ‘sponge-like’ in
nature and contain remnant salt (which prevents achievement of full density
and adversely affects weldability) and are angular (Fig. 8.4(b)). The HDH
powders, which are generally also prealloyed, are angular in nature (Fig.
8.4(c)).'® Conversion to a spherical morphology using the Tekna process is
shown in Fig. 8.4(d).

Four non-melt processes appear to have the greatest potential for scale-up,
with an additional process being developed by Advance Materials (ADMA)
Products also of potential commercial interest. These four processes are
the FFC Cambridge approach, the MER technique, the Commonwealth
Scientific and Industrial Research Organization (CSIRO) methods and the
ITP/Armstrong process.

In the FFC Cambridge approach, titanium metal is produced at the cathode
in an electrolyte (generally CaCl,) by the removal of oxygen from the cathode.
This technique allows the direct production of alloys such as Ti-6Al-4V at a
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8.4 (a) Scanning electron microscopy (SEM) photomicrograph of

a gas atomized prealloyed spherical Ti-6Al-4V (courtesy of Affinity
International). (b) SEM photomicrograph of sponge fines produced
by the Kroll process (courtesy Ametek). (c) SEM photomicrograph of
angular HDH titanium powder. (d) SEM photomicrograph of spherical
powder produced by processing angular HDH titanium to a spherical
morphology using the Tekna technique.

cost which could be less than the product of the conventional Kroll process. !

The process is being developed by Metalysis in South Yorkshire, UK.

The MER approach is an electrolytic method, which uses a composite
anode of TiO,, areducing agent and an electrolyte, mixed with fused halides.
Projections are for titanium production at a significantly lower cost than the
conventional Kroll process.'®

The CSIRO technique'® builds upon the fact that Australia has some of
the largest mineral and sand deposits in the world. In this approach, cost-
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effective commercially pure titanium is produced in a continuous fluidized
bed in which titanium tetrachloride is reacted with molten magnesium (the
TiRO™ process). They also have a proprietary process for producing alloys,
although details are unavailable at the present time. Continuous production
of a wide range of alloys including aluminides and Ti-6Al-4V has been
demonstrated on a large laboratory scale. The commercially pure titanium
powder produced has been used to fabricate extrusions, thin sheet (Fig. 8.5)
by continuous roll consolidation, and cold-sprayed complex shapes including
ball valves and seamless tubing (see later). Commercialization of the process
is now in the planning stage with a decision to proceed to the pilot plant
stage likely to be taken in 2013.

The ITP/Armstrong method'™ is continuous and uses molten sodium to
reduce titanium tetrachloride, which is injected as a vapor. The resultant
powder does not need further purification and can be used directly in the
conventional ingot approach.The powder is most efficiently utilized in the
powder metallurgy technique. A range of alloys can be produced (including
the Ti-6Al-4V alloy) as a high quality homogeneous product suitable for many
applications. ITP currently operates an R&D facility in Lockport, Illinois,
USA and has broken ground on a four million pound (1.8 million kg) per
year expansion in Ottawa, Illinois which is expected to ramp-up production

Fluidized bed
reactor
Magnesium & titanium
tetrachloride X
Chlorine
<+— E-Cell Argon
Magnesium

Magnesium Titanium
chloride

powder

8.5 Schematic of the CSIRO process for producing commercially pure
titanium powder.
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throughout 2013 and will produce both commercially pure titanium and Ti-
6Al-4V alloy powder.

In the ADMA Products approach®® sponge titanium is cooled in a hydrogen
atmosphere rather than the conventional inert gas. The hydrogenated sponge
is then easily crushed and in the hydrogenated condition can be compacted
to a higher density than conventional low hydrogen sponge, with subsequent
hydrogen removal easily accomplished with a simple vacuum anneal. The
remnant chloride content of the hydrogenated sponge is reported to be at
low levels (helping to avoid porosity and enhancing weldability). There are
14 patents covering this approach.

Estimates of the powder shipments (in all cases per year) that have been
made as HDH are: worldwide 1000-2500 MT, USA 200400 MT and as
spherical are: worldwide 150-350 MT, USA 20-50 MT.

8.3 Near net shapes

The techniques generally available for production of near net shapes (NNS)
are amenable for use with various types of titanium powders; these include
conventional press-and-sinter, elastomeric bag cold isostatic pressing (CIP),
and ceramic mold or metal can hot isostatic pressing (HIP). For convenience,
NNS will be divided into those produced using blended elemental (BE)
powders and those produced from prealloyed (PA) powders.

8.3.1 Blended elemental

The blended elemental (BE) approach is potentially the lowest cost titanium
PM process, especially if any secondary compaction step (e.g. HIP) can be
avoided.'>! In the BE approach, angular titanium sponge fines (or titanium
hydride powder) and master alloy composition (generally the 60:40 Al:V
variety to produce the Ti-6Al-4V composition) are blended together, cold
pressed and sintered to near full density. Use of titanium hydride allows
densities very close to 100% to be obtained in components such as an auto
connecting rod (Fig. 8.6) with mechanical properties at ingot metallurgy
levels.

The blended element PM technology using hydride—dehydride (HDH)
titanium powder produced by a Kroll sponge process is the key to the
commercial success of Dynamet’s PM process. !> This process is producing a
wide range of affordable PM mill product forms and components. Dynamet
has developed critical specifications for its titanium and master alloy powders
that control morphology, particle size, particle distribution and chemistry.
The properties of the PM materials can be adjusted by modifications in
these process parameters. The new powders that are under development may
provide an opportunity to reduce the costs of PM product further if they can
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8.6 Auto connecting rod fabricated via the blended elemental
approach using hydrogenated titanium powder (courtesy Orest
Ivasishin, Ukrainian Academy of Sciences).

8.7 Toyota Altezza, 1998 Japanese car of the year, the first family
automobile in the world to feature titanium valves. Ti-6Al-4V intake
valve (left) and TiB/Ti-Al-Zr-Sn-Nb-Mo- Si exhaust valve (right)
(courtesy Toyota Central R & D Labs, Inc).

be processed to the necessary density levels with properties equivalent or
superior to baseline PM and wrought titanium. Finally, the cost of producing
components from those powders must be competitive.

Examples of how the BE approach has been used to produce valves for
production models, the Toyota Altezza family automobile, golf club heads
and softball bats are shown in Fig. 8.7, 8.8 and 8.9,'= respectively.

Currently, ADMA Products hydrogenated titanium powder manufacturing
capacities are 50 000-60 000 Ibs/year (22680-2722 kg/year), but they are
installing a pilot scale unit which will triple output.”> Meanwhile, the major
aircraft companies and the US Departments of Energy and Defense (DOE
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8.8 Titanium metal matrix composite golf club head (reinforced with
TiB) (courtesy Toyota Central R & D Labs, Inc).

8.9 Susan Abkowitz of Dynamet Technology, Inc. holds a softball bat
with a powder metallurgy titanium alloy outer shell.

and DOD) agencies have tested this material and reported that the properties
of the PM Ti alloys meet Aerospace Materials Specification (AMS) and meet
or exceed those of titanium wrought alloys made by conventional ingot
metallurgy approaches.

8.3.2 The CHIP process

The CIP-Sinter or CHIP (CIP-Sinter-HIP) process,'® Fig. 8.10, is used by
Dynamet Technologies to produce near net shape parts for finish machining
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8.10 Schematic of Dynamet Technologies Inc CHIP process.

to high tolerance configurations. These processes can also be used to make
forging preforms or mill product shapes for subsequent processing such as
billets for casting, extrusion or hot rolling. In the case of as-sintered material,
full density is achieved during subsequent processing.

The CHIP process is a green manufacturing technology'” that has proven
to be an acceptable process for producing military, industrial and medical
components. This advanced PM process uses titanium powder, typically
Kroll process HDH powder, blended with master alloy powder such as an
aluminum-vanadium master alloy powder. The blended powder is compacted
to shape by cold isostatic pressing (CIP) in elastomeric tooling. With proper
selection of powders, well designed CIP tooling and appropriate pressing
conditions, a shaped powder compact can be produced and readily extracted
from the PM tooling with sufficient green strength for handling. It must
also have sufficient uniformity and intimate contact of the powder particles
for densification and homogenous alloying in the subsequent sintering
process.

A wide range of shapes has been produced with size only limited by the
capacity of the equipment. The size of the CIP is usually the limiting factor
since vacuum furnaces and HIP units are available in larger sizes than are
high pressure CIP units. Size capability also depends on the powder fill
characteristics, product configuration and by tooling parameters. Successful
products can range from a few grams to hundreds of kilos.

The major cost benefits of this clean, energy efficient manufacturing
process are that it uses relatively low cost raw materials, avoids costly melt
processes and results in relatively little material lost during processing. The
capability to produce to a near net shape conserves raw material and also
reduces costs for machining to finished parts. The cold pressed compacts are
sintered in vacuum to high or nearly full density. Alloying of the titanium
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with the desired other elements is accomplished by solid state diffusion
during the sintering process. By selecting the proper powders and sintering
parameters, a homogeneous alloyed material with sufficiently high density,
free of interconnected porosity, is achieved.

The sintering process was historically established to reach a minimum
density level at which the material had no interconnected porosity. At this
density threshold the material could be hot isostatically pressed (HIP) without
the processing expense of HIP encapsulation, making the HIP process
economically viable. Through recent developments the capability to reach
greater than 98% sintered density has been achieved. This results in as-sintered
tensile properties (Table 8.3)'° that are equivalent to wrought properties and
superior to castings. This reduces the need for the HIP operation and further
strengthens the economic advantage of this PM CIP-Sinter manufacturing
technology.

8.3.3 ADMA Products hydrogenated titanium process

The use of titanium hydride powder instead of titanium sponge fines has led
to the achievement of essentialy100% density, using a simple cost-effective
press-and-sinter technique, in complex parts.?®*! In this work, hydrogenated
non-Kroll powder (by cooling the sponge produced in a Kroll process with
hydrogen rather than the conventional inert gas, a lower cost titanium hydride
powder has been produced by ADMA Products) was utilized along with
60:40 Al:V master alloy to produce components made from the Ti-6Al-4V
alloy. The press-and-sinter densities achieved using this novel fabrication
technique are shown in Fig. 8.11. The associated microstructure and typical
mechanical properties are shown in Fig. 8.12 and Table 8.4 (after cold
pressing, sintering, forging and annealing), respectively. The mechanical
properties compare well with those exhibited by cast-and-wrought product.
The low cost of this process in combination with the attractive mechanical
properties make this approach well suited to the cost-obsessed automobile
industry. The parts shown in Fig. 8.13 have already been fabricated and a
cost estimate of less than US$3.00 for an 0.32 kg (0.705 1b) connection link
has been made.?

Table 8.3 Ti-6Al-4V alloy: ASTM E-8 tensile properties

Theoretical Ultimate tensile Yield strength Elongation

density (%) strength (MPa) (MPa) (psi) (%)

(ksi)
AMS 4928 (min) 896 (130) 827 (120) 10
Typical wrought 965 (140) 896 (130) 14
Typical PM CIP-Sinter 98% 951 (138) 841 (122) 15
Typical PM CHIP 100% 965 (140) 854 (124) 16
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8.11 Density of Ti-6Al-4V compacts after sintering. Conditions 5 and
7 used hydrided powder and show by far the highest and most
uniform densities.

8.12 Microstructure of sintered Ti-6Al-4V material.

Table 8.4 Room temperature tensile properties of a hydrogenated titanium
compact (after dehydrogenation)

PM Ti-6Al-4V  Ultimate tensile Yield strength  Elongation Reduction of
strength (MPa) (ksi) (MPA) (ksi) (%) area (%)

3.5 cm (1.376") 994-1028 (144-149) 911-938 14.0-15.56  34-38

thick (132-136)

ASTM 897 (130) 828 (120) 10 25
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8.13 Ti-6Al-4V parts produced using a press-and-sinter approach and
titanium hydride: (1) connecting rod with big end cap, (2) saddles of
inlet and exhaust valves, (3) plate of valve spring, (4) driving pulley
of distributing shaft, (5) roller of strap tension gear, (6) screw nut,
(7) embedding filter, fuel pump, and (8) embedding filter (courtesy
Ukrainian Academy of Sciences).

In Kroll’s process, the removal of the Ti sponge from the retort and its
subsequent crushing is time and energy intensive. In comparison, ADMA’s
process produces TiH, which, unlike Ti sponge, is very friable (see Fig.
8.14) and easily removed from the retort with no need for an expensive
sizing operation. ADMA’s vacuum distillation processing time is also at
least 80% less than in Kroll’s process since phase transformations/lattice
parameter changes of the hydride sponge, in the presence of hydrogen,
accelerate the distillation removal of MgCl,. Finally, atomic hydrogen is
released during sintering—dehydriding of the TiH, powder and acts as a
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8.14 TiH, powder (courtesy of ADMA Products).
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8.15 Fatigue data scatterbands of conventional BE, low chloride BE,
treated low chloride BE, and PA, compared with wrought annealed
material.

scavenger for impurities (e.g. oxygen, chlorine, magnesium etc) resulting
in titanium alloys with low interstitials that at least meet the properties of
ingot metallurgy alloys.

A comparison of the S—N fatigue behavior of BE and prealloyed material
with cast-and-wrought product is shown in Fig. 8.15.'2

Powders can be subsequently fabricated to other product forms, such as
titanium sheet, (Fig. 8.16). Alloy sheet can be fabricated in a similar manner
by adjusting the feedstock to a mixture of titanium powder and alloying
additions.
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8.16 Schematic of the process used to produce commercially pure
titanium sheet at CSIRO.™®

8.17 Finished titanium MMC ring for spin pit testing (courtesy IMT-
Bodycote).

8.3.4 Metal matrix composites (MMC)

Both continuously and discontinuously reinforced titanium components have
been produced using PM approaches. Figure 8.17 shows a finished titanium
MMC ring for spin pit testing fabricated from HIP densified plasma sprayed
tapes.

The blended elemental technique has also been used by Dynamet
Technologies for the fabrication of MMCs utilizing particulate and a combined
cold and hot isostatic pressing (CHIP) combination or forging, extrusion
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and rolling of the CHIP preform.'> The CermeTi family of titanium alloy
matrix composites incorporates particulate ceramic (TiC or TiB2) (Fig.
8.18) or intermetallic (TiAl) as a reinforcement with minimal particle/matrix
interaction. The mechanical properties of CermeTi material are shown in
comparison with PM Ti-6Al-4V in Table 8.5.!> A seven layer armor and a
dual hardness gear have been made by Dynamet Technologies from CermeTi
material.

¥
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8.18 Microstructure of CermeTi material, TiC reinforcement (top)
and parts fabricated from this material (bottom) (courtesy Dynamet
Technology Inc.).

Table 8.5 Typical properties of CermeTi® versus Ti-6Al-4V

Ultimate tensile Yield strength Elongation  Hardness
strength (MPa) (ksi) (MPa) (%) (Rc)
Ti-6Al-4V PM 965 (140) 896 (130) 14 36
CermeTi®-C MMC 1034 (150) 965 (140) 3 42
(Ti-64+TiC)
8.3.5 Prealloy

The prealloyed approach (PA) involves use of prealloyed powder, generally
spherical in shape, which has been produced by melting, either by a technique
such as the plasma rotating electrode processing (PREP) or gas atomization
(GA), followed by hot consolidation (generally by hot isostatic pressing).'?
The mechanical properties are superior to ingot material (because of the
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refined microstructure and lack of directionality, see later). Powders are
poured either into a metal can (with metal inserts) or into a ceramic mold
(sealed in a can filled with a secondary pressing media) and compacted in
a hot isostatic processing (HIP) unit.

The mechanical properties of PA compacts, fabricated using the ceramic
mold process, for example the Ti-6Al-4V alloy, are at least at cast and
wrought (ingot metallurgy) levels, including fatigue behavior, Fig. 8.15.'2
The PA approach has been used to produce large and complex parts such as
the nacelle frame, impeller and engine mount support shown in Fig. 8.19.

More recently, the advantage to be gained by the near net shape PM
approach for difficult to process alloys such as the intermetallic Ti-Al-
type compositions has been recognized.?**> Components produced from
this type of alloy include the shapes shown in Fig. 8.20. The shapes are
demonstration parts, the links, which demonstrate the amenability of the
process to production of composite concepts, are in production. Another
item produced from gamma-material is sheet produced from powder via a
pack-rolling approach 2® which has been produced for systems such as the
X series of NASA vehicles (Fig. 8.21).

(a)

(c) (d)

8.19 Components produced from prealloyed titanium powder, using
HIP and the ceramic mold process; (a) a nacelle frame for F14A,
Ti-6AI-6V-2Sn, (b) radial impeller for F107 cruise missile engine, Ti-
6Al-4V, (c) a complex airframe component for the stealth bomber, Ti-
6Al-4V and (d) engine mount support, Ti-6Al-4V (courtesy of Crucible
Materials Corporation).
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(a) (b) (c)

8.20 (Top) Gamma titanium aluminide shapes made using prealloyed
gas atomized powder followed by HIP (left to right), (a) billet for
subsequent forging, (b) forging or to be machined, (c) a near net
sonic shape for an engine application; and (bottom) exhaust nozzle
compression links for the F110 engine (power system for the F-16
Falcon), consisting of continuous SiC fibers in a Ti-6Al-2Sn-4Zr-2Mo
matrix.?®

s v

8.21 PM titanium aluminide sheet (courtesy Plansee
Aktiengesellschaft).
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Partly because of concerns that ceramic particles could get into the titanium
parts fabricated using the ceramic mold process, no parts are currently in
production using this approach. However parts produced using a shaped metal
can and removable mild steel inserts (removed by chemical dissolution),
Figs 8.22 and 8.23, are production ready.?’

Despite the 30-35% volume shrinkage (typical for HIP of PA powders),
advanced process modeling allows ‘net surfaces’ to be achieved and minimal
machining stock on the ‘near net surfaces’. Also these near net shape titanium
parts can be made up to the size of existing HIP furnaces, that is up to 2 m,
which is considerably larger than the capabilities of the other technologies
discussed in this paper.

These parts exhibit mechanical properties superior to conventional cast
and wrought (ingot metallurgy) components (Figs 8.24 and 8.25 and Table
8.6). Figure 8.24 shows actual tensile strength levels obtained in cast and

8.22 Near net shape Ti-6Al-4V engine component fabricated using the
prealloyed metal mold method (courtesy Synertech PM).

8.23 Selectively net shape ELI Ti-6Al-4V impeller for a turbo-pump
of a rocket engine. Fabricated using the prealloyed metal method
(courtesy Synertech PM/P&W Rocketdyne).
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wrought product compared to data from PM product. However the minimum
values (which are used in design) for the PM material is above that for the
conventionally fabricated material (Fig. 8.25). Fracture toughness of the PM
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8.24 Comparison of ingot and powder metallurgy tensile properties
(courtesy Prof. Igor Polkin, VILS, Russia).

product is superior to cast and wrought material (Table 8.6).

8.4

In the additive layer manufacturing approach, powder is laid down in
successive layers and melted under the control of a computer to produce

Additive layer manufacturing and powder
injection molding
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8.25 Comparison of Ti-6Al-4V powder HIP and wrought tensile
properties (courtesy of Wayne Voice, Rolls-Royce).

Table 8.6 Fracture toughness of PM material and
conventionally forged material (courtesy Dr. Wayne
Voice, Rolls-Royce, UK)

Specimen Kic (MN m=3/2)
1 94.0
2 96.5
3 92.5

Forged Ti-6Al-4V K,c = 55 MNm=/2

virtually any shape; the mechanical properties are still being optimized.
AeroMet Corporation’s Lasform technique (Figs 8.26-8.27) features shorter
lead times and greatly reduced buy-to-fly ratios (minimal machining required).
This PM fabrication approach has been studied by Boeing to produce large
10 foot x 3 foot substrates, which would then be built-up.?® However the
Aeromet equipment is no longer in operation.

The strength of ALM Ti-6Al-4V is 160 ksi (1104 MPa) with 5-6%
elongation ‘as-formed’ and after a HIP step is 140 ksi (965 MPa) with 15%
elongation, equivalent to cast and wrought levels (data courtesy of B. Dutta,
the POM Group).

The S-N fatigue performance of ALM is at or even a little above
conventional material levels. However the main issue influencing growth
in deployment of ALM for titanium alloys relates to raw material supply.
First, with material cost being typically 40-50% of total manufacturing cost
for ALM titanium, material cost is a major issue. The material supply chain
is an issue for both powder and wire; sustainable sources are not always
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8.26 Schematic of the Lasforming System (courtesy AeroMet Corp.).

available and supplies of certain alloys have limited availability.? Typical
parts fabricated by ALM are shown in Figs 8.29-8.32.%° The advantage of
attaching features is demonstrated in Figs 8.33 and 8.34, and the capability
of using ALM in repair of a part is illustrated in Fig. 8.35.%

Metal powder injection molding (PIM) is based upon the injection molding
of plastics; the process has been developed for long production runs of small
(normally below 400 g) complex-shaped titanium parts in a cost-effective
manner. This technique involves melting and pelletization of a mixture of
titanium powder and a binder which are injected into a die, the binder removed
chemically/thermally, and finally the part is sintered. By increasing the metal
(or ceramic) particle content, the process evolved into a process for production
of high density metal, intermetallic or ceramic components (Fig. 8.36).30!
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8.27 Examples of Lasform shapes (courtesy AeroMet Corp.). A further
example of an ALM component is shown in Fig. 8.28.

8.28 Additive layer manufacturing. Sandwich structure aerofoil
demonstrator produced at the Centre for Additive Layer
Manufacturing (CALM) using an electron beam chamber and powder
feed.

This method allows the fabrication of components with good mechanical
properties provided the chemistry (particularly oxygen) is controlled.3?*3
Typical shapes are shown in Fig. 8.37. By incorporating a porous layer on
the surface of body implant parts Praxis are able to cause bone ingrowth
and an improved bonding between the implant and the bone.>*
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Aerospace Prototype

Material: Ti6AI4V

Size: @ 180 x 300 mm
Weight: 5.5 kg

Build time: 40 h

8.29 Aerospace application for ALM.

Femoral stem

8.30 Medical implant application for ALM.

The majority of the early work on developing a viable titanium PIM
process was plagued by the unavailability of suitable powder, inadequate
protection of the titanium during elevated temperature processing and less
than optimum binders for a material as reactive as titanium.>! However,
some PIM practitioners have now learned what the titanium community
has long known — that titanium is the universal solvent and must be treated
accordingly.”1:33

Titanium has a high capacity to form interstitial solutions readily with a
wide range of commonly encountered elements including carbon, oxygen
and nitrogen, which has presented several challenges for titanium PIM
development efforts. These interstitial solutions are undesirable since they
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8.32 Automotive pulley prototype fabricated by ALM.

significantly degrade the ductility of sintered titanium PIM parts. Therefore,
it is advantageous to use a binder, which can be completely removed from
the green PIM part without leaving these detrimental impurities behind.
This is particularly true when fabricating structural aerospace and medical
implant parts, which can require oxygen impurity levels below 300 ppm to
meet ASTM F 167 Standards.

Unfortunately, unlike conventional ceramic and ferrous alloy PIM
processing, there is a significantly narrower processing window between
the debinding cycle and the temperature where impurity diffusion becomes
significant within titanium. In general this requires that the titanium PIM
binder be essentially removed from the green part at temperatures typically
below 260°C to prevent introducing impurities into the sintered parts.
Additionally, the binder must exhibit high chemical stability and not undergo
catalytic decomposition in the presence of titanium metal powder surfaces
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Finished part

Axial flanges, cross section

bosses and bleeds

A Section A-A
Ring roll envelope

(waste)

8.33 Material waste in machining features on a forged preform in
conventional manufacture. Discrete features like axial flanges and
bosses produce a disproportionate increase in forging size and
weight.

8.34 Fan case produced by adding features by ALM to a forged
preform.

during molding operations, even when held for long isothermal holds within

the injection molding machine.

Attempts to adapt conventional ceramic and metal PIM binder systems
for titanium processing have met with limited success. This is due to the
fact that these systems often employ significant amounts of thermoplastic
polymer within their formulations. Unfortunately, even some of the more
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8.35 ALM repair of gas turbine components.

O D

oZko
D

Sintering

8.36 Schematic of the steps involved in powder injection molding,

229

in which a polymer binder and metal powder are mixed to form the

feedstock which is molded, debound and sintered.
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8.37 Titanium MIM components (courtesy of Praxis Technology).

well-known polymer binders known for their ability readily to thermally
unzip to their starting monomers (e.g. polymethylmethacrylate, polypropylene
carbonate, poly-a-methylstyrene) still tend to introduce impurities into the
sintered titanium PIM bodies because their depolymerization occurs close
to those temperatures where impurity uptake is initiated. Alternative binder
systems based upon catalytic decomposition of polyacetals are promising
but require expensive capital equipment to handle the acid vapor catalyst
as well as suitable means of eliminating the formaldehyde oligomers that
form as polymer decomposition by-products. However, there are a number
of binder systems which appear to have the necessary characteristics to be
compatible with titanium.>*

Currently titanium PIM parts run up to a foot in length, but parts over three
or four inches (about 50 g weight) are not common, Fig. 8.37. The limiting
factors at this time are dimensional reproducibility and chemistry. Owing
to the shrinkage, large parts become dimensionally more difficult to make
because of loss of shape during shrinkage. If the parts have flat surfaces to
rest on the setter they come out fairly consistently. But parts with multiple
surfaces that require setters in complex shapes become less practical as the
size goes up. Further, large overhanging areas become difficult to control
dimensionally owing to the effects of gravity. With increasing experience,
the packing density of titanium powder mixes will be increased, especially
when new binders become available and the shrinkage can be decreased
making the dimensional problems less of a factor.
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The current estimate is that worldwide titanium PIM part production is
currently at about the 3—5 ton per month level.*! This market is poised for
expansion. What is needed is low cost (less than US$20/Ib or US$44/kg)
powder of the right size (less than about 40 um) and good purity (which is
maintained throughout the fabrication process). For non-aerospace applications,
the purity level of the Ti-6Al-4V alloy can be less stringent; for example, the
oxygen level can be up to 0.3 wt% while still exhibiting acceptable ductility
levels (the aerospace requires a maximum oxygen level of 0.2 wt%).!! For the
CP grades, oxygen levels can be even higher; up to at least 0.4 wt% (Grade
4 CP titanium has a specification limit of 0.4 wt%).!! In fact, the Grade 4 CP
titanium (UTS 550 MPa (80 ksi)) while having a lower strength than regular
Ti-6AL-4V (UTS 930 MPa (135 ksi)) may well be a better choice for many
potential PIM parts where cost is of great concern. Grade 4 would allow
use of a lower cost starting stock and a higher oxygen content in the final
part. Further into the future, the beta alloys with their inherent good ductility
(body centered cubic, bce structure) and the intermetallics with attractive
elevated temperature capability are potential candidates for fabrication by
PIM. The science, technology and cost now seem to be in the market for
titanium PIM to show significant growth.

8.5 Spraying and research-based processes

Spray forming can involve either molten metal *° or solid powder. Because
of its very high reactivity, the challenges associated with molten metal
spraying of titanium are quite considerable. However, both spray forming
in an inert environment and under reactive conditions have been achieved
with appropriately designed equipment.'® A segmented cold-wall crucible,
combined with induction heating and an induction-heated graphite nozzle
was used to produce a stream of molten metal suitable for either atomization,
to produce powder or spray forming (Fig. 8.38).

Recently there has been increased interest in cold-spray forming involving
solid powder particles.?” Cold spray (<500°C) can produce both monolithic
‘chunky’ shapes and coated components. In this process, solid powder is
introduced into a deLaval-type nozzle and expanded to achieve supersonic
flow (Fig. 8.39). Powders are in the range of 1-50 um, at relatively low
temperatures (<500°C) with a velocity in the range of 300-1200 m s~'.
Both monolithic ‘chunky’ shapes and coated components can be produced
(Fig. 8.40)" and the coatings can be applied even to the inside of tubular
components. The density of the sprayed region is less than full density, but
this can be increased to 100% density by a subsequent HIP operation.

This technique is also very useful in bonding together normally difficult
to bond metals such as titanium and steel (Fig. 8.41).

Rapid solidification (RS), mechanical alloying (MA) and vapor deposition
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8.38 (a) Cold-wall induction bottom-pour (CWIBP) crucible installed in
a plasma cold hearth furnace, (b) schematic of the CWIBP system.

Coils

(VD) all fall in the category of “far from equilibrium processes’.!* Novel
constitutional (such as extension of solubility levels) and microstructural (in
particular microstructural refinement and production of very stable dispersions
of second phase particles) effects can be obtained by all three processes,
however commercial processes are not on the near horizon. An example of
the fine dispersion of second phase particles which can be obtained by RS
is shown in Fig. 8.42(a) and nanograined material produced by MA in Fig.
8.42(b).3#3% These nanograins show surprisingly good stability on exposure
to elevated temperatures, especially when yttria particles are dispersed
throughout the matrix.
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8.39 Temperature versus velocity regimes for common thermal
spray processes compared to temperature and velocity in cold spray
technology.

8.40 Titanium heat pipe connectors produced by cold spraying
(courtesy of M. Jahedi, CSIRO).

The VD approach can be used to alloy together normally virtually immiscible
Mg with Ti to create low density alloys akin to Al-Li alloys, and fabricate
layered structures at the nano-level (Fig. 8.43).%

Also, currently in the research base are thermohydrogen processing
(THP)"*#! and porous structures.*> By intentionally adding hydrogen to
a titanium alloy such as Ti-6Al-4V with a normal PM microstructure, the
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8.41 Optical photomicrograph showing the excellent bonding of
titanium to steel (courtesy Ktech).

(b)

8.42 Titanium aluminide intermetallic alloys exhibiting (a) a fine
dispersion of second phase erbia particles (Ti3Al based alloy) and (b)
nanograins after HIP at the temperatures indicated (TiAl based alloy).
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8.43 Schematic cross section of rotating collector used in vapor
deposition of layered nanostructured materials (top left). Increase in
hardness with decreasing layer spacing (bottom left), and layered
nanostructured consisting of layers of Al and Fe (top right).

microstructure can be refined in the dehydrogenated conditions (Fig. 8.44)
with an enhancement in mechanical properties.*!

A novel type of porous low density titanium alloy can be produced by
HIP consolidation of alloy powder in the presence of an inert gas such as
argon (Fig. 8.45).!1* The tensile strength decreases in a linear manner as
the porosity level increases, following the ‘rule of mixtures’ relationship at
least up to 30% porosity level. This material exhibited excellent damping
characteristics suggesting a generic area of application. There may also be
applications in body implants with the foam integrated in various locations
to facilitate growth of bone/flesh into the porous regions promoting a
stronger joint. Tensile testing of the bond between foam and dense material
indicated a bond strength in excess of 85 MPa well above the Food and
Drug Administration (FDA) requirement of 22 MPa for porous coatings on
orthopedic implants.

Porous structures with a potential use in honeycomb structures or in sound
attenuating or firewall applications are now possible with very precisely
controlled porosity levels and architecture using a novel blended metal—plastic
approach. (Fig. 8.46).42
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Over the past 30 years, a great deal of money, much of it from US government
sources, has been spent in attempting to circumvent the high cost of titanium
components for aerospace and terrestrial applications. However, despite a
few successes with lower integrity, BE parts and recent advances in PIM, the
overall market is small; in total perhaps 20 000 pounds per year maximum

.6

8.44 (a) Pseudo binary phase diagram for Ti-6Al-4V. X represents
the hydride phase and CST (constitutional solution treatment)

is one possible thermohydrogen processing treatment, and (b)
refinement of the microstructure of Ti-6Al-4V powder compact

using the thermochemical processing technique, (left) as HIP

coarse alpha laths, (center) hydrogenated then compacted, (right)
hydrogenated in compacted state. The latter two conditions are
after dehydrogenation, both showing a refined alpha microstructure,

(center) equiaxed grains, (right) fine alpha laths.

Future trends

worldwide.

However, a variety of high quality, low cost powders should be available
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(b)

8.45 (a) Optical micrograph of pores in HIP Ti-6Al-4V containing
argon after annealing at 700°C (1290°F), and (b) SEM of sample
containing up to 40% porosity after an anneal in excess of 1000°C
(1830°F).

=y

8.46 Micrographs of foams produced by die compaction (A) and
extrusion (B). A, cross section is perpendicular to the compaction
direction; B, cross section is parallel to the extrusion direction.
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8.47 Cold press, sinter and hot rolled preform (weighing 95 kg (210
pounds)) for commanders hatch forging (Bradley Fighting Vehicle)
(courtesy of ADMA Products).

soon. There have also been a number of developments, which should lead
to a reasonable growth of products produced by the PM method. There
appear to be three areas where significant growth can occur: (a) small parts
(less than 1 pound in weight) by PIM, (b) larger parts using the BE and PA
techniques and (c) generally larger parts using the ALM approach. Early
entrants to the PIM marketplace naively largely ignored what every good
titanium metallurgist knows — that titanium is the universal solvent. This
fact should be clear to current titanium PIM practitioners and growth should
be healthy in this area. Blended elemental applications are likely to grow
especially with innovative approaches such as use of hydrogenated powder
to produce uniformally high densities?**! including large armored vehicle
parts (Fig. 8.47).

There are barriers to overcome using the PA approach; here the competition
is with critical components produced by the (‘tried and true’) cast-and-wrought
or direct casting approach.*® Recent developments suggest that immediate
applications for PA titanium is in complex parts, very difficult to fabricate
TiAl intermetallic alloys, and in metal matrix composite concepts.?** The
ALM approach should also see significant growth, in competition with the
BE and PA techniques. The research-based techniques mentioned in this
paper all show promise, but have yet to approach commercial fruition.
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Abstract: Since the early 1990s considerable effort has been devoted to the
development of metal-based composite powders (MeCP). Reinforcements
in MeCP can vary from intermetallic to ceramic or polymer, depending on
composition and can also be microstructured or nanostructured, depending
on the size of the constituent materials. Composite powders can be used at
the macro- and microscale to produce dense composite objects, composite
coatings, to provide a combination of properties in one component or to
provide specific properties to withstand extreme conditions in service.

In addition to this, technology for the synthesis of nanodevices has also
evolved. Metal composite powders are produced by a variety of methods
based on solid-, liquid- and gas-phase synthesis and mechanosynthesis.
Functionality and design are the current drivers for the development of metal
composite powders.

Key words: applications, gas-phase synthesis, liquid-phase synthesis, metal
composite powders, solid-phase synthesis.

9.1 Introduction

The objective of this chapter is to provide an overview of metal-based
composite powders (MeCPs), including the processes for their synthesis, the
most frequently employed composite systems, the linking between composite
powders and the common applications of MeCPs. Some future trends will
also be discussed.

The main reason for producing composite powders is, of course, to
optimise the properties of a product, but they have the added advantage of
making it easy to combine dissimilar materials that are difficult to obtain by
conventional composite production. Composite powders can also be used
to advantage in components where extremes of size are necessary, such as
nanotechnology and large dimension objects, for which the need to ensure
size-related properties is critical.

From the macroscale and microscale points of view, the objectives when
using composite powders are focused on the need to produce a dense composite
object, a composite coating, a combination of different properties, or to ensure
that certain properties are present even in severe service conditions. In addition
to this, the production of nanodevices in nanoscience and nanotechnology
can be considered a breakthrough for the composite powder sector.
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Solid-phase and liquid-phase sintering are the consolidation processes
that are most often used to achieve these objectives. Liquid-phase sintering
is particularly common: metals (such as copper) or polymers are used as
a wetting reinforcement matrix to produce the metal matrix composites
(MMCs) and polymer matrix composites (PMCs). Composite coatings can
be made using composite powders as the raw material (a direct composite
process) or by mixing the different constituents during the coating process
(an indirect composite process).

Composite materials are produced by a variety of methods. Conventional
melting and casting techniques are not ideal for producing composites
because they are unable to ensure uniformity of dispersoids. It is therefore
recommended that powder metallurgy (PM) is used for the production of such
materials. PM techniques are known to allow distribution of the reinforcement
particles, but without the segregation phenomena typical of the casting
processes (Fogagnolo et al., 2004; Khakbiz and Akhlaghi, 2009). Mechanical
synthesis (MS), also known as mechanical alloying (MA), is another widely
used preparation technique for obtaining composite powders.

Macroparticles, microparticles and nanoparticles are always formed in a
medium, which may be in the gas, liquid, or solid phase. Classification that
is based on the media in which the particles are formed is perhaps the most
important and most widely used. By focusing on the media in which the
particles are formed, many issues that are common to all of the techniques
within each specific medium are included. The media and the different
techniques for particle syntheses are usually classified as gas phase, liquid
phase or solid phase.

Gas phase: vapour condensation, vapour reaction (flame synthesis, chemical
vapour reactions) and aerosol (spray pyrolysis or vapour pyrolysis, flame-
aerosol pyrolysis). These techniques use precursors in order to activate the
reactions. Two points must be taken into account: the precursor must be
dissolved in the fluid, but not react with it and the product must not dissolve
in the fluid, nor react with it. In the aerosol process, the main difference
between spray and flame pyrolysis is the source of heat. In spray pyrolysis,
the aerosol is carried by the gas into a preheated furnace, where the liquid
droplets undergo solvent evaporation, solute precipitation, solute decomposition
and oxide sintering in order to gain the final particles. In flame-aerosol
pyrolysis, heat is supplied by the burning fuel gases and organic solvents
that are in direct contact with the precursor.

Liquid phase: chemical precipitation and coprecipitation, hydrothermal,
solvothermal (non-hydrolytic), forced hydrolysis, sol-gel, microwave heating,
reduction in solution and electrochemical. The chemical composition of the
particles can be tailored in the liquid phase. Surface controlling agents can
be added during or after particle formation in order to control the size and
to prevent agglomeration.
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Solid phase: mechanical milling, mechanochemical processing, cryochemical
processing, self-combustion and solid-state synthesis. The kinetic energy
from a grinding medium is transferred to a coarse-grained metal, ceramic, or
polymeric sample material with the purpose of reducing size or alloying or
combining immiscible systems. The severe plastic deformation induced by
these high-energy processes leads to the nanostructuration of the components.
The self-combustion method has been widely used in the synthesis of ceramic
particles.

In all gas-phase and liquid-phase synthesis methods and most solid-phase
methods, their most significant and basic part is a chemical reaction. These
include, but are not exclusive to: reduction (redox) reactions, oxidation
(redox) reactions, precipitation and coprecipitation reactions, hydrogenation
or condensation, and addition or displacement reactions. Temperature,
pressure, catalysation or a particular atmosphere are important factors.
The name of the process is sometimes based on one of these precise
parameters, which results in a long list of different terms which can cause
confusion when trying to find or decide on a method for producing a
particular composite powder. Consequently, there is considerable interest
in simplifying the classification; as suggested above, a simple option
is the medium in which the formation of the composite particle takes
place.

9.2 Metal-based composite powder production

Although there are different techniques for producing metal-based composite
powders, three groups are generally recognised. These are mechanosynthesis,
sol—gel methods and pyrolysis.

9.2.1 Solid phase: mechanosynthesis

Mechanical alloying (MA) is a low-temperature powder processing method
that was developed in the 1960s (Benjamin, 1988), but which reached its
full commercial status in the 1980s (Fisher and Haeberle, 1988). Originally,
MA was developed to produce oxide dispersion strengthened steels (ODS)
and Ni-based superalloys (Benjamin, 1990), but nowadays it is used in the
production of aluminium, copper alloys (Fogagnolo et al., 2002), iron or
refractory metals and especially intermetallics (Benn et al., 1988). In the last
two decades, different mechanical routes have been developed with the aim of
producing advanced materials using mechanical energy to achieve chemical
reactions or structural changes and involving the milling of the constituents
(e.g. pure metals, or compounds or blends) (Chinicas, 2006).

Mechanical milling (MM), mechanical alloying (MA) or mechanosynthesis
(MS) and mechanochemical synthesis (MCS) or reactive milling (RM) refer
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to processes involving the mechanical energy that is produced in vibratory
mills, attritor mills, tumbling ball mills or planetary ball mills. With the
exception of mechanical milling, in which no chemical changes are produced,
the processes involve chemical or metallurgical reactions, which are either
direct or induced by the high energy of the process. High energy ball milling
chemical reactions are one of the most effective ways of synthesising
composites and nanocomposites of various classes of compounds, for example
metals, oxides, nitrides, borides, carbides, salts and organic compounds, in
reactions involving activation in solids, and displacement or redox reactions
between a reactive metal and metal oxide.

Important research was done by Schaffer and McCormick (1989) on the
relationship of the diffusion rate to the diffusion path and they demonstrated
that the solid-state reaction of copper oxide by calcium with an enthalpy of
—473 kJ mol™! of CaO produced pure Cu. On the other hand, the reduction
of iron oxide by aluminium for the synthesis of nanomagnetic composites
has been studied by Takacs (2002) and the combustion reaction was detected
empirically. For example, the presence of fine Al,O5 particles in a copper
matrix not only increases the hardness of this material, but it also diminishes
the grain growth rate at temperatures near the melting point of copper. It is
well known that the amount, size and distribution of reinforcing particles
plays a critical role in enhancing or limiting the overall properties of the
composite. This effect was also observed by other researchers in NiTi/Al,O;
nanocomposites (Mousavi et al., 2009). Adding reinforcement particles
to the matrix does not always produce a fine and homogenous composite
distribution. To achieve a fine distribution of nanosized Al,Oj; particles, the
internal oxidation and MA are often used.

Dispersing fine reinforcement particles in a metallic matrix or a
nanostructured matrix is beneficial to the mechanical properties of the
composite. However, the former alone is not always recommended when
changes in the physical properties may be involved, but fine and well-
distributed reinforcement with a nanostructured matrix can overcome this
limitation. Different theories have been developed in order to explain the
effect of inclusions, for example the effects on the magnetic properties. The
chemical precursors typically consist of mixtures of oxides, chlorides and/or
metals that react either during milling or during subsequent heat treatment
to form a composite consisting of ultrafine particles within a matrix. Since
high-energy milling processes significantly reduce the size of the crystals
involved, research is now focused on the production of nanocomposite powders.
Thus the direct consequences are, first, the possibility of synthesising the
particles of the composite system in situ or ex situ and, second, producing
them with microstructural refinement at the nanometre scale. This is why the
majority of the literature from the past ten years deals with the production
of nanocomposite or nanostructured composite powders.
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The capacity of the MA technique to produce composite powders with a
uniform distribution of nanoparticles within the matrix alloy has resulted in
the synthesis of a variety of nanocomposite systems such as the Mg/carbon
nanotube (CNT) (Huang et al., 2007), Mg/Cr,05 (Vijay et al., 2006), Cu/
Fe;C (Correia et al., 2007), Co/Al,O5 (Li et al., 2007) Zn/Al,05 (Karimzadeh
et al., 2008) or Ni/AIN (Chung et al., 2003).

Mechanochemical processing is a relatively new technique in the preparation
of nanosized materials. It has been shown that enhanced reaction rates
can be achieved and dynamically maintained during milling as a result of
microstructural refinement and mixing processes accompanying repeated
fracture, welding and deformation of particles during collision events
(Suryanarayana, 2001; Schaffer and McCormick, 1991). MA or MM can be
used as an initial step prior to other synthesis techniques and also as the final
step following the synthesis method. This will be discussed with examples
in the next part of the chapter.

Mechanochemical synthesis (MCS) or reactive milling (RM) reactions
fall into two categories as suggested by Botta et al., (2001), namely:

(i) Those which occur during the mechanical activation process and where
the reaction enthalpy is highly negative. The adiabatic temperature (at
heat release) is 7,4 = 1300-1800K.

(i) Those which occur during subsequent thermal treatment and where the
reaction enthalpy is only moderate. The adiabatic temperature is T,q <
1300K.

The first type of reaction takes place in two distinct modes of reaction
kinetics, that is, either a combustion reaction or a progressive reaction
(Takacs, 2002). The latter reaction may extend to a very small volume of
powder mixture resulting in a gradual transformation (7giapaiic < 1800K).
The former is a self-propagating combustion reaction that can be initiated
when the reaction enthalpy is sufficiently high (Tygiapaiic > 1800K) (Munir,
1988; Botta et al., 2001). The combustion reaction can be ignited by the
aforementioned high-energy ball milling. In addition to the energy dissipated
by the collision events, the reaction enthalpy will also contribute to the
temperature rise during milling and will ultimately cause thermal instability
and combustion. Since diffusion and thus reaction rates depend on temperature,
the overall rate of reaction is affected by the reaction enthalpy. Schaffer and
McCormick (1991) stated that in reactions that may involve the combustion
effect, it is required that the adiabatic temperature, 7,4, be at least 1800K.
The adiabatic temperature is a measure of the local heat generated by the
reaction and is often taken as a measure of the driving force. Thus the value
of T,4 can be used as a suitable criterion for anticipating the occurrence of
a self-propagating combustion reaction in ball milling processes. It is worth
noting that if the matrix system is diluted, T,q will decrease. The value of
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T,q for any reaction, taking into consideration the dilution effect, can be
calculated from the reaction enthalpy AH,:

T Tua
AH, +3 [ Cps +SAH +3 [ 7 €, =0 [9.1]

where C, s and C,; are the mean heat capacities in the solid and liquid
phases of the products respectively, Ty, T, and T,4 are the initial, melting and
adiabatic temperatures respectively and the AH, is the state transformation
enthalpy.

Nanostructured materials inherit relatively large interfacial energy
(Gleiter, 2000). When such nanostructures are generated by extensive plastic
deformation, for example by high-energy ball milling (HEBM), the stored
energy in the material also becomes significant. These factors enhance the
chemical reactivity of the milled product and in some cases novel metastable
phases form in the course of HEBM (Koch and Whittenberger, 1996;
Suryanarayana, 2001; Zhang, 2004).

When mechanochemical synthesis involves a reduction reaction, mechanical
milling alone may not be sufficient for the reduction reaction to take place
completely, for example if the reaction enthalpy is moderately high. Thus, a
combination of mechanical and thermal treatment makes the material system
a likely candidate for the synthesis of nanocomposites. Some composite
systems involve post thermal treatment in an inert or a reactive atmosphere
in order to form the final composite structure; this is a two-step synthesis.

Other composites can be synthesised by a displacement reaction. A reaction
can take place thermodynamically at room temperature if its AG%gg has a
high negative value (it is highly exothermic) and provided the kinetics are
fast. In this regard MA can enhance the kinetics of the reaction by creating a
high diffusivity path, providing an extensive interface area between reactants
and by the dynamic removal of reaction products from the interfaces through
repeated fracturing and cold welding of powder particles. MA also increases
the number of dislocations and grain boundaries and this shortens the diffusion
paths.

The reinforcement particles are incorporated into the matrix by means of a
high-energy process (HEM). It allows the production of diverse combinations
of metals and reinforcement components and has led to the development of
novel materials that cannot be produced by melting metallurgy (Ag/SnO,,
Al/SiC, MCrAlY/SnO,, NiCrBSi/TiB,, and Stellite/VC, among others).

In the effort to produce nanoparticles, some new innovations have been
added to these traditional methods, such as introducing reactive materials
into the milling process and combining milling with solid-state synthesis.
Some new approaches include the extraction of soluble molecules from a
uniform molecular solid mixture by acid/base leaching or evaporation in
order to leave molecular skeleton residues that become nanoparticles.
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When mechanochemical synthesis includes a combustion process that is
induced inside a vial, which is similar to thermally ignited self-propagating
high-temperature synthesis (SHS), it is called a mechanically induced self-
sustaining reaction (MSR) (Takacs, 2002; Lu and Li, 2005; Kim et al., 2006).
The synthesis of ternary carbonitride phases that could be employed as master
alloys has produced, via different methods such as thermal treatments (Pastor,
1988), self-sustaining high-temperature synthesis (Munir and Ealamloo,
1994; Yeh and Chen, 2005, 2007, Yeh and Liu, 2006), or mechanochemical
synthesis (Cérdoba et al., 2005, 2007a). Recently, MSR synthesis has been
proposed as a reliable and easy method for obtaining high purity quaternary
TiyNb, _,C,N, _, carbonitrides (Cérdoba et al. 2007b, 2009). If a second MA
step for mixing them with refractory, iron or Co—-Ni alloys is carried out,
novel cermet-like powders can be produced.

Limitations of mechanosynthesis

The first potential limitation is the low productivity of the high-energy ball
mills, which makes it difficult to introduce mechanochemistry in large-scale
technology. The advent of horizontal attritor mills with different types of
milling media has overcome this problem to a certain extent. The second
limitation is contamination from the milling media and the reaction of the
milling media or the milled products with the atmosphere in which the
synthesis is performed. The latter shortcoming can be minimised if the time
for intensive mechanical activation is sufficiently short and this is possible
when mechanocomposites are used as precursors for traditional synthesis
methods. In this way, all of the advantages of the mechanochemical approach
are conserved, while the limitations may be reduced significantly. The oxidation
of pure metals seems to be inevitable during milling. Fortunately, recent
research reveals that when the grain sizes of the powders are reduced to the
nanometre scale, the bulk sintered part can achieve nearly full densification
(Lee and Kim, 1995; Kim and Moon, 1998; Kim et al., 2004a). High-energy
ball milling offers a large number of possible routes for synthesising new
materials and is a promising method for industrial scale-up synthesis.

9.2.2 Liquid phase: sol-gel technology

In this chemical process, a colloidal solution (sol) gradually evolves towards
the formation (gellation) of a gel-like dual phase system, formed by a
continuous network of a solid in a continuous network of fluid. It is a wet
chemical technique widely used in materials science and more specifically in
ceramic engineering. A drying process removes the remaining solvent and a
final sintering thermal treatment can be carried out if further polycondensation
or densification is needed.
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Varma et al. (1990) prepared Ag—YBCO superconductors from composite
powders via the citrate gel route. The raw materials were cupric nitrate,
yttrium nitrate, barium nitrate, silver nitrate and citric acid. The nitrates
were dissolved, a stoichiometric amount of citric acid was added, and the
pH value was adjusted. The mixture was concentrated to a viscous state in
a steam bath and an oven to obtain a citrate gel. The gel was then thermally
decomposed in air and the powder was ground, pressed and sintered in a
static air atmosphere. Nanostructured Ni—Y,05/ZrO, composite powders
were synthesised by Grossmann et al. (1995) employing the sol-gel method.
The characteristics of the powder can be controlled through choice of the
oxidation and reduction conditions, and homogeneously dispersed nickel
within a ZrO, matrix could be generated. Ragunathan et al. (1993) synthesised
W—Cu composite powders at lower temperatures than those required for the
methods that are more commonly used. Greater control of the chemistry and
homogeneity are possible with sol—gel synthesis.

9.2.3 Gas phase: pyrolysis

This synthesis route is capable of forming nanoparticles once a sufficient
degree of supersaturation of condensable products has been reached in the
vapour phase. Once nucleation occurs, the growth of particles is fast and takes
place by coalescence; depending on the temperature, spherical or agglomerated
particles are produced. The process has been successfully employed in
synthesising various nanometre-scale materials including metals, simple and
complex metal oxides, carbides, nitrides, rare earth doped oxides and multi-
elemental glasses, among others. Laser pyrolysis is a gas-phase synthesis
method where a flowing reactive gas is heated rapidly with a laser.

Spray pyrolysis was used to fabricate Ag—TiO, composite powders for
application in oxide barrier filaments of superconducting multifilamentary
tapes. The composite powders were prepared from an aqueous solution
of TiO, and AgNO; (Matsumoto et al., 2002). Majumdar ez al. (1998)
synthesised Ag—SiO, and Ag—CuQO by spray pyrolysis using mixtures of
aqueous silver nitrate and colloidal silica, resulting in high purity and a high
level of compositionally homogenous composite powders.

9.3 Copper- and aluminium-based composite
powder systems

MMCs refer to a kind of material in which rigid ceramic or another high-
strength metal or alloy reinforcements are embedded in a ductile metal or alloy
matrix. MMCs combine metallic properties, such as ductility and toughness,
with characteristics such as high strength, moduli leading to greater strength
in shear and compression, and to higher service temperature capabilities.
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The attractive physical and mechanical properties that can be obtained with
MMCs, such as a high specific modulus, strength, and thermal stability, have
been documented extensively (Tjong and Ma, 2000; Flom and Arsenault,
1986; Nardone and Prewo, 1986; Mortensen ef al., 1988).

Interest in MMC:s for use in the aerospace and automotive industries, as
well as other structural applications, has increased over the past 20 years.
This is a result of the availability of relatively inexpensive reinforcements
and the development of various processing routes which result in reproducible
microstructures and properties (Chou et al., 1985). In situ MMC powders
with a wide range of matrix materials (including aluminium, titanium, copper
and iron) and second-phase particles (including borides, carbides, nitrides,
oxides and their mixtures) can be produced.

Since the objective of the reinforcement is to increase the stiffness and
strength of the matrix, metallic or ceramic particles are used in the synthesis
of metal composite powders. With their large elastic modulus and high
strength, ceramic particles are ideal reinforcing particles. In principle, many
ceramic powders meet these requirements, but there are other restrictions
which influence the choice of the reinforcement for a particular composite.
Many of the ceramic particles of interest are thermodynamically unstable
when they are in contact with pure metals and will react to form compounds
at the interface between the particles and the surrounding matrix (Mortensen,
2007, p 490). There are other factors that should be considered, in addition
to reaction stability, when choosing an appropriate reinforcement. If the
composite is made by MA or milling of solid powders, the ratio of the metal
powder size to that of the reinforcing particles is important if a uniform
distribution of the reinforcement is to be achieved. In general, if the size
ranges of the metal and ceramic particles are similar, the reinforcement
distribution will be more uniform. The reinforcing particles in composite
materials with metal alloy matrices, metal carbides (SiC, TaC, WC, B,C,
TiC), metal nitrides (TaN, ZrN, Si;N4, TiN), metal borides (TaB,, ZrB,,
TiB,, WB) and metal oxides (ZrO,, Al,O3, ThO,) are applied.

In the following sections, a selection of metallic matrices and the most
commonly used reinforcements are analysed.

9.3.1 Copper-based composite powders

Copper and copper alloys constitute one of the major groups of commercial
materials. They are widely used in engineering because of their excellent
properties, for example, outstanding resistance to corrosion, easy production,
high conductivity and good fatigue resistance (Davis, 2001, p 4). The main
problem with copper alloys is the low intrinsic strength of these materials;
for this reason, they need to be alloyed with different insoluble elements to
achieve particle strengthening. Potential alloying elements that can be used
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to reinforce copper include Cr, W, Ta, Nb, Mo and V. On the other hand,
copper can also be strengthened by reinforcement with ceramic particles such
as TiC and NbC. These reinforcements not only increase the microhardness
of copper but they also maintain this microhardness at elevated temperatures
(Hussain et al., 2008).

Sheibaina et al. (2009) suggested that copper matrix composites were
promising candidates for application in electrical sliding contacts where good
wear resistance and high thermal and electrical conductivity are needed. For
example, the trend in the development of electrode materials for high-current
applications is to design copper matrix composites containing high melting
temperature components. These can be produced by dispersing hard particles
like oxides, carbides or nitrides into the copper matrix, using either liquid-
state or solid-state techniques (Tjong and Lau, 2000; Lee and Lee, 1999).

There are some publications focused on the production of pure Cu matrix
nanocomposites such as Cu—AlL,O; (Wu and Li, 2000; Ying and Zhang,
2000), Cu—MgO (Mulas et al., 1999), Cu-TiB, (Dong et al., 2002), Cu—ZnO
(Castricum et al., 2001) and Cu—MnO (Sheibani et al., 2009), using an MA
method. Very few methods used copper alloy as the matrix (Cu(Mo)), yet
it seems that the presence of a nanocrystalline Cu(Mo) alloy as a matrix
and the homogenous distribution of Al,Oj; reinforcements can be helpful in
achieving better mechanical properties in a nanocomposite. However, the
wettability of the reinforcement from Cu is higher when it is pure.

The mechanochemical reduction of copper oxide with different reductants
such as Fe, Al, Ti, Ca, Ni and C has already been studied (Schaffer and
McCormick, 1990, 1991; Sheibani et al., 2007). The products were usually
a mixture of copper with dispersed oxides particle, that is copper matrix
composites. When this process is combined with mechanical milling
(reactive milling), nanostructured composites with a uniform distribution
of reinforcement particles are synthesised.

Cu-15 wt% Mo/30 vol% Al,O3 nanocomposites can be synthesised by a
displacement reaction between Al and MoOj3 in a Cu-22.5 wt% Mo0O;-8.5
wt% Al powder mixture according to the following reaction (Sabooni et al.,
2010):

MoO; + 2A1 — Al,O; + Mo [6.2]
AG%g5 = =915 kJ mol™'; AH% g5 = —966 kJ mol™!

The very high negative value of AG%qg (=915 kJ mol™") indicates that this
reaction can thermodynamically take place at room temperature. However,
the kinetics may delay the reaction. MA can enhance the kinetics of the
reaction owing to the repeated fracturing and cold welding of powder
particles. Immediate formation of Al,O; is promoted by dynamically formed
high Al/MoQs interface areas, as well as the short circuit diffusion path that
is provided by increasing the number of defects (such as dislocations and
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grain boundaries) during MA (Heidarpour et al., 2009). It has been found by
different researchers that MA induces the dissolution of metallic atoms into
the crystal lattice of the accompanying metal. The relative crystallography,
size of atoms and affinity will enhance this process or make it more difficult.
Also the presence of ceramic particles will influence the diffusion path
(Llorca-Isern et al., 2010).

There have also been studies of the in situ formation of Cu—MnO
nanocomposite powder by mechanochemical reactions between CuO and Mn.
Particular attention has been paid to the mechanism of this process and its
structural evolution and morphological variation during mechanical milling.
Since T,q in this reaction is well above the melting point of Cu, 1358K, it is
certain that Cu is completely melted during the combustion reaction. This
is in agreement with the observation made by Zhang and Richmond (1999)
regarding the spherical morphology of the Cu particles undergoing phase
separation from AlO;.

Pure copper, iron and cobalt together with Al,O3; powder were mixed in a
planetary ball mill in order to form Cu—Fe—Co/Al,0O; composite powders. The
reaction stages and resulting magnetic properties were analysed in order to
determine the influence of the ceramic powder on the process and properties,
compared to the metallic system. Al,O; interacts with the metallic dissolution
of Fe and Co atoms in Cu, resulting in a barrier to the progress of the atomic
diffusion. Figure 9.1 shows a (CuFeCo) metallic aggregate after mechanical
milling. It has a plastic appearance with almost flat surfaces, as welding is
the predominant process in these kinds of mechanical alloys. However, in

0067 %1 20KV

9.1 Scanning electron microscopy (SEM) micrograph of the metallic
Cu-Fe-Co aggregate after HEBM showing ductile features of the
powder.
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Fig. 9.2, the aggregate of a metallic system with 3% Al,Oj; acting as a barrier
to the plastic deformation hampers the mobility of dislocations generated
by the mechanical process, resulting in increased fragility of the material
so that eventually it will fracture. Consequently the fracture aspect of this
composite powder is not plastic but brittle (Llorca-Isern et al., 2010).

An aggregate of composite powder (CuFeCo + 10% Al,0O3) processed by
HEBM is shown in Fig. 9.3(a) and (b). Owing to their hardness and brittleness,
ceramic particles are broken and refined during the mechanical process. Al,O;
particles are then trapped between deformed metallic particles, hindering
the progress of diffusion. In Fig. 9.3(a) and (b), the alumina particles can
be seen as dark spots embedded within the metallic matrix; as the milling
time favours fracturing, there are different sizes of particles.

Concerning the magnetic properties, the composite powder showed that
the presence of alumina increases its coercivity (H,.) and remanence (M,).
The processed metallic powder presents magnetic domains with defined
block wall contours showing a dendritic morphology, as can be seen in the
Fig. 9.4(a); this was also observed by Zeng et al. (2007) who suggested that
this morphology was typical for the magnetic domains of metals processed
by MA. Looking at the morphology of the magnetic domains in Fig. 9.4(b)
(obtained by the authors), corresponding to the composite powders (metallic
system with 10% alumina), two features are notable: first, the diffused
block wall contours and, second, the different branched forms adopted by
the magnetic domains. The magnetic domains of composite powders are
less homogenous and present diffused features that are probably caused by

10 ym WD15

9.2 SEM micrograph of the composite Cu-Fe-Co and 3% alumina
(%w) after HEBM showing brittle features of the metal-based

composite powder.
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(a)
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(b)

9.3 (a) SEM-BSE (back scattered electron) micrograph of Cu-Fe-

Co and 10% alumina (%w) aggregate after HEBM. The dark spots
correspond to the alumina particles embedded in the metallic matrix.
(b) SEM-BSE cross-section micrograph of Cu-Fe-Co and 10% alumina
(%w) after HEBM. The dark spots correspond to the alumina particles
in the metal composite powder.

pinning the alumina particles, hindering the orientation and reorientation of
the magnetic dipoles in these domains.

In some studies, (Lee et al., 2001; Korac et al., 2007), Cu—Al,0,
nanocomposite powders were synthesised via the thermochemical or
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9.4 (a) Magnetic domains characterized by MFM (D3100 Veeco
magnetic force microscope) after HEBM in Cu-Fe-Co metallic
powder. Image area of 20 um x 20 um. (b) Magnetic domains
characterized by MFM (D3100 Veeco magnetic force microscope)
after HEBM in Cu-Fe-Co and 10% Al,O3 (%w) metal composite
powder. Image area of 20 um x 20 um.
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chemical route, in which the input materials are in a liquid state. Owing to
the development of contemporary materials with advanced properties, there
has been considerable interest in this synthesis method for the production
of ultra-fine and nanocomposite powders (Jena et al., 2001).

9.3.2 Aluminium-based composite powders

Aluminium-based matrix composites (AMC) that have been reinforced with
hard ceramic particles have received considerable interest because they
are relatively easy to process and can offer nearly isotropic properties in
comparison to fibre-reinforced composites. In addition, these composites
exhibit high strength and stiffness, creep resistance and superior wear
resistance, and also provide good electrical and thermal conductivity. All
of these properties make particle reinforced AMCs attractive for a wide
range of applications in the automotive, aerospace and transport industries.
Reinforcement particles used in AMCs include nitrides, borides, carbides
and oxides (Everett and Higby, 1991).

The one-step in situ production of aluminium matrix composite powders has
been successfully realised by means of mechanical alloying. The composite
material powders were manufactured by simultaneously mixing the elemental
powders in the appropriate percentages to obtain the aluminium alloy matrix
and the selected carbides. In this case, the elemental powders used for the
aluminium alloy were aluminium, copper, silicon and magnesium. Two
different carbides were used as reinforcement for the composite material:
VC and TiC (Ruiz-Navas et al., 2006).

Aluminium alloys manufactured by MA show better properties, especially
at higher temperatures, than alloys obtained by atomisation or conventional
means (Last and Garret, 1996). The reasons for this include the reduction
of grain size (Van Meter et al., 1992), the high level of work hardening
and the fine dispersion of precipitates (mainly oxides) in the microstructure
(Mishra et al., 1992; McCormick and Froes, 1998). Numerous aluminium
alloys are manufactured by MA (Li and Lai, 1998), including alloys from
the 6xxx (Mukai and Ishikawa, 1995) and 7xxx (Polkin and Borzov, 1995)
series. Aluminium matrix composite powders that have been reinforced with
SiC and Al,O3 (Faure and Brune, 1987; Bhadury ef al., 1996; Ravikiran and
Surappa, 1997) have been obtained in order to improve the wear behaviour
of the aluminium alloy matrix. More recent studies have considered the
possibility of adding intermetallics, which is a potential success owing to
their hardness and compatibility with the matrix (Gonzdlez-Carrasco et al.,
1994; Torralba et al., 1997; Adamiak et al., 2004).

Aluminium alloys have reasonable strength and ductility with corresponding
workability. Therefore, these alloys have been widely used for the synthesis
of nanocomposites with different nano-sized ceramic particulates such
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as Al,O; (Arami et al., 2008; Razavi-Hesabi et al., 2006), CNT (Pérez-
Bustamante, 2008) and MoAl, (Maiti and Chakraborty, 2008) by MA. The
6xxx series of Al-Mg-Si alloys (i.e. 6061) is a good choice as the matrix
alloy owing to its excellent mechanical properties, good weldability and
corrosion resistance.

Even though the in situ composites have significant advantages, some
synthesis routes may lead to composites with an inhomogeneous microstructure
with various unstable and/or undesirable phases (Lii ez al., 2000, 2001; Tee et
al.,2001). These undesirable phases might drastically reduce the mechanical
properties. For example, Tjong et al. (2005) have studied the mechanical
properties of in situ Al-10 wt% TiB, and found that the formation of an
Al;Ti phase has a negative impact on the mechanical performance of in situ
composites. They proposed that the elimination of the intermetallic Al;Ti
phase is a primary task for developing in siru Al-TiB, composites with
superior mechanical performance. Recently, Sadeghian et al. (2011) used a
two-step MA process and obtained in situ formation of TiB, particles in the
Al matrix with a fine and uniform distribution, thus preventing the formation
of undesirable compounds. Consequently, strict control of the process may
ensure the synthesis.

Based on the Al-Ce/Al,O5 system, Reddy er al. (2007) concluded that
mechanical milling is not sufficient for the reduction reaction when the
reaction enthalpy is moderately high. They suggested that a combination of
mechanical and thermal treatment would make the material system a likely
candidate for the synthesis of nanocomposites. The chemical redox reaction
of this system is:

3Ce0, + 4Al — 2A1,0; + 3Ce [9.3]

Boron carbide (B,4C) is one of the hardest and lightest materials and thus a
candidate for reinforcing light ductile metals. However, owing to the poor
wettability of B,C with the molten Al alloys, it is difficult to produce dense
Al-B4C composites by liquid-phase approaches. It has been reported that
Al requires a temperature as high as 1100°C in order to wet the B,C surface
completely. Processing at such high temperatures leads to the formation of
a series of components by chemical reactions between these two phases
(Shorowordi et al., 2003; Lee and Kang, 2001). Ye et al. (2006b,c) have
optimised the cryomilling technique for processing composite powders that
consist of particulate B4C reinforcement in different aluminium matrices.
It has been reported that Al-B,C composites prepared by consolidation
of the cryomilled powder particles exhibited better wear resistance (Tang
et al., 2008) and improved mechanical properties (Ye et al., 2006a) when
compared to the unreinforced alloys. The effect of interfacial debonding on
the mechanical properties of Al-B,C composites consolidated by different
thermomechanical techniques was reported in another study (Zhang et al.,
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2006). However, in the aforementioned studies, cryomilling was used to prepare
the Al-B4C composite powders by using micrometre-sized B4C particles.
Nano-sized boron carbide particles can be produced from commercially
available boron carbide particles and mechanically alloyed with Al6061 to
synthesise the corresponding nanocomposite powder successfully (Khakbiz
and Akhlaghi, 2009).

9.4 Other metal-based composite powders

9.4.1 Iron-based composite powders

The main advantages of the PM route for iron-based systems are raw
material savings, low energy costs, higher content of alloying elements
and the possibility of ceramic particle additions. However, the materials
produced by this technique generally suffer from the problem of contaminated
matrix-reinforcement interfaces. Consequently, techniques involving in situ
generation of the reinforcing phases are preferred as the synthesis route
for these materials. As a result, the reinforcement surfaces are likely to be
free from gas absorption, oxidation or other detrimental surface reaction
contamination, and the interface between the matrix and the reinforcement
bond tends to be stronger (Zhang et al., 1999). Some of these technologies
include liquid—solid or liquid-liquid reactions, and self-propagation high-
temperature synthesis (SHS). In situ formation of dual carbides (TiC and
other carbides) in ferrous composites has already been studied. For example,
Dogan and Hawk (1995) formed in situ TiC and (Cr,Fe),C; carbides in Fe-
based composites; Farid et al. (2007) synthesised in situ TiB, and TiC in
stainless steel matrix composites; Jiang et al. (2000) produced in situ (TiW)
Cp/Fe composites, and Fu and Xu (2010) produced VC as an alternative
addition to TiC/Fe matrix composites, producing dense (Ti,V)C/Fe-matrix
composites by an in situ reaction combined with planetary ball mixing
techniques.

The strategy applied for iron-based materials is usually to use reinforcement
particles which conform to precipitation in the initial matrix alloy. This can
be applied when high-alloyed initial powders are needed, for example if
Fe-Cr-B has to be reinforced by CrB, (Lampke et al., 2011).

Crisan and Crisan (2011) studied Fe and Fe;O, (magnetite) powders
obtained by ball milling. They demonstrate that the nanocomposite powder
undergoes an incomplete redox reaction during preparation with formation
of FeO. Magnetite and iron powders are gradually transformed via redox
reactions and, at the end of the heating stage, wursite is the main phase
observed in the sample.
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9.4.2 Titanium-based composite powders

Titanium matrix composites (TiMCs) that have been reinforced with ceramic
particles have considerable potential for structural applications in the
aerospace, transportation and industrial sectors, primarily because of their
superior stiffness, toughness, elevated temperature resistance and excellent
specific strength. Many reinforcements are used in TiMCs, including SiC,
AL, O3, TiO,, TiC, TiB, TiB, and rare earth oxides. In addition, elements of
rare earth added to the TiMCs can greatly increase the strength of the matrix
alloy at high temperatures. Rare earth oxide is produced from the rare earth
element and solid solution oxygen in a matrix alloy; it is beneficial for grain
refinement, fatigue resistance and thermal stability (Zhang et al., 2004b).

Titanium alloys are the metallic biomaterials that are most commonly
used for medical implants owing to their good biocompatibility, high
chemical stability in the physiological environment and excellent mechanical
properties. For these reasons, effort has been devoted to synthesising titanium
alloy—hydroxyapatite (Ti6Al4V/HA) composites. HA has poor mechanical
properties that are improved by the Ti alloy. Plasma spraying is the most
popular technique for adding a coating of HA to the titanium substrate. The
brittle nature of the HA layer often results in wearing of the coating. The
development of Ti6Al4V/HA composite powders aims to solve such problems.
Thian et al. (2001) studied the formation of Ti6Al4V/HA composite powders
using a technique called the ‘ceramic slurry approach’, which was employed
to produce Ti6Al4V/HA composite powders; the outer layer consists of a
biocompatible HA surface and the inner core consists of mechanically strong
Ti6Al4V. Ti6Al4V can also be reinforced with TiC. Ar-atomisation produces
a composite powder containing very small TiC particles, as proposed by Hu
and Loretto (1994).

The use of innovative reinforcement materials plays an important role in
the production of composite materials with outstanding properties. Several
studies present nanometre-scale reinforcements as potentially successful
materials for the production of metal matrix composites. A few works present
titanium MMCs (TiMCs) strengthened with nano-carbon reinforcements.
Montealegre et al. (2011) studied the behaviour of TiMCs reinforced with
nano-carbon materials, CNTs and nanodiamonds (NDs), which were produced
via powder metallurgy under different processing conditions. It was shown
that TiMCs with a well distributed and small reinforcing phase presented
the best flexural strength (1473 MPa for TiMCs with NDs hot pressed at
900°C, compared to 400 MPa for titanium pure matrix (Boyer et al., 1994;
Kondoh et al., 2009)).

Research was carried out by Joshi et al. (2002). A titanium composite
powder (Ti-TiO,) was produced by in situ metal oxidation during MA. Begin-
Colin et al. (1993) obtained metal—ceramic composite powders of Al,O;-Ti
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by MA using TiO, and Al as raw materials. These are both examples of
TiMC powders.

9.4.3 Intermetallic-based composite powders

Different groups of intermetallics are considered in this section: primarily
Fe;Al, TizAl, NiAl and NizAl. In general, intermetallics are obtained by
self-propagated high-temperature synthesis and then milled. In particular,
Fe;Al-based intermetallics possess attractive properties, including considerable
hardness, high melting points, relatively low densities compared with Fe-
based and Ni-based alloys, and excellent oxidation and corrosion resistance
(Matsuura et al., 2006). As a result, these compounds are useful for many
structural applications, including gas metal filters, heating elements, heat
treatment fixtures, high-temperature dies and moulds and cutting tools
(Knibloe et al., 1992; Yoshimi and Hanada, 1997). Addition of a third
alloying element such as Ti or Cr to the Fe;Al intermetallic compound can
lead to an improvement in mechanical properties, including ductility at room
temperature and creep resistance at high temperatures, chemical stability
and tribological behaviour by solid solution and/or precipitation hardening,
as well as grain boundary strengthening (Zhu er al., 2000; Fortnum and
Mikkola, 1987; Mendiratta et al., 1987).

It has also been shown that the dispersion of a hard second phase material
(e.g. Al,O3) within the matrix can enhance the mechanical properties (Whelham,
1998). Intermetallic reinforced alumina composites exhibit several advantages
such as high strength, good wear resistance and improved fracture toughness
(Schicker et al., 1999; Horvitz et al., 2002). Khodaei et al. (2009) synthesised
Fe;Al-Al,0O5; nanocomposites by MA of an Al and Fe,O; powder mixture
and reported that prior to the Fe,Os—Al combustion reaction, the powder
particles attained a nanocrystalline structure. This promotes the Fe,O;—Al
reaction by providing high diffusivity paths.

Mechanical alloying of Fe, Al and TiO, powder mixtures led to the
formation of (Fe, Ti);Al-Al,03 nanocomposites. Rafiei er al. (2009) found
that the TiO, oxide is gradually reduced by Al during milling. This reaction
led to the formation of crystalline Ti and amorphous Al,Os:

4Al + 3TiO, — 3[Tilg. + 2ALO; [9.4]

The AG%qgg for reaction [9.4] has a very high negative value (-498.22 kJ
mol~') indicating that this reaction can take place thermodynamically at
room temperature.

Upon further milling, Ti (reduced from TiO,) and the remaining Al
were dissolved into an Fe lattice and formed an Fe(AlTi) solid solution
that transformed to an (Fe,Ti);Al intermetallic compound with a disordered
DOj structure at longer milling times. Annealing the final structure led
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to the crystallisation of amorphous Al,O; and ordering of the (Fe,Ti);Al
matrix. If extra Fe and Al is added to the starting powder mixture to obtain
an (Fe,Ti);Al matrix, it will dilute the starting mixture and consequently T4
will be lowered. Thus, the reaction mode can change from self-propagation
combustion to a gradual or progressive mode of reaction.

There have been several studies into the preparation of titanium aluminide
and iron aluminide matrix nanocomposites by MA. Zhang et al. (2004a)
reported that MA of an Al-TiO, powder mixture leads to the formation of
a range of Ti-based composites including Ti(Al,0)/Al,03, Ti,Al(0)/Al,05
and TizAl/TiAl. Forouzanmehr et al. (2009) synthesised the TiAl/Al,O4
nanocomposite by MA of an Al and TiO, powder mixture and reported that
TiO, is gradually reduced by Al during ball milling.

TiAl-based intermetallics have received considerable interest regarding
various applications in the aerospace, automotive and energy production
industries, owing to their relatively low densities, high specific strength,
excellent oxidation and corrosion resistance and adequate creep resistance at
high temperatures. Therefore, the TiAl-based alloys most commonly studied
have a composition of 44-48% Al and contain additions of other elements
(suchas Nb, Cr, W, Si, B, etc) to improve the creep and/or oxidation properties
and tensile ductility. Compounds such as Al,Os, TiB,, TisSiy and Ti,AlC
have been identified as compatible and thermochemically stable reinforcing
phases for the y-TiAl matrix (Ward-Close et al., 1996; Ramaseshan et al.,
1999).

Yeh and Shen (2009) carried out a study of TiAl-Ti,AlC in situ composite
preparation with a broad range of compositions, conducted by self-propagating
high-temperature synthesis (SHS) of compressed samples with a mixture of
elemental powders. Several carbide NiAl intermetallic composite powders
have been produced by simultaneous reaction synthesis of the carbide and the
intermetallic, with the objective of enhancing metallic cermets by replacing
the metallic binder with NiAl (McCoy and Shaw, 1994).

NiAl has also been reinforced with TiB, or Al,O3, the latter produced by
mixing NiO and Al, and it was mechanically alloyed to produce the composite
powder (Cheng, 1994; Oleszak, 2001). Ni3Al and NiAl intermetallics have
been used as reinforcement of Al 2124 aluminium alloy, showing higher
thermal stability and better mechanical properties than the same metallic
alloy reinforced with common ceramics (Torres et al., 2002).

9.4.4 Refractory-based composite powders

A wide variety of refractory materials are available. These materials can be
classified in three general families of refractories, in terms of their chemical
composition:
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e oxide refractories
e non-oxide refractories
e composite refractories.

Concerning metal-based refractories, silver-based refractory contact materials
produced by powder metallurgy are used extensively as contact materials
owing to their properties, which include high conductivity, good resistance
to welding and corrosion, high melting temperatures and hardness. Ag—65
wt% W composite is widely used in air circuit breakers in the 50-100 A
range ( Lee, 1997). Findik and Uzun (2003) studied the effect of graphite
additions on electrical conductivity and hardness of a 60 wt% Ag-37 wt%
WC-3 wt% C contact material produced by powder metallurgy.

Tungsten and molybdenum are two refractory metals that have attracted
great interest for high-temperature applications in industries such as consumer
electronics, aerospace, telecommunications, medicine and defence, owing
to their excellent heat resistance. The high melting temperatures of the
metals (3422°C for tungsten and over 2623°C for molybdenum), however,
makes it extremely difficult to process the materials by melting and casting.
Conventionally, tungsten and molybdenum-based alloys and composites are
produced by a powder metallurgical method, followed by minor machining
or grinding, if necessary.

An important refractory metal-based composite is the W—Cu system,
which has superior thermal management properties and a high microwave
absorption capacity. It is predominantly used for heavy-duty electrical contacts
and arcing resistant electrodes. Tungsten—copper alloy powders are used in
many fields on account of the high electric and thermal conductivities of
copper and the high melting point of tungsten. Good thermal and electrical
conductivity and a low thermal expansion coefficient contribute to making
these composites advanced engineering materials. However, because the
W-Cu system exhibits mutual insolubility, W—Cu powder compacts have
a bad sintering capacity, even when using liquid-phase sintering at above
the melting point of the Cu phase. For this reason, it has been reported that
W-Cu composite powders can be produced by ball milling (Gaffet et al.,
1991), oxide co-reduction (Gusmano et al., 2001), freeze-drying technique
(Xi et al., 2010), mechano-chemical methods (Kim et al., 2004b) and MA
(Xiong et al., 1995; Doré et al., 2004; Alam, 2006). However, only a few
reports are available on the synthesis of W—Cu composite powders through
chemical routes (Ardestani et al., 2009; Hashempour et al., 2010). Compared
to MA processes, chemical synthetic approaches have the advantage of better
control of particle size, shape and distribution through adjustment of the
reaction parameters.

Sahoo et al. (2011) addresses the synthesis of W—Cu nanocomposites by a
multivariate route, comprising polyol and thermal decomposition processes.

© Woodhead Publishing Limited, 2013
www.ketabdownload.com



262 Advances in powder metallurgy

W-Cu nanocomposite powders were synthesised by simultaneous reduction
of Cu(acac), by polyethyleneglycol (PEG-200) and decomposition of W(CO)g
in diphenyl ether. The composition of the resultant W—Cu nanocomposites
could be easily altered by adjusting the ratio of metal precursors, since both
are solid powders.

9.5 Applications

Among the diversity of applications in which Me-based composite powders
have been used, we can identify four sectors that continue to be employed and
probably will be considered in the immediate and mid-range future. First, the
enhanced electrical properties are welcomed for the production of electrodes
or parts of SOFCs (solid oxide fuel cells) (Changsheng et al., 2011). Second,
the magnetic properties of Fe—Co-based metallic alloys have been successfully
applied by combining them with some oxides, particularly alumina, in order to
strengthen and stabilise the grain size of the metallic matrix. Another example
of where the magnetic properties were the key part of the system was the
result of combining Fe and ferrite. Taking into account that MA was used
as the production method, the magnetic domains can be highly influenced
by the process and thus internal stresses and grain/domain size are the key
factors to be controlled. Microelectronics and sensor devices are among the
most frequent applications of this type of composite powder. Nanocomposite
powders can help to produce higher efficacy in doped semiconductors.

When mixing magnetic metals or alloys with polymers, metal-based polymer
composite powders can offer magnetic properties that are strongly related to
powder particle size and will produce soft magnetic composites. In particular,
Nowosielski (2007) studied high energy milling of amorphous ribbons of
metallic Fe,sSigB 3 and Fe;3 sCu;NbsSi 3 sBg glasses. After annealing to the
point of nanocrystallising them, they were mixed with a polymer and finally
consolidated.

Biomedicine is the third sector where objects produced from metal-based
composite powders find a market. It is well known that HA-ceramic composite
powders are in great demand for bone restructuration, but some attempts
have also been carried out to combine Ti—Al-V with HA. Biocompatibility
and inert bioreactivity are the objectives for any material to be used in this
sector.

Structural properties can be enhanced by Me-composite powder-based
materials for applications where these properties are essential; however,
other functions may also be crucial, thus affecting material selection. The
sintering step for the production of composite material products is nowadays
well known, as confirmed by the increasing number of scaled-up laboratory
processes. Thus, general structural requirements compose the fourth main
group of applications (Neikov et al., 2009).

© Woodhead Publishing Limited, 2013
www.ketabdownload.com



Metal-based composite powders 263

CNT reinforced metal-matrix consolidated composites are still at the
research stage. However, there are several potential applications for these
composites. Owing to their high strength, wear resistance and low density,
these applications are piston rings, gears and cylinder liners in the automobile
industry, and aircraft brakes and landing gear in the aerospace industry. If
they also have a low coefficient of thermal expansion, structural radiators
in space applications or devices in electronic packaging are also potential
applications for these materials. Microelectromechanical systems (MEMS),
sensors, batteries and energy storage systems need a high elastic modulus, large
surface area, reduced response times and high current density, characteristics
that can also be found in some metallic composite powder combinations
(Bakshi et al., 2010). CNTs have better strength and stiffness than carbon
fibres and hence have the potential to replace carbon-fibre reinforced MMCs
in various applications. Overcoming the challenges in processing will result
in efficient use of the mechanical properties and will result in the strongest
MMCs known to mankind.

9.6 Future trends

It is worth noting that nanocomposites have their own particular route and
applications in nanotechnology. Among these applications, supercapacitors,
thermoelectric materials, templates, sensors, biosensors and controllers
appear to be the future for this family of materials. Much research has been
undertaken into utilising CNTs as reinforcement for composite materials
since their discovery by Iijima in 1991. However, CNT-reinforced MMCs
have received little attention. These composites are being prepared for use
in structural applications because of their high specific strength, as well
as their use as functional materials owing to their excellent thermal and
electrical conductivities.

Since 1970, carbon-fibre reinforced composites have been extensively
used for a wide array of applications such as aircraft brakes, space structures,
military and commercial planes, lithium batteries, sporting goods and structural
reinforcement in construction. In the last decade, a number of studies have
been carried out using CNT as reinforcement in different materials, namely
polymers, ceramics and metals. Bakshi ef al. (2010) studied journal articles
published on CNT-reinforced composites in the last decade and found
that the majority of research had been carried out into reinforcement of
polymers by CNT. This can be attributed primarily to the relative ease of
polymer processing, which often does not require the high temperatures
for consolidation that are needed for metals and ceramic matrixes. This is
surprising considering the fact that most of the structural materials used today
are metals. Also, the number of publications on different metal matrix-CNT
composites from 1997 to 2008 was plotted and it could be observed that
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there has been an increase in the number of publications on that topic since
2003. In addition, the metal matrixes in CNT-reinforced MMCs that were
most used in the last decade were Al, Ni and Cu.

CNT-reinforced metal matrix (MM-CNT) composites are prepared by
a variety of processing techniques. Since realising that the most critical
issues in the processing of CNT-reinforced MMCs are (i) dispersion of
CNTs and (ii) the interfacial bond strength between CNT and the matrix,
many researchers have adopted modified steps in their approaches. Powder
metallurgy is the most popular and widely applied technique for preparing
MM-CNT composites by MA. Esawi and Morsi (2007) used MA for the
first time to generate a homogenous distribution of 2 wt% CNT within Al
powders. Milling for up to 48 hours led to good dispersion of CNTs but
resulted in the formation of large spheres (>1 mm) owing to cold welding.
Yang and Schaller (2004) achieved a homogeneous distribution of CNT in
a Mg matrix by mechanically mixing the powders in an alcohol and acid
mixture, followed by sintering at 823K.

Electrodeposition and electroless deposition are the second most important
techniques for the deposition of thin coatings onto MM-CNT composites,
as well as for deposition of metals onto CNTs. Walid (2008) researched
CNT-Cu composite powders; different CNT volume fractions were prepared
in an alkaline citrate bath by electroless copper deposition. The composite
powders produced were heat treated and sintered using a spark plasma
technique. The CNTs were implanted into the copper particles. To achieve
better dispersion in the Cu matrix, the CNTs were electrolessly coated with
Ni before hot pressing at 1373K, which ultimately resulted in improved
mechanical and wear properties for the composite (Deng et al., 2007).

A novel approach (Xu et al., 2010) was developed to obtain uniformly
dispersed CNT reinforcement in Al matrix composite powders. The process
involved in situ synthesis of carbon nanostructures on the surface of aluminium
powders through Friedel-Craft alkylation, and a homogenous dispersion of
the CNTs in the aluminium powders was obtained.

The critical issues for mechanical properties in MM—-CNT composites
are the homogeneous distribution of CNTs in the metal matrix and the
interfacial reaction and bonding to the matrix so that they work as effective
reinforcement.
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Abstract: This chapter describes the processing and properties of metals
containing significant fractions of porosity, processed using powders.

The basic concepts used in porous materials research are introduced and
the different types of processing techniques that have been explored are
surveyed. The reported property data for different foams are collated

and used to illustrate the range of properties that have been achieved

and methods to predict the properties of porous metals from elementary
knowledge about their structure are discussed. Finally, the outlook for
porous metals research and some likely future directions of fruitful enquiry
are suggested.

Key words: material properties, metal foams, processing.

10.1 Introduction

A distinct class of materials with their own properties and behaviours, porous
metals (called metal foams or sponges) have been the subject of research
for some time and are starting to be applied in engineering situations. This
chapter looks at why these materials are so interesting, how they are processed,
what properties they display and the underlying rules that they follow. The
emphasis is on porous metals processed by a solid state powder route and
the literature on these materials is reported. However, in general the same
relationships between the porous structure and the base metal properties, and
the overall foam behaviour are found in all foamed materials.

Porous metals are interesting for research and engineering for two principal
reasons: they are able to achieve unusual properties in combination and these
properties can be tailored to suit the needs of a particular application:

Property combinations: Porous metals can be thought of as composites
and can display some of the properties of metals (such as high electrical
and thermal conductivity, ductile failure at high stress, etc) with some of
the properties of a porous structure (such as permeability to fluids, low
density, etc). These can be combinations that are impossible to achieve
with other materials; for example, a highly thermally conducting material
that is permeable to fluids would be suitable as a heat exchanger.

Tailoring of properties: The properties of a porous metal depend on both
the properties of the metal in dense (i.e. non-porous) form, and also on

273

© Woodhead Publishing Limited, 2013
www.ketabdownload.com



274 Advances in powder metallurgy

the porous structure (essentially the amount, shape, size and distribution
of porosity). As a result, small structural changes can be used to adjust
the properties (within certain limits), allowing the precise properties
required to be obtained. This could, for example, be of use in a protective
application (against crushing or impact), where the strength could be
adjusted to ensure maximum energy absorption, while ensuring that the
protected component did not exceed the safe load or impulse.

10.1.1 Porous metals

Any metal with a fluid phase (liquid or, most usually, gas) distributed
throughout it could be classified as a porous metal, although in practice the
study of these materials is generally confined to those showing significant
levels of porosity (greater than 50%) and where the second phase regions
are uniformly distributed throughout the material (unlike the case of a cast
part with a large internal pore, for example). In these structures, the regions
of free space are called pores or cells and the solid phase is called the dense
or parent metal, with the individual structural elements being termed struts,
if they are thin relative to the pores, and being referred to as cell walls if
they are larger. Figure 10.1 shows an example image of a porous structure
with some of these features indicated.

Another important structural change can be discovered if it is imagined

Pore

Strut

Window

500 pm

10.1 Example of a porous metal, indicating some of the typical
features. The image (taken from Zhao and Sun, 2001) shows an
aluminium foam processed by the space holder method. Foam
micrograph reprinted from Scripta Materialia, Copyright (2001), with
permission from Elsevier.
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how the structure will change going from a metal with a low amount of
porosity to one with much higher levels. With small amounts of a fluid phase,
the pores will be isolated, existing as bubbles within the matrix. This is a
closed cell structure and one that might be correctly called a metal foam. If
we increase the amount of porosity, it is clear that at some point the pores
will start to intersect and are likely to join, making a network that connects
together and communicates with the external environment (this will occur
at a volume fraction porosity of 0.64 (Arzt, 1982)). This is an open celled
structure, and could be called a metal sponge, although the term metal foam
is also applied.

10.1.2 Characteristics

In determining the properties of a porous metal, the two most important factors
are the metal it is made from and the porous structure. The composition
of the solid and any microstructure are easily determined by standard
analysis techniques (e.g. energy dispersive X-ray spectrometry and optical
microscopy), but the porous structure can be quite complex and difficult to
quantify simply. The easiest identification to make is if the foam has open
cells (which interconnect and are accessible by the outside environment) or
closed cells (which are individually isolated and enclosed by metal, even
if it is only a thin cell wall). Nevertheless, to interpret the properties it is
normally necessary to quantify the structure and for this reason a number
of parameters are commonly identified, Table 10.1.

In addition to these values, which would normally be given as the average
for the whole specimen, the distribution of each of them will be important.
In particular, for porous metals processed from powders, it may be found
that the pore size distribution is bimodal. One peak may represent the size of
the main pores, with a further peak at a size similar to the size of the powder
particles, which represents residual porosity from incomplete sintering. If the

Table 10.71 Parameters frequently measured to characterise the structure of a
porous metal

Parameter Units Measurement method

Volume Porosity — By measuring mass and volume, knowing
fraction solid density of base metal is required to calculate
the porosity

Pore size (diameter) m (mm) Using image analysis on 2D sections
(macrographs, optical or electron microscopy),
for grain size/shape, using software or
methods such as linear intercept (Higginson
and Sellars, 2003). Measurements in 3D made
using X-ray tomography (e.g. Tuncer et al.,
2011)

Density kg m™

Pore aspect ratio -

Window size m (mm)
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data is assimilated into a single average value, this underlying complexity
can be missed.

10.1.3 Further information

Research has been carried out on metal foams since the 1960s and has been at
a high level of intensity since around the 1980s. As a result there are a larger
number of general reference works and reviews of the subject as a whole
than will be covered in this chapter. Here the focus will be on metal foams
and sponges processed using techniques based on powder metallurgy, but
the wider subject can be accessed through books and review articles (Ashby
et al., 2000; Banhart, 2001; Dunand, 2004; Conde et al., 2006; Colombo
and Degischer, 2010; Goodall and Mortensen, 2013), and the proceedings
of conferences such as the biennial MetFoam conference (Banhart et al.,
2003; Nakajima and Kanetake, 2005; Lefebvre et al., 2007).

10.2 Powder processing: partial sintering and space
holders

10.2.1 Partial sintering

When uniform powders are placed together, they will pack with space in
between them which varies as a function of their coordination number
(Arzt, 1982). A random packing of monosized spheres is usually taken to
fill 64% of the available volume, although this will be more if the powder
is pressed to form a compact. When sintered, the particles will bond and the
pore fraction will be reduced. The simplest way to produce a porous metal
is to interrupt this process at some point before full densification has been
reached, Fig. 10.2. This was one of the first approaches used to produce
porous metals from powder, for example with copper in the 1960s (Goodstein
et al., 1966) and some of the early methods are examined by Liu and Liang
(2001). Sintering of powders is used commercially to produce porous metals
by Schunk Sinter Metals (http://www.sintermetalltechnik.com). With larger
pores, these can be used to control air flow as filters or silencers, and with
smaller pores they can form self-lubricating bearings.

In more recent work, control of the final porosity over a relatively wide
range (5-37%) has been achieved in titanium (Oh et al., 2003), although the
limit of the packing of particles (filling 64% of space) is once again roughly
respected. Porous steel has been produced in this manner (Arockiasamy et
al., 2010) and titanium-based alloys (including NiTi with shape memory
behaviour) have also been produced using hot pressing to accelerate bonding
(Lagoudas and Vandygriff, 2002; Nomura et al., 2005), although this may
reduce the porosity in the final sample.
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10.2 Porous titanium produced by partial sintering of gas atomised
powder. Scanning Electron Microscope image courtesy of Mr Mark
Taylor, the University of Sheffield.

With some metals, such as porous titanium, large particles (1802000 pum
diameter) have been used to increase the amount of porosity retained (Thieme
et al.,2001). As the driving force for sintering is less, liquid phase sintering
was used to accelerate the formation of bonds. In this work, a more complex
structure was made by combining together blocks of different structures at the
green body stage, giving an overall part with a graded structure. Liquid phase
sintering by niobium additions has also been used to accelerate consolidation
in NiTi with NaCl space holders (Bansiddhi and Dunand, 2009).

The heat for the process need not always be provided externally. Where
porous alloys or intermetallics are required (possibly to achieve a foam
with a high melting point), it may be possible to produce them through
reaction between different powders. These reactions can be exothermic
and, because of the high surface area, have a tendency to enter positive
feedback, releasing more heat and speeding up as the reaction progresses
throughout the sample. This has been investigated as a specific technique,
often termed self-propagating, high-temperature synthesis, SHS (Kobashi and
Kanetake, 2002; Li et al., 2002; Kim et al., 2004; Biswas, 2005; Kanetake
and Kobashi, 2006), typically used for NiTi and NiAl. Although based on a
runaway reaction, meaning the process may seem difficult to control, with
careful preparation and selection of the appropriate starting conditions (e.g
powder size) and the inclusion of additional compounds that either enhance
(e.g. B4C) or suppress (e.g. TiC) the reaction, porous metals with controlled
structures can be produced (Kobashi and Kanetake, 2002; Biswas, 2005;
Kobashi et al., 2006a, 2006b). It is even possible to include dense metal
faceplates in the process to create sandwich panels directly (Nabavi and
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Khaki, 2011). What causes the porosity to be developed in these alloys
(which may be from around 10-85% (Kobashi and Kanetake, 2002)) is not
fully understood, but may be due to the speed of the reaction limiting the
time for porosity contained within the compact to be removed by evolution
of the structure and because of the effect of hot gases generated during the
process (Kanetake and Kobashi, 2006).

Even if there is no exothermic reaction, when powders of different elements
or alloys are sintered together, the Kirkendall effect can act to increase
porosity. The effect normally produces very fine scale porosity when the
interdiffusion rates of the two metals are not equal and has been observed to
occur at a sufficient level to generate a porous material with NiTi and NizAl
(He et al., 2007; Dong et al., 2009; Wen et al., 2010; Liang et al., 2011),
but has also been used as a means of increasing porosity by adding to the
pore fraction (Wang et al., 1998) or by expanding a percolating network of
particles (Ismail et al., 2011).

Sintering of shapes other than powders has also been employed. While
this includes exotic shapes such as hollow spheres, produced by coating
expanded polystyrene spheres with metal powder and sintering (Nagel et
al., 1997; Uslu et al., 1997; Lim et al., 2002; Andersen et al., 2000; Roy et
al., 2011), simpler shape changes will still show an effect. With a deviation
from spherical particles, the percentage of space filled is generally reduced
(Cumberland and Crawford, 1987; Yu and Standish, 1993), as these shapes
do not pack as efficiently and the overall porosity of the powder compact can
be increased by a substantial amount if extreme shapes such as fibres are used
(Fedorchenko, 1979; Ducheyne et al., 1978; Markaki et al., 2003; Delannay,
2005; Clyne et al., 2006; Tan et al., 2006). With the lower number of particle
to particle contacts in such systems, a route such as liquid phase sintering
ensures good bond strength between fibres and enhances the properties of
the material produced (Markaki et al., 2003).

10.2.2 Space holders

Commonly, simply sintering powders does not produce materials with
enough porosity, or a large enough pore size for many applications and
workers in the field wish to enhance these and obtain some degree of control
over the process. This is often done by including some other phase in the
process, which occupies the space that will be required for the pores in the
final sample. Although this can be a second phase which is in itself porous,
forming what is called a syntactic foam (e.g. Xue and Zhao, 2011), more
often it will be removed by some treatment at a later stage; this removable
phase is called the space holder. The generic process is shown schematically
in Fig. 10.3, where metal powder and space holder particles are blended,
compacted and the space holder is then removed before sintering. The space
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10.3 Schematic diagram of a space holder route for the production of
porous metal.

holder also enhances green body strength (Laptev er al., 2004, 2005), as
does the degree of compaction, as would be expected. This can be sufficient
that machining can be carried out on the green body, to avoid potentially
challenging machining of the porous part (Laptev et al., 2004).

Variants of the process have been used for all of the main metals and alloys
from which foams and sponges are commonly made, including aluminium
(Zhao and Sun, 2001; Wen et al., 2003; Sun and Zhao, 2003; Zhao et al.,
2004; Jiang et al., 2005b; Sun and Zhao, 2005a; Hakamada et al., 2005a;
Bin et al., 2007), titanium (Bram et al., 2000; Wen et al., 2001; Rak et
al., 2003; Laptev et al., 2004; Dunand, 2004; Rak and Walter, 2006; Esen
and Bor, 2007; Ye and Dunand, 2010) and a variety of steels (Bram et al.,
2000; Bakan, 2006). As processes have been developed separately, different
space holders tend to be preferred for different materials. For example, for
aluminium foams, NaCl is frequently used, for titanium and its alloys, it may
also be NaCl (where the metal is sintered with the space holder in the solid
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state (Ye and Dunand, 2010)), carbamide (essentially urea pellets, used as
fertilizer) (Tuncer et al., 2011), magnesium particles (Esen and Bor, 2007,
2011) or a polymer binder phase.

Sintering—dissolution process

One of the first space holder methods developed to a significant extent
(sometimes termed the sintering—dissolution process, SDP) used aluminium and
NaCl (Zhao and Sun, 2001). Powders were blended together and compacted
and the compact sintered below both the melting point of aluminium (660°C)
and salt (801°C). To increase the rate, the temperature can be taken 10-20°C
above the melting point of aluminium; at temperatures higher than this, the
aluminium will begin to be excluded from the compact, as liquid aluminium
does not wet salt (Zhao et al., 2004). Finally, the space holder NaCl phase can
be removed by leaching in water, leading to the formation of a foam of the
type seen in Fig. 10.1. The removal of salt is normally successful, although
for porosities below 60% some residual space holder may remain (Zhao and
Sun, 2001), which is in agreement with models developed for dissolution
from a multi-phase compact (Zhao, 2003). Addition of magnesium (Sun and
Zhao, 2003, 2005a) may be made as a sintering aid, acting to reduce the
oxide layer, although it has sometimes been found to be less effective than
a combined addition of magnesium and tin (Zhao et al., 2004). Where they
work, these additions are helpful, as the pressure that can be applied without
damaging the space holder particles (which are usually more fragile than
the metals being sintered) prevents there being as high green densities as
would be recommended with dense components in powder metallurgy (Zhao
et al., 2004). The SDP for aluminium is highly developed, with simulations
of the compact being used to predict the spatial distribution of heat over
time, the sintering time required (Sun and Zhao, 2005b) and modelling of the
dissolution behaviour of a leachable space holder material being performed
(Zhao, 2003; Sun and Zhao, 2005b).

Some workers have substituted a spark plasma sintering (SPS) step for
conventional sintering in the NaCl space holder method (Wen et al., 2003;
Hakamada et al., 2005a), including for NiTi (Fu et al., 2006), where very
fine grained metal powders (50 nm) were used. This produces a particularly
fine grain sized microstructure, as the shortened processing time and time at
elevated temperature experienced by the material means that grain growth
cannot occur (Wen et al., 2003). To further increase the porosity, SPS has been
used with polymer spheres coated with a nickel alloy (Song and Kishimoto,
2006), although as the foams are closed celled (Hakamada et al., 2005b),
the polymer or its remnants can be trapped inside.
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Sintering with other space holders

NaCl is by no means the only space holder used. Carbamide (urea) and
ammonium hydrogen carbonate are frequently employed. These are not
removed by dissolution as NaCl is, but can be removed by treatments at
high temperature (either before sintering, or as an initial step in the sintering
heat treatment). Methods using these space holders were developed at
around the same time as the SDP, principally for producing higher melting
point metals with porosity. The same procedures of blending (often using a
solvent) and pressing powders, substituting ammonium hydrogen carbonate
and carbamide for NaCl, have been used for titanium and magnesium foams
(Bram et al., 2000; Wen et al., 2001, 2002a, 2002b, 2004; Zhuang et al.,
2008; Niu et al., 2009; Nouri et al., 2010; Tuncer et al., 2011), superalloys
(Bram et al., 2000; Mi et al., 2009), stainless steel (Gulsoy and German,
2008) and copper foams (Hakamada et al., 2007), and examples have also
been reported of polypropylene carbonate (PPC) (Hong et al., 2008) and
starch being used for titanium (Mansourighasri et al., 2012). All of these
are removed by a thermal treatment before sintering, which is effective in
retaining the porous shape, even though they decompose at relatively low
temperatures (around 200°C).

Carbamide is also a popular space holder for aluminium (Jiang et al.,
2005a) and has been used for stainless steels, not being removed thermally,
but by water leaching (Bakan, 2006). Carbamide particles are available in
different shapes, as either rough spheres or high aspect ratio flakes. The use
of different forms of carbamide allows the pore shape to be controlled as
this shape is preserved in the porous material (Bram et al., 2000; Jiang et
al., 2005b).

Another important space holder is potassium carbonate, K,CO3 (Zhao et
al., 2005) and its use is sometimes called the lost carbonate process. This
has the advantage that it is thermally decomposed, so an additional leaching
treatment is not required. It also is not removed until high temperatures
(891°C, when it melts and decomposes simultaneously (Zhao et al., 2005)),
meaning that it can contribute to structural integrity up to high temperatures.
This has been used for higher melting point metals, such as copper (Zhao
et al., 2005; Thewsey and Zhao, 2008; El-Hadek and Kaytbay, 2008) and
iron (Ma et al., 2006).

Porous intermetallics and alloys

There is an interest in porous alloys and intermetallic materials for a range
of applications, including high temperature use. Shape memory alloys of
NiTi have been made by blending and cold pressing elemental powders on
their own (Yuan et al., 2004), or with NaCl (Zhao et al., 2009), followed
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by sintering where reaction between them takes place. The process has also
been applied to a ferritic stainless steel containing Cr and Mo, using NaCl
space holders (Scott and Dunand, 2010). With just elemental powders used,
the pore size tends to be small (a few hundred micrometers) and the porosity
low (around 30-40%); although these may be controlled by the use of a
hot isostatic pressing (HIP) treatment (Yuan et al., 2008). The inclusion of
space holders permits high porosities, with a bimodal pore size distribution,
where the larger pores are introduced by the salt particles, the smaller by the
Kirkendall effect or residual porosity from the powder compact.

NiTi has also been processed from prealloyed powder, using NaCl
(Bansiddhi and Dunand, 2008, 2009) or NaF as a space holder (Bansiddhi and
Dunand, 2007). In both cases HIP was used to cause densification, although
the high temperatures used necessitate either the use of a high melting point
space holder (such as NaF, which is removed by a treatment in water of
several weeks’ duration (Bansiddhi and Dunand, 2007)) or by carrying out
the process rapidly so that the space holder does not melt (as is done with
NaCl (Bansiddhi and Dunand, 2008)). The advantages of the latter process
stem mainly from the more easily obtained and handled space holder and
improved process speed, and the reduced corrosion, cost and toxicity risks
that result. The same process has been used with NaCl for another shape
memory CuAIMn alloy (Gong et al., 2011a, 2011b). As this is processed at
high temperature (930°C), the salt does not have to be dissolved before the
process is begun, as it will evaporate during the sintering process.

Metal injection moulding with space holders

Polymer particles have been used as space holders (Li and Lu, 2011) and
organic binders may also be used to hold the powder in a specific shape to help
with processing a specific component; this can play a dual role in preserving
free space until a later stage of sintering (Rak and Walter, 2006). With this
method, it is not possible to control pore size and shape externally, as the
space holder has no rigid shape of its own, but this limitation is balanced
by the advantage of not having to add a specific space holder phase, as the
organic binder can be used to generate parts with complex shape (allowing
net shaping or near net shaping of components) by methods like metal
injection moulding (MIM).

Metal injection moulding (MIM) is another technique for forming
powders into a shape for sintering and can often result in residual porosity
(e.g. Guo et al., 2009), suggesting that it may be exploited for porous metal
production. The process can be used with elemental powders to produce a
complex shape, which can then be processed further by a procedure such
as SHS (Guoxin et al., 2008), or sintered to allow reaction (Kohl et al.,
2009; Ismail et al., 2011). MIM can also be used with elemental or pre-
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alloyed powders (Bram et al., 2011), using partial sintering to produce a
porous material, or by including a space holder material in the mix (Kohl
et al., 2011). Examples have been demonstrated for Ti-6Al-4V with small
(<50 um) poly(methylmethacrylate) (PMMA) particles as space holders (Engin
etal.,2011), where the small size of the space holders avoid difficulties with
material flow during injection, and for 316L stainless steel with slightly larger
PMMA particles (around 75 wm) (Manonukul et al., 2010). The advantage
of PMMA is that it breaks down thermally and is easily removed without
leaving a residue that could contaminate the metal parts or impair sintering,
although the small pore size and early removal of PMMA in the sintering
process mean that the pore fractions obtained are low. Alternatively, NaCl
can be used as the space holder for titanium (Chen et al., 2009; Bram et al.,
2011) and NiTi production (Kohl et al., 2009; Bram et al., 2011), which has
been demonstrated for pore sizes of around 300—400 wm. This space holder
material is removed by dissolution in water before heat treatment, which
means that no specific treatments during the sintering are required and that
the pores are all open.

Freeze casting

A different route from adding preformed space holders to a powder mix, or
using a space holder that has no rigid shape, is to form space holder particles
in situ. The freeze casting process, originally developed for ceramic powders,
has been applied to titanium powder (Chino and Dunand, 2008; Fife et al.,
2009; Li and Dunand, 201 1) and recently stainless steel (Driscoll ez al., 2011).
In the process, a slurry is formed of water with powder in suspension (Chino
and Dunand, 2008) and this is frozen in a directional manner. As the ice
crystals form, they displace the powder particles, forming a space holder phase
in situ, concentrating the powder particles in certain regions and removing
liquid from around the particles. The powder is therefore brought into close
contact, so that weak bonds may form. In the next stage, the space holder is
removed by sublimation, leaving pores in the structure of powder particles,
which a short sintering step can give the required cohesive strength. Due to
directional solidification the ice crystals tend to become aligned along the
direction of heat extraction and the pores are highly anisotropic (Chino and
Dunand, 2008).

As the freezing is directional (and ice crystals tend to be highly planar
(Fife et al., 2009)) and the microstructure therefore not uniform, porous
materials processed in this way can have highly anisotropic properties
(Driscoll et al., 2011). It is not usually possible to obtain metal powder
particles as small as the ceramic powders used in freeze casting (which are
often submicrometre in size), but the processing is improved by having the
smallest particles possible (as they are more easily moved by the ice crystals
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as they form (Chino and Dunand, 2008)), as is the final material (as smaller
particles sinter more rapidly, forming stronger bonds) (Fife et al., 2009).

Template methods

Other methods use a polymer foam as a template to define the porosity (in a
sense, the polymer foam holds the space, although this is not done solely by
occupying it as with other space holders). A different method that has been
used for very low density nickel and stainless steel foams is by placing the
powder particles in a slurry rather than a binder and coating an open cell
carbon foam (which is itself formed from a polyurethane foam) (Queheillalt ez
al., 2004). In this method the carbon foam is retained at the core of the struts
in the foam. Titanium alloy (Ti-6Al-4V) has also been produced in foam form
by using a polyurethane template dipped in slurry containing metal powder
and a polymer binder, with the sintering step for the powder also removing
the polymeric binder and foam (Li et al., 2005). Perhaps more ambitious
is the combination of the formation of the foam scaffold and inclusion of
the metal powder in one process: the dispersal of large quantities of metal
powder (titanium, iron and copper have been used) in one of the components
of a foamable polymer system, such as polyurethane, the processing of the
polymer, causing it to foam, and the subsequent heat treatment to remove the
polymer and sinter the metal sufficiently to provide cohesive strength (Jee
et al., 2000; Guo et al., 2000; Xie and Evans, 2004). Although the polymer
foam is closed celled, the metal foams produced will be open celled (Jee
et al., 2000), with high fractions of porosity, typically over 90% (Jee et al.,
2000; Guo et al., 2000). A related process uses a slurry of metal powder
containing phosphoric acid (Angel et al., 2005). The reaction between the
powder and the acid liberates hydrogen, which foams the slurry forming a
green body which can be sintered.

10.3 Powder processing: gas entrapment and
additive layer manufacturing

10.3.1 Gas entrapment

To attempt to access different pore structures, workers have sought to
use gas pressure to provide additional expansion of bodies formed from
powder. This has some limitations, as for the effect of the gas pressure to
be felt, the temperature needs to be high and the material needs to be in a
highly deformable state (Kearns et al., 1988) — in some cases, metals with
superplastic properties have been employed (Dunand and Teisen, 1998)
— making titanium a particularly suitable metal, although other materials,
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notably NiTi with superelastic properties, have been produced (Oppenheimer
et al., 2004; Greiner et al., 2005). Also, the effect of the gas will only be
felt while the pores remain closed. As pores start to intersect each other and
joining therefore becomes more likely at porosities between 50 and 64%,
the upper limit of the porosity that is achieved by these methods tends to
be around this point.

The most common version of the method sees a powder being compacted
under an inert gas environment, such as argon, so that quantities of this gas
become entrapped within the compact (Schwartz ez al., 1998). A similar goal
may be achieved by cryogenic milling of the powder in the presence of argon
(VanLeeuwen et al., 2011), which results in very fine scale porosity. The
compact is then sintered under vacuum, which causes the metal particles to
bond, but at the same time expands the pores owing to the pressure of the
trapped gas (Schwartz et al., 1998; Dunand and Teisen, 1998; Davis et al.,
2001; Murray and Dunand, 2003, 2004; Murray et al., 2003; Oppenheimer
et al., 2004; Greiner et al., 2005). Figure 10.4 shows a schematic diagram of
the process. Control of the process can control the foam produced. Applying
a uniaxial stress during expansion can constrain the foam and cause the
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10.4 Schematic diagram of the gas entrapment process for porous
metal creation.
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pores to become aligned (Davis et al., 2001), while repeated heating and
cooling cycles can result in the membranes between the cells rupturing and
the foam becoming much more open (Murray and Dunand, 2003). Workers
have attempted to increase the porosity by including chemical agents that
break down at high temperature to release gas, for example TiH, (Ricceri
and Matteazzi, 2003) although success has been limited, at least in part by
the high solubility in metal of the hydrogen gas released.

10.3.2 Additive layer manufacturing-based techniques

With current demands for efficiency in material and energy usage, new
manufacturing techniques such as additive layer manufacturing (ALM)
processes (also known as powder bed methods) are the subject of great
current research interest. In this chapter it will not be attempted to give a
full account of all these methods, but rather to focus on their use to produce
porous metals.

For the majority of the materials discussed in the previous sections,
the porosity contained within them is random in nature, being in pores of
unpredictable size, shape and location (even if we can define global measures
to characterise some of these properties, see earlier). The materials that can
be made through ALM processes are very different in nature. The essential
principle of the process translates a 3D image held in a computer into a
metallic part, with very low levels of wastage or final machining required.
This is carried out in specialised equipment, such as the systems sold
commercially by Arcam AB (http://www.arcam.com/), EOS Electro Optical
Systems (http://www.eos.info/en/home.html), Renishaw (http://www.renishaw.
com) and others.

The processes have arisen from rapid prototyping, where a computer-
aided design (CAD) model is created and formed into a solid part by adding
layers (hence additive layer manufacturing, ALM). These methods were first
applied to polymers, although some were adapted to produce metal parts; for
example, 3D printing has been used to deposit shapes made from a slurry
containing Ti-6A1-4V powder (Li et al., 2006). This succeeded in making
simple structures, with a minimum spatial resolution of around 500 pm.

Currently these rapid net shape manufacturing techniques are also available
for metals. In one version, laser direct metal deposition (LDMD), metal
powder is fed into a laser beam, which causes it to melt and be deposited
on a substrate. By moving the powder injection and laser beam around the
substrate, a 3D shape can be built up. Porous lattices have been achieved
in Ti-6Al1-4V and 316L stainless steel (Ahsan et al., 2011), although the
limited overhangs possible probably mean that the porosity will be limited to
relatively low levels. A more widely used system for porous parts is shown
schematically in Fig. 10.5. This uses a deposited layer of metal powder
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10.5 Schematic diagram representing the production of a metallic
lattice using an ALM method.

(typically spherical particles are preferred owing to improved flowability).
Once the layer has been spread across a build surface, a focussed heat source,
such as a laser or electron beam is used to melt powder selectively in areas
where the CAD model requires solid. In other areas it is left unheated.
After treatment, another layer is deposited and the process is repeated until
a 3D shape, encased and permeated by unmelted powder, is obtained. To
produce a porous shape, this unmelted powder will have to be removed
by grit blasting, for example. The powder can be recycled back into the
process.
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Systems where the metal powder is melted by an electron beam (often
termed electron beam melting, EBM) have most commonly been used to
make metallic lattices, often using titanium or Ti-6Al-4V, as these high
value materials are common choices for the near net shaping offered by the
machine. The most common choice of structure is a simple cubic lattice,
or a lattice following the bond structure in diamond (Heinl et al., 2007,
2008b; Cansizoglu et al., 2008; Murr et al., 2010a, 2010b; Li et al., 2012).
However, much more complex designs are possible, including lattices with
re-entrant struts that are able to show negative Poissons ratios (auxetic
behaviour) (Schwerdtfeger et al., 2010). Porous shapes have also been made
in a similar technique using a laser (selective laser melting, SLLM), both in
regular cubic-based lattices and structures replicating those of cancellous
bone (Pattanayak et al., 2011).

The main advantage of techniques like EBM is the great flexibility in the
structures that can be produced, offering the possibility of having highly
tailored structures. As well as regular lattices, random structures replicating
regular foams (using tomography images of other foam types as the input)
have been made (Murr et al., 2010b, 2011; Ramirez et al., 2011). The
flexibility is such that the struts can be made both dense and hollow (Murr
et al., 2010b).

The nature of the processing will affect the material produced. The angle
of struts relative to the build direction (the normal to the plane of the layers)
can have an effect on the properties displayed by the lattice (Cansizoglu et
al., 2008) and the amount of energy input will affect the strut thickness and
hence density (Heinl et al., 2008a). In mechanical tests on the lattices it has
been found that they have a relatively low fatigue resistance, partly due to
the structure (as porous metals have low fatigue resistance generally and
also because the microstructural condition of the Ti-6Al-4V used was not
optimal for fatigue resistance (Li et al., 2012)).

Because of interest from biomedical applications, lattices have also
been produced from Co—Cr alloys (Murr et al., 2011) and from copper for
applications that require thermal or electrical flow (Ramirez et al., 2011).
For biomedical use the material condition should be suitable, as the alloys
are well known and many researchers are looking at implantable parts made
using such techniques (vanNoort, 2012), but the conductivity may be limited,
as oxides, formed during the processing, were found throughout the copper
lattices produced (Ramirez et al., 2011).

10.4 Properties of porous metals

In the broadest sense, the properties displayed by a porous material will
follow the same trends as seen in composites, with the properties of the whole
being a blend of the properties of the individual constituents. An important
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simplification can be made in that one of the limits is the properties of free
space, which for most properties can be taken as zero.

10.4.1 Mechanical properties

Data reported in the literature for the Young’s modulus and compressive
strength (the most common properties measured) of porous metals processed
from powder are summarised in Table 10.2 and the variation in relative
Young’s modulus (the Young’s modulus of the foam divided by that of
the metal from which it is made) with porosity is shown in Fig. 10.6 for
different processing techniques and metals. It is clearly seen that there is
a fall off in both of these properties as the porosity increases, with a very
wide spread in the properties displayed. This is quite usual for foams (see
the results summarised in Ashby et al. (2000), for example), owing to the
random nature of the structure and the potentially severe effect of defects.
With sintered powders, the potential for defects is even larger, enhancing
the spread.

Although in foams generally the pore size does not affect the mechanical
response (with some exceptions where the surface plays a significant role
(Diologent et al., 2009)), there is some evidence that larger pore size foams
processed by powders have improved mechanical properties (Bin et al., 2007),
which was attributed to a change in the aspect ratio of the walls, although
it is not clear why this may arise. In similar tests the same effect was found
and in X-ray tomography investigations it was found that a larger pore size
gives rise to larger struts (Tuncer et al., 2011), although intriguingly, the
consolidation within them is reduced, with more pore wall porosity, smaller
interconnection size and a lower strut density. Nevertheless it appears that
the strut size is the dominant effect.

Metal foams are often highlighted for applications where their energy
absorbing qualities may be employed. Care needs to be taken with experimental
investigations, as it has been found that the energy absorbed in a dynamic
mode of loading for aluminium foams is less than that absorbed in static
tests (Sun and Zhao, 2003). Observations on similar materials show that the
plateau stress is increased at higher strain rates (Hakamada et al., 2005a)
and so the reduced energy absorption must be due to densification occurring
at a lower strain. In NiTi by contrast, it has been found that the Young’s
modulus is higher in dynamic testing than in quasistatic testing, attributed
to the superplastic behaviour of the base metal in this case (Greiner et al.,
2005). It has been found that NiTi has good energy absorbing and damping
characteristics, attributed to the hysteresis behaviour of the dense metal
(Kohl et al., 2011). This has been employed to make dense materials for
energy absorption, by infiltrating a porous NiTi network with magnesium
(Li et al., 2010). Investigation of the behaviour and mechanisms operating
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10.6 Literature data for the relative Young’s modulus (Eyam/Emetar)
of various porous metals produced from powder, plotted against
pore fraction. Data for partial sintering with Ti are from Thieme et
al. (2001) and Oh et al. (2003), for space holder with Ti from Wen

et al. (2001, 2002a, 2002b), Esen and Bor (2007), Hong et al. (2008),
Chen et al. (2009), Ye and Dunand (2010), Tuncer et al. (2011)

and Mansourighasri et al. (2012), for space holder with Cu from
Hakamada et al. (2007) and El-Hadek and Kaytbay (2008), for space
holder with Mg from Wen et al. (2004) and Zhuang et al. (2008), for
space holder with stainless steel from Bakan (2006) and Gulsoy and
German (2008) for MIM with space holder from Engin et al. (2011)
and Bram et al. (2011), for trapped gas expansion from Davis et al.
(2001) and for polymer precursor from Queheillalt et al. (2004). Note
that a wide variety of pore sizes are represented by the data. Also
shown are the predictions of the Gibson-Ashby (G&A) model (Table
10.4) for open celled foams, with various values of the constant, C.

at different temperatures has shown that the trends in behaviour of the dense
metal are conserved (Hakamada et al., 2005a; Scott and Dunand, 2010).
Foams processed from powders have also been investigated for creep (Scott
and Dunand, 2010), which can be related to the dense metal properties by
relatively accessible models (e.g. Hodge and Dunand, 2003; Mueller et al.,

2007).
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10.4.2 Conduction properties

At temperatures within a few hundred degrees of ambient conditions, heat
transport by radiation is low and at cell sizes below 4 mm, convection in
the gas phase can be ignored (Skochdopole, 1961), leaving conduction
through the solid phase the only significant mechanism of thermal transport.
This being the case, parallels can be drawn between electrical and thermal
conductivity and the same trends are observed. For most situations in most
porous metals, the two properties can be assimilated into one although for
some powder processed porous metals a difference has been found, attributed
to defects in the structure (Thewsey and Zhao, 2008). For engineering use
this is fortunate, as there have been relatively few measurements of either
type of conductivity in powder processed metal foams. Some examples, in
fact reporting values of electrical conductivity, are given in Table 10.3 and
the variation in relative conductivity with porosity is shown in the graph in
Fig. 10.7. As with mechanical behaviour, the trend is for the conductivity of
a foam to be decreased as the porosity increases, with this reduction more
rapid with the initial appearance of pores. Thermal conductivity follows
similar trends and data for copper foams with different pore size and density
have been reported (Thewsey and Zhao, 2008).

It has been found that the electrical conductivity of porous titanium
processed by a space holder method decreases as pore size is reduced.
This is, however, traced to differences in the pore shape (the aspect ratio)
introduced when the pores are compacted in a uniaxial pressing step (Li and
Lu, 2011). Differences in electrical conductivity with pore size have also
been observed in copper and iron (Ma et al., 2006). The conductivity is also
higher for larger pores, which is suggested to be because of better bonding
being achieved in the cell walls, which also have larger dimensions. This
is, however, contrary to X-ray tomography results obtained on other types

Table 10.3 Literature data for the conduction properties of porous metals
processed from powders. Where multiple data points are given, the minimum and
maximum values are quoted in the table

Processing Metal Pore size Pore Conductivity Ref.
method (um) fraction (S m™) x 10°
Cu 250->1000 0.7-0.85 0.26-6.26 (Ma et al., 2006)
120-500 0.5-0.85 0.13-0.31 (El-Hadek and
Kaytbay, 2008)
Space holder Ti 150-400 0.1-0.67 0.33-1.41 (Li and Lu, 2011)
136-403 0.31-0.64  0.13-0.69 (Li and Zhu,
2005)
Fe 425-1500 0.68-0.76  0.95-1.45 (Ma et al., 2006)
Al 452->2000 0.63-0.83  0.62-4.26 (Ma et al., 2005)
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10.7 Literature data for the relative conductivity (Sipam/Smetal) Of
various porous metals produced from powder, with porosity. Data for
space holder with Ti are from Li and Zhu (2005) and Li and Lu (2011),
for Cu and Fe from Ma et al. (2006) and for Al from Ma et al. (2005).
Also shown are the predictions of equations [10.1] and [10.2], the
Lemlich and DEM models.

of porous metal processed from powder, where better consolidation is seen
with smaller pores and higher pore densities, although larger struts are also
produced, which appears to be the dominant effect for mechanical properties
(Tuncer et al., 2011).

In general, the conductivity of foams processed by powder methods is
below that of other foams, as shown in Fig. 10.7. This is likely to be due to
a greater content of impurities, such as entrained oxides, originating from
the powder surfaces (Goodall et al., 2006), a conclusion which is reinforced
in the work of Li et al. (Li and Lu, 2011), who found the conductivity of
dense commercial purity titanium processed by the same method as the
porous metal in their work was 1.7 x 10°S m™, where the reference value for
(commercial purity) CP Ti is 2.38 x 10° S m™ (Lide, 2001), representing a
relative conductivity of a little over 70% when the dense material is produced
by that particular powder route.
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10.4.3 Biological properties

Foams made from titanium, magnesium and NiTi are often suggested for use
as biomaterial implants even if no biological testing is performed (Thieme
et al., 2001; Wen et al., 2002a; Oh et al., 2003; Dunand, 2004; Nomura et
al., 2005; Nouri et al., 2010) and sufficiently high purities for use in the
body have been achieved (Laptev et al., 2004; Hong et al., 2008). This is
largely as the dense versions of these metals are currently used, or are leading
candidates for actual implants, and the bioinertness is known.

Titanium foams have been pretreated to create a surface suitable for
implants (Wen et al., 2002b). Porous titanium has been exposed to simulated
body fluid after surface treatments to provide a desirable surface for cell
attachment (Hong et al., 2008). While this gave a fine porous texture to the
surface of the foam, which should perform well, no cell tests have yet been
reported. Highly porous (90%) Ti-6Al-4V alloy has been subjected to cell
culture tests, by seeding MC3T3-E1 osteoblast-like cells on samples of foam
in cell culture media, with culture times of up to 3 days (Li ez al., 2005).
It was found that cells attached to the material surface and spread and that
there was evidence of extracellular matrix production.

Magnesium can degrade in the body environment, producing compounds
that can be excreted through biological processes and is therefore attractive
for degradable implants. In tests in a saline solution representing the body
environment, breakdown of porous magnesium has been observed with, as
expected, the dissolution rate being increased by increasing the porosity
(Zhuang et al., 2008).

Porous NiTi is particularly attractive for implants into bone, owing to the
similarities in the stress—strain curve possible between the two materials (like
bone, NiTi can display hysteresis within the superelastic region) (Bansiddhi
et al., 2008). Foams of NiTi have been produced and implanted into animal
models (rabbits) (Kim et al., 2004). In these tests, no inflammation was
observed and after six weeks bone ingrowth occurred in all specimens
examined. However, in the absence of a control test on other porous materials
it is difficult to say how this behaviour ranks with other types. As more
candidate porous biomaterials are produced from metal powders, a more
comprehensive testing programme will be required.

10.5 Prediction of porous metal properties
10.5.1 Models for mechanical behaviour

The mechanical properties of foams are successfully modelled in many cases
by simple relationships derived by considering a regular cubic structure (Fig.
10.8) which deforms by beam bending (Gibson and Ashby, 1997). Some
of the simple predictions of this approach are given in Table 10.4, further
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—

prd

Cell face
Cell edge

10.8 Regular structures considered by Gibson and Ashby (1997) in
deriving their expressions for the properties of foams.

Table 10.4 Expressions for some foam properties derived by Gibson and Ashby
(1997). In the table, p represents the density, C terms are constants and ¢ is the
proportion of the solid in the cell edges as opposed to the faces, with other terms
as defined in the table. The superscript * indicates that the property refers to the
foam, the subscript s indicates that it refers to the dense metal

Mechanism Open cell foam Closed cell foam

Young'’s modulus, E . *Y . o2 N
E_=C1 L E_=C1¢2 L +C1(1_¢)p_
E, oy E, P, s

Yield stren_gth, oy o . o 32 o . p 32 )

(compression) —=C,|— L =C,lo —]| +C,(1-¢) =
crVS ps 0-ys s s

Fracture strength, o¢ * «\¥2 . 32 N

(compression) 9 _ A {p_] o : [q) p_] +C -9 2
O Ps O s Ps

results can be found in Gibson and Ashby (1997). The predictions of the
equation for Young’s modulus of open cell foams are shown compared to
the data in Fig. 10.6.

The Gibson — Ashby model has frequently been used to understand the
mechanical response of foams processed from metal powders, for example
by Davis et al. (2001), Wen et al. (2002a), Hakamada et al. (2005, 2007)
Jiang et al. (2005a), Esen and Bor (2007), Chino and Dunand (2008), Niu et
al. (2009) and Bram et al. (2011). However, it does have certain limitations.
While it broadly captures the trends, the constants in the equation vary with
the precise foam structure and material, and hence have to be measured
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for each set of experiments, acting like a fitting parameter. For example,
many metal foams show mechanical properties that are below the simple
Gibson—-Ashby predictions (with C = 1) and require this constant to be
reduced (sometimes this is called the ‘knock-down’ factor and frequently has
a value around 0.3-0.5 (San-Marchi and Mortensen, 2001; Despois et al.,
2006)). The reason for this knock down is sometimes attributed to defects
and attempts have been made to model their effects (Kepets et al., 2007).
For Fig. 10.6, it is clearly seen that some of the porous metals processed
from powder, notably the partially sintered powders, follow the model with
C =1 reasonably well. Others, particularly some of the space holder examples,
require the constant to be nearer 0.3 for a good match.

To go beyond the Gibson—Ashby approach, some workers have used
models that may be more specific, but capture the behaviour of a particular
foam type more precisely. Other relatively simple analytical models,
based on Gibson—Ashby or similar approaches, have been used with some
success in situations where they can capture the mechanisms operating in
the microstructure (e.g. Li and Dunand, 2011). For sintered fibres, models
have been developed for both the thermal behaviour and the stiffness (Clyne
et al., 2006), taking the bending of the fibre segment between bonds and
accounting for the statistical distribution of these elements at different angles
throughout the material. In sintered powders, calculations are sometimes
made using the smallest amount of solid cross sectional area normal to the
direction of the applied load; this will typically be the necks between the
particles (Esen and Bor, 2011). Equations developed using this approach are
called minimum surface area models and can work well when the density
is high and there are no long ligaments of material that will deform by
bending or twisting; this type of behaviour would be better captured by the
Gibson—Ashby approach.

Other models have been examined and found to work in specific situations,
including Eshelby’s theory for isolated inclusions in a matrix (Greiner et al.,
2005), which evidently can be applied when the volume fraction porosity is
low (around 20% in this case). Others have applied Mori-Tanaka models
for the elastic properties of materials containing inclusions (El-Hadek and
Kaytbay, 2008) with good correlations, and an extended version of these
models indicates that a small amount of microporosity (> 5%), which is
frequently present in samples produced from powder, reduces the anisotropy
in properties seen when the pores are not uniform in shape and are aligned
(as can also happen in materials produced from powders with space holders
when a uniaxial pressing step is used) (Gong et al., 2011b).

Another approach that has been shown to work well with foams processed
from molten metal in various ways is the use of continuum mechanics
approaches developed for composites (treating the porous material as a
composite of metal and air) for elastic behaviour and a modified secant
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modulus method (where the relationship between the elastic behaviour of
the foam and the dense metal is used to gauge how the plastic behaviour
of the foam will relate to that of the dense metal) for the plastic flow stress
(Despois et al., 2006). This has as yet not been tested against porous metals
processed from powder.

10.5.2 Models for conduction

In work on electrical conductivity, it has been found that simple models can
predict the variation in foam conductivity with density, if the conductivity
of the solid is known (the evidence shows that the pore size and shape have
little effect, although if the pores are not equiaxed there may be a departure
from predictions) (Goodall et al., 2006). The best performing models were
those of Lemlich (1978), which was particularly effective for low density
foams, with long thin struts and the differential effective medium (DEM)
model (Torquato, 2002), which worked well for foams with closed or semi-
enclosed pores. The equations for these models are:

_— K* (1-V,)
Lemlich: K~ 3 [10.1]
K* 0
DEM: i (1-Vv) [10.2]

S

where K is the conductivity, V, is the volume fraction porosity and n is an
exponent relating to pore shape. The superscript * indicates that the property
refers to the foam, the subscript s indicates that it refers to the dense metal.
In the DEM, if the pores are spherical, n takes a value 1.5. If the pores are
non-spherical, the value will be >1.5. with 1.75 being a typical value for
slightly ellipsoidal pores (Goodall et al., 2006).

The predictions of these equations are shown on the graph in Fig. 10.7.
Porous metals processed from powders fall below the conductivity predicted
by the DEM model, which tends to better represent foams produced by other
means with liquid metals as a starting point. The suggested explanation
for this is that a powder metallurgical route is likely to include a certain
amount of oxide from the surface of the powder, reducing the effective
conductivity of the dense metal (Goodall et al., 2006). The conductivity
of powder metallurgical foams is somewhat closer to the Lemlich model
at high porosities, although it climbs above this when the porosity falls to
low values and the pores are isolated; this is unsurprising as the Lemlich
model considers high porosity open celled structures with long straight
struts.
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10.5.3 Simulations

With the structure being such an important factor in determining the properties
shown by a foam, and the fact that the structure has a complex, stochastic
nature, research has included the use of simulations (such as finite element
methods) on real and artificial foam structures to attempt to understand the
behaviour. Finite element simulations of mechanical properties on a global
and local scale have been performed for titanium foams processed by argon
gas trapping (Shen et al., 2006), using as inputs the results of simulations of
the growth of pores in 3D. These structures are arrived at from real samples
early in the process, where 2D sections are used to capture the distribution
of the initially nucleated pores and as such should be superior to artificially
generated porous structures. Overall the comparison to experimental stress—
strain curves is good (Shen et al., 2006). Finite element models of idealised
lattices have also been used to study the effects of defects in the structure
(Kepets et al., 2007).

10.6 Future perspectives

Research in metal foams is still highly active, with groups in the UK, Germany,
the USA, Japan and elsewhere using powder metallurgical techniques to
produce samples, with the same goal of developing new materials and
processes, and assisting the transition from research into applications. Recently
this research has taken on developments in powder bed rapid manufacturing
technologies and has started to produce more of the regular lattice structures
that can be easily fabricated using these methods. It is likely that this trend
will continue (particularly in view of the rapid developments being made in
the processing technology), as an ordered structure is more highly predictable
and the possibilities for tailoring the structure to an unprecedented degree
of precision are attractive for optimisation of the materials for particular
properties and applications. This is starting to include the concept of non-
uniform lattices, where the structure varies with location in the component,
allowing different behaviours to be prioritised in different parts.

Another factor that is likely to be an important future development is the
creation of porous materials made from multiple materials. By using two or
more materials, it is possible to engineer structures with unusual properties,
such as the zero or negative thermal expansion coefficient structures proposed
by Lakes (1996, 2007). The creation of systems with such behaviour on
a scale small enough to be considered engineered materials, rather than
structures, would open up a new range of exciting possibilities for materials
scientists to work with. This will require new advances in the processing
areas described here, along with the exploration of new techniques and,
importantly, how they may be translated into industrial processes. A thorough
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understanding of the processes behind the behaviour is also essential, so that
the material design process can proceed with knowledge of the affect of the
many available variables.
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Abstract: The most prominent features of powder metallurgy (PM) materials
are their fine and regular microstructure and in many cases their porosity.
Here, it is shown how the porosity changes with manufacturing parameters
in sintered materials and how preparation has to be done to avoid artefacts.
The matrix microstructures, with regard to the alloying technique and
resulting element distribution, and the microstructural development during
sintering of powder injection moulded products are described. The fine
homogeneous microstructure is a typical feature of fully dense PM materials
as shown for tool steels and hard metals. The pronounced effect of doping
elements on microstructural stability is presented for PM refractory metals.

Key words: homogeneity, phases, porosity, powder metallurgy
microstructures, sintering.

11.1 Introduction

Powder metallurgy (PM) products have a different manufacturing route
from standard metallic components and this has a strong impact on the
microstructure and resulting properties. The fact that in PM processing, none
or, at best, only a small fraction of liquid phase is present — in contrast to
ingot metallurgy which starts from fully liquid materials — results in usually
finer and much more homogeneous microstructures; by the powder route,
immiscible components such as W and Cu or Al and Al,O; can be combined.
However, this tendency to lack of segregation also means that PM materials
are more sensitive to impurities, particles from slag, ceramic linings and dust
which are not removed by gravity segregation, as in the case of classical
ingot metallurgy, but remain within the powder. Therefore, cleanliness is an
essential precondition in PM manufacturing and this is evident when entering
a PM factory in comparison to a foundry.

The huge variety of starting powders available and alloying variants for
PM multicomponent systems means that even for a given overall composition
a multitude of different microstructures can be obtained. In many PM
products, porosity is a further microstructural component feature, in part as
an inevitable, but frequently unwelcome consequence of the manufacturing
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process; in part, however, porosity is the raison d’etre for PM materials
as, for example, in self-lubricating bearings or sintered filters. In particular
the presence of the porosity also has a strong impact on the metallographic
preparation of PM materials; specific care has to be taken to depict the
porosity metallographically realistically since both unintentional closing and
enlarging of the pores is easily done during preparation, as will be discussed
below.

11.2 Metallographic preparation techniques for
powder metallurgy products

In general, the metallographic preparation techniques used for the preparation
of conventional metals can also be applied to powder metallurgy products;
there are however several differences and peculiarities that have to be
considered. The main difference from cast and wrought products is once more
the porosity of many PM materials. In contrast to pores present in particular
in cast products, the pores in PM materials — except in filters — are fine and
mostly very regularly distributed (Figs 11.1 and 11.2). In metallographic
preparation, there is a pronounced risk of artefacts, the pores being partially
or completely closed during grinding and polishing." This risk is the more
pronounced the higher the ductility of such materials. Very easily sintered
plain iron can appear fully dense after metallographic preparation (Fig. 11.3(a))
although density measurement through water displacement (Archimedes)
method shows that there is considerable porosity. Frequently the presence of
pores can be recognized by the emergence of wormlike lines in the seemingly
dense material. One remedy for this problem is the use of mainly abrasively
acting media; extended polishing with 3 um diamond grit is preferable here
compared to SiC, Al,O; or Cr,0;. Diamond polishing is also recommended
if X-ray diffraction (XRD) is to be done on the sections since in particular
the softer polishing media also result in compressive residual stresses that
adversely affect the precision of the XRD measurement.

The second way to reveal the pores precisely is by combining polishing
with etching (Fig. 11.3(b)). By appropriate combining of both, a realistic
image of the pores can be obtained, the metal layers covering the pores that
have been generated by polishing being etched off. This is of particular
importance if the properties of a sintered material — mechanical, magnetic or
electrical —are to be related to the pore geometry, which happens frequently.
However, there is also a risk of overetching, that is opening the pores too
much. To obtain a correct image of the pores, a commonly used measure is
to compare the porosity obtained by water displacement with that obtained
from the sections by quantitative metallography: if both are in good agreement
it can be assumed that the section has been prepared correctly.?

A third method is impregnation of the pores —after 6 um diamond polishing
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11.1 Porosity in sintered steel Fe-1.5% Cr-0.2% Mo-0.5% C
(compacted at 700 MPa, sintered 60 min at 1280°C): (a) overview,
(b) higher magnification.

— with low-viscosity resins that are cured afterwards, either thermally or
catalytically, by the presence of metal surfaces and the absence of air. If
this is done properly, pore closing can be effectively prevented.

Another feature of many PM products that affects the metallographic
preparation is the widely varying hardness of the microstructural constituents.
In many types of sintered steels, chemically heterogeneous microstructures
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(b)

11.2 Porosity in sintered bronze filter (pre-alloyed powder Cu-11Sn,
sintered for 60 min at 810°C in H,): (a) overview, (b) detail.

are observed and, as a consequence, ferrite and retained austenite are present,
as well as martensite,”™ and the transition may be within a few micrometres.
In hard metals, metallic Co and WC form the microstructure, the size of
the phases being frequently << 1 um.® This means that polishing techniques
have to be applied that prevent preferential removal of the softer phase; once
more, using diamond grit for polishing is recommended.

When etching, the presence of open porosity may be a nuisance since
the etchant enters the pores and then gradually tends to exude, resulting in
overetched stains around the pores. This is particularly common with heat
treated, martensitic or bainitic steels (Fig. 11.4). Here, once more impregnation
of the section with low-viscosity resins is an effective measure for sealing
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(a)

() v

11.3 Sintered steel Fe-1.8% Cr-0.5% C (sintered 60 min at 1250°C in
N,): (a) pores partially closed by polishing, (b) same as (3a), Nital
etched.

the pores. Sometimes swabbing produces better results compared with
immersion.

Overetching may, however, be useful for multiphase materials. If one of the
phases can be selectively removed, better insight into the three-dimensional
structure may be obtained. This is shown in Fig. 11.5 for tungsten heavy
alloys:9 while in the plane section the distribution of the phases can only be
estimated, after etching away the tungsten phase a much more clear image
of the structure can be gained, in particular with respect to the connectivity
of the W phase.
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(@

' (b)

11.4 Image of (a) overetched (Nital etched, 60 s) and (b) properly
etched (Nital etched, 12 s) sintered steel (Fe-0.85% Mo-0.7% C,

sintered 1 h at 1150°C in N,).

11.2.1 Fractographic techniques

The fracture modes encountered in PM materials are basically the same as
those in ingot metallurgy materials; these are ductile rupture, transgranular
(cleavage) fracture and intergranular failure, examples being shown in Fig.
11.6. However, both the wide range of compositions and the combination of
widely different constituents results in a large variety of appearance.
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(b)

11.5 Tungsten heavy alloy W-6.7% Ni-3.3% Fe, liquid phase sintered
at 1475°C: (a) metallographic section, (b) section, long time etched
with saturated Cu(NH3).SO, solution.

For multiphase materials, which are very common in PM, the interfaces are
of crucial importance for the mechanical behaviour; low interfacial strength
is usually linked to inadequate mechanical properties, as shown for W-Ni-Fe
heavy alloys in Fig. 11.7: in the brittle materials the Ni-Fe—W binder is easily
separated from the W spheres while in the ductile one excellent adherence
is observed.”

Furthermore, the presence of pores may strongly affect the fracture
mode. Here, in particular, the presence of interconnected pores plays a
major role, since this type of porosity implies isolated sintering contacts or
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11.6 Different fracture modes in ferrous PM materials: (a) ductile
rupture of Fe-3% Cu, (b) mixed cleavage—ductile rupture in sintered
Fe-Mo-C, (c) intergranular failure in Fe—Mo-C-P.
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(a)

11.7 W heavy alloys with low and high interfacial strength and
resulting widely different ductility.® (a) low interfacial strength, brittle,
(b) high interfacial strength, ductile.

‘necks’. It has been shown quite early!'®!! that such isolated necks exhibit
a different behaviour compared to bulk material. For fully dense (Armco)
or high density sintered plain iron, fracturing at 77K, at the temperature of
liquid nitrogen for example, results in pronounced cleavage, as shown in
Fig. 11.8(a). If however sintered iron with a porosity of 12-15%, which
is fully interconnected, is tested at the same temperature, ductile rupture
of the individual necks occurs despite the low temperature (Fig. 11.8(b)).
Slesar'® ' explained this by the absence of dislocation pile-up effects in
the very small cross sections of the necks, dislocation sliding also being
possible at low temperatures.

Since in porous sintered materials, for example sintered steels or Al alloys,
in reality the sintering contacts are of relevance for the properties and not the
pores — pores do not bear any load nor conduct heat or electricity — measuring
the dimensions of the contacts is an important task. Since the pore structure,
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11.8 Fracture surfaces of sintered plain iron with different porosity,
broken at 77K. Total porosity, (a) 3.8%, (b) 13.3%.

at least for interconnected porosity, is a three-dimensional pore network,
metallographic techniques, which depict only a two-dimensional section,
are not very helpful. Fractographic approaches are more suitable; from
fractographs the ‘effective load-bearing cross section” A (or its opposite, the
‘plane porosity P’,) can be measured by quantitative image analysis.'"'> Of
course an image that is taken about 90° to the general plane of the fracture
surface will not yield the real area of contacts that have fractured in an angle
to this plane but only a projection of this area into the plane. However, this
projection of the real contact area gives the correct figure when correlating
the load-bearing cross section to properties that are measured by loading
perpendicular to the plane, that is tensile or push-pull fatigue loading.

In any case it should be considered that it is usually the size of the
sintered, undestroyed, contact that is of interest. Therefore fracture surfaces
that have been generated with significant deformation before fracture tend
to vield erroneous results for the load-bearing cross section A.. The same
holds if failure occurs predominantly through the particle cores and not
through the sintering necks, as in the case of pronounced cleavage. While
plastic deformation tends to result in too low values for A., cleavage results
in too high values. Therefore, the way that fracture surfaces are generated
is of crucial importance. With many materials, impact loading at 77K is a
suitable way to generate low-deformation impact fracture, although with
some risk of cleavage. Fatigue fracture surfaces are usually the best choice,
in particular for failure after high cycle fatigue loading, that is closely
above the fatigue endurance strength, since the slow crack growth results
in preferential propagation through the weakest areas, the contacts, without
any marked plastic deformation.

If such fracture surfaces are obtained, the area of the broken necks can be
measured on fractographic images using image analyzing software packages.
Fully automatic software is frequently difficult to use since the contrast
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between the broken necks and the internal pore surfaces may be too low
to detect reliably in automatic systems. If the failed necks exhibit a finely
rugged structure, as for example with some heat treated sintered steels, the
grey scale gradient can be used,'? since the internal pore surfaces are rather
uniformly grey, with only slight gradients. Fracture surfaces thus evaluated
are shown in Fig. 11.9; in Fig. 11.9(b) which relates to Fig. 11.9(a) and in
Fig. 11.9(d) which relates to Fig. 11.9(c) the detected area of the failed neck
is shown in white. If however the contrast between broken neck and pore is
visible only to the operator but not to the system, semi-automatic systems
have to be used (e.g. Dlapka et al.'*), an approach that at least alleviates
the contrasting problem but tends to bring about a considerable ‘operator
effect’.

Recently it has been stated that the load-bearing cross section can also be
obtained from quantitative metaliography data,'” that is from sections, but
it has still to be checked how reliable this approach is over a wide range of
porosity and materials. Of course the sensitivity to metallographic preparation
is also very pronounced here.

11.9 Fracture surfaces of sintered steel Fe-1.5% Mo-0.7% C,
quenched and tempered, and impact tested at 77K:™® (a) total
porosity 12.3%, (b) as (a), broken contacts marked white, (c) total
porosity 6.2%, (d) as (c), broken contacts marked white.
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11.3  Microstructures of ferrous powder metallurgy
materials

11.3.1 Sintered steels: evolution of pore structure

In sintered steels, the porosity depends on one hand on the compacting
pressure, which, combined with the compactibility of the starting powder
mix, defines the total porosity, and on the other hand on the sintering process
which defines the pore morphology, usually represented by shape factors
(e.g. Blanco et al.'®) and, within a certain porosity range, the connectivity
as well. Typical images of sintered steels with different total porosity but
sintered in the same way are shown in Fig. 11.10; images of steels with the
same porosity but differently sintered are shown in Fig. 11.11.

As stated above, in the porosity range common for sintered steel parts,
the pores are virtually interconnected and open to the surface, as they are
in the initial state, for example, in a dewaxed green compact. At higher
density levels, however, the pore channels linking the triple junctions tend
to become smaller and smaller, and if intense sintering is applied, these
channels are closed and the triple junctions remain as isolated pores. The
transformation from interconnected to isolated pores is difficult to record,
in principle only low deformation fracture studies as described above being
suited to reveal this process. Since, however, interconnected porosity can
be regarded to be roughly equivalent to open porosity and isolated porosity
to closed porosity, measuring the closed porosity through He pycnometry is
a reasonably good approach to determine the isolated porosity (although it
must be considered that there may be closed pores that are interconnected).
Furthermore, for numerous secondary operations it is the open porosity that
counts, for example for gas carburizing or electroplating.

He pycnometry studies' have shown that the transition from open to
closed porosity is mainly a function of the density, that is the total porosity,
but in addition both the sintering parameters and the steel composition play
a major role. Higher sintering temperature and a longer time results in pore
closing at lower density levels and, equally, Cr prealloyed sintered steels
show earlier pore closing than Mo prealloyed ones (Fig. 11.12).

So far it has been assumed that all pores present are left over from the
green compact and have just had their morphology changed by the sintering
process. However, there is also formation of new pores during sintering, the
so-called secondary porosity (Fig. 11.13). These pores are generated from
alloy element particles if transient liquid phase is formed during sintering.!”
The particles melt, either by congruent melting (as in the case of Cu) or by
eutectic reaction with the matrix'® and the liquid is rapidly distributed in the
steel matrix by capillary forces, the driving force being the fast formation
of solid solution, in other words it is an entropy-driven process. Depending
on the way these pores are generated, their size is correlated to that of the
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11.10 Metallographic sections of sintered steel Fe-0.85% Mo0-0.3%
C with varying porosity, sintered 30 min 1120°C, unetched: (a) 25%
total porosity, (b) 9% total porosity, (c) 5% total porosity.

initial alloy element particle in different ways: for congruent melting, the
size of the pore is virtually the same as that of the original particle, while
for eutectic melting, as for example for Mo particles in an Fe-C matrix, the
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11.11 Sintered steel Fe-0.85% Mo-0.3% C with 15% porosity,
unetched: (a) sintered 30 min 1120°C, (b) sintered 60 min 1280°C.

pore may be double the size of the original particle, since most of the melt
consists of matrix material. These secondary pores may have an adverse
effect on the properties, in particular on the fatigue endurance strength,
since they act as crack initiation sites.'??® Therefore, both careful selection
of the alloy powder grade as well as proper mixing, to avoid formation of
alloy particle agglomerates, are required.

11.3.2 Sintered steels: austenite grain size

Compared to wrought steels, sintered steels are ‘heat treated’ (= sintered) at
very high temperatures. Compared to the standard austenitizing temperature
of a structural steel, the common sintering temperatures are extremely high.
Therefore, excessive austenite grain growth would be expected, which is,
however, not the case (see Fig. 11.14).

The reason for this is the pinning effect of the pores. As has been shown
by Dlapka et al.,?' that even fairly low volume fractions of pores effectively
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prevent grain growth during sintering as well as during heat treatment, meaning
that sintered steels are insensitive to overheating. The maximum austenite
grain size is the size of the original powder particles. Only in the case of
very high relative density, >7.6 g cm™, combined with intense sintering, has
significant grain growth been recorded; under normal conditions, austenite

grain growth can be safely neglected with sintered steels.

11.3.3 Sintered steels: carbon dissolution

As with wrought steels, with sintered steels the most common alloy element

is carbon. It is usually introduced by admixing fine natural
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(b)
11.13 Secondary porosity in different sintered steels prepared from

mixed powders: (a) Fe-3% Cu, unetched, (b) Fe-1.5% Mo-0.7% C,
Nital etched.

the graphite being dissolved during sintering. It has been observed that this
dissolution does not occur immediately when the eutectoid temperature is
attained but that considerable overheating is necessary: in plain carbon steels
prepared from atomized iron powder, the graphite is dissolved in the temperature
range 900-1000°C, as indicated both by metallographic analysis, considering
the amount of pearlite formed, see Fig. 11.15 (from Momeni??, and analysis
of the free carbon (Fig. 11.16). The traditional notion is that natural graphite
grades are more readily dissolved in iron than artificial ones; however, today
very suitable artificial grades are commercially available.”?*

11.3.4 Sintered steels: effect of alloying techniques

One of the main parameters affecting the microstructure of sintered alloy steels
is the alloying technique (see also Chapter 7). This is something unknown
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11.14 Sections of Cr prealloy steel, sinter hardened at different
temperatures and simultaneously thermally etched: (a) 1120°C, (b)
1250°C.

with wrought steels, but for sintered steels the same nominal composition may
result in completely different microstructures, depending on the starting powder
used, in particular if chemically homogeneous (prealloyed) or heterogeneous
(mixed or diffusion bonded) grades are employed. In Fig. 11.17 different
types of sintered steels are shown: the quite regular upper bainitic structure
of an Mo prealloy steel is visible compared to a similar steel produced
from a mixed powder; in the mixed powder, after sintering at moderate
temperature a mixed microstructure is formed containing pearlite, bainite
and some martensite, depending on the local Mo content. Undissolved Mo
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11.15 Fe-0-5% C after sintering for 60 min at different
temperatures:?? (a) 700°C, (b) 800°C, (c) 900°C, (d) 1000°C, (e) 1100°C,
(f) 1200°C.

is also visible which has, however, been transformed into carbide. Typically,
a prealloyed steel will exhibit virtually the same microstructure regardless
of the sintering temperature while changing the sintering temperature may
have a dramatic effect on the microstructure of a mixed or diffusion bonded
steel, as visible when comparing Figs. 11.17(b) and 11.17(d).

Diffusion bonded Ni—-Cu-Mo steels result in the typical ‘Distaloy’
microstructure (after the trade name of a major manufacturer), as shown
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11.16 Free graphite in Fe-0.8% C as a function of the sintering
temperature. Starting materials are water atomized iron powder and
natural graphite.?®

11.17 Fe-1.5% Mo-0.7% C, prealloyed vs. mixed, sintered 1200°C
vs. 1320°C: (a) prealloyed, 1200°C, (b) mixed, 1200°C, (c) prealloyed,
1320°C, (d) mixed, 1320°C.
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in Fig. 11.18(a). Here, widely varying microstructural constituents such as
ferrite, pearlite, bainite, martensite and retained austenite are found closely
adjacent to one another, as a consequence of the heterogeneous distribution
of the alloy elements.>> There are however also ‘hybrid® variants, which
combine prealloying and diffusion bonding; most commonly they are based

an Ma nroallaved cteal oradec and contain Nioor (o or hoth ac diffucion
O Vo ProeduaOyYed 5188 g2rades and Comain ozt OF LU OF 00wt as GLiusion

bonded alloy elements. Such steel grades are widely used as sinter hardening
grades; typical microstructures are shown in Fig. 11.18(b).

An attractive way to produce sintered steels with regular heterogeneous
microstructure is by coating. Iron or steel powders can be coated with

(b)

11.18 Microstructure of different diffusion alloyed and hybrid alloyed
(prealloy + diffusion bonding) sintered steels (photos: Hoganas AB):
(a) diffusion bonded Ni-Cu-Mo alloy steel, (b) hybrid alloy steel
(Fe—-Mo)-Ni-Cu.
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Cu by cementation (Fig. 11.19(a)); such alloying results in more regular
microstructure,”® in particular less free Cu (Fig. 11.19(b) and (c)). Coating
with other elements, such as Ni, is more difficult and must be done, for
example, by electroplating, since the common electroless ‘Ni” deposits contain
significant amounts of P and thus cannot be regarded as real Ni layers.”’ Ni

alactranlatad 1ron nowdar can he nrocecead ta ctoale with *micrnoradiant”
CICCUNOPidiCl 1ron pOWGET Canl o ProCosscld W0 51005 Wial MICrograagion,

structure, that is a fairly regular but heterogeneous distribution of Ni, with
resulting graded transition between the microstructural constituents (Fig.
11.19(d)).

11.3.5 Sintered steels: effect of heat treatment

Sintered steels can be heat treated in the same way as wrought steels when
considering their special features. The open pores cause problems when
quenching in an oil or salt bath, being filled with the quench media, and during

11.19 Microstructures of sintered steels manufactured from coated
starting powders: (a) Cu coated Fe powder (Fe-8% Cu), (b) Cu
alloy steel (Fe-8% Cu) from coated powder (dark areas: Fe-Cu
solid solution; white: unalloyed iron), (c) Cu alloy steel (Fe-8% Cu)
from mixed powders, bright grain boundary phase: free copper
(d) sintered steel prepared from Ni coated Fe powder (dark areas:
pearlite/bainite; light areas: martensite and retained austenite).
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gas carburizing or nitriding, resuiting in a tendency to ‘through treatment’,
that is carburizing or nitriding of the cores. On the other hand, overheating
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Sintered steel parts are frequentiy sinter hardened, by biowing cold gas
onto them immediately upon leaving the smtcnng zone of the furnace. If the
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11.20 Microstructures of sinter hardened Cr-Mo prealloyed steels:?®
(a) as gas quenched, (b) gas quenched and tempered at 180°C.
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hardening are barely >3 K s, air hardening behaviour is required, which
means sufficient amounts of Cr, Mo, Ni and Cu, with the combination of
Mo+Cu or Cr+Cu being particularly effective. Tempering or at least stress
relieving is usually done after sinter hardening. Generally, sinter hardening is
more economical than separate heat treatment and also results in cleaner parts
without oil; the penalty is the higher alloy element content necessary.
Quench and temper treatments are frequently done as induction hardening
of the surface and subsurface zone, which is the standard procedure, for
example for sprockets: In Fig. 11.21, for a typical sintered steel, the hardened
martensitic surface zone is shown compared to the non-hardened ferritic—
pearlitic core. Rapid austenitizing is followed by emulsion quenching, which

(b)

11.21 Induction hardened sprockets from Cu alloyed sintered steel:
(a) induction hardened surface zone, (b) base material.
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results in hard surfaces and reasonably tough cores, although the process
has to be done properly to avoid quench cracks.

The most popular way of obtaining hard surfaces and tough cores is,
however, thermochemical treatment by carburizing, carbonitriding or
nitriding. In case of parts with homogeneous porosity, the problem of through
carburizing can at least be alleviated by adapting the parameters; for surface
densified parts, it is however extremely difficult to obtain well carburized
densified areas without overcarburizing the non-densified surfaces. Here,
either plasma carburizing or low pressure carburizing combined with high
pressure gas quenching are alternatives, in particular LP carburizing has been
shown to be suited to surface densified PM gears.?” Since both processes use
oxygen-free carbon carriers — CH, and C,H, or C3Hg, respectively — they
are also applicable for Cr alloyed sintered steels and do not suffer from the
oxidation problems encountered with gas carburizing using CO-H, mixes.
Microstructures of carburized parts are shown in Fig. 11.22.

For nitriding, standard gas nitriding tends to result in through nitriding,
with pronounced expansion; therefore, plasma nitriding is the method
of choice here, which limits the nitriding effect on the surface. Mo
prealloyed steels are particularly well suited here, and more recently Cr
and Cr—Mo prealloyed steels have also been used.’® In general, chemically
homogeneous prealloyed steel grades are better suited to thermochemical
treatments than heterogeneous ones prepared from mixed or diffusion bonded
powders.

11.3.6 Sintered steels: microstructures of joints

As explained in Chapter 7, joining PM parts to each other or to wrought steel
parts is a very common procedure, but the processes applied differ from those
used in standard steel metallurgy. Fusion welding is done mainly through
laser or electron beam welding, with a very narrow joint (see Fig. 11.23(a)
and (b)), to avoid pore agglomeration and the formation of large voids.
Otherwise, projection welding is the preferred process, once more offering
a very limited weld zone. Frequently this is done as capacitor discharge
welding, for which a typical joint is shown in Fig. 11.24.

Brazing PM parts is usually done during sintering, as sinter brazing. Here
the effect of open pores that tend to wick rapidly the liquid filler has to be
considered, leaving an empty gap in the joint. Therefore, reactive fillers have
to be used that solidify in contact with iron through peritectic reactions,”' thus
blocking the pores and keeping the filler in the joint. Typically, Ni-Cu-Mn
base fillers are used, which leave a highly hardenable joint, as indicated in
Fig. 11.25(a). Recently*? it has been shown that plain Fe-C fillers with a
eutectic composition work well if the sintering temperature is sufficiently
high; the advantage is that the composition is very similar to that of the
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(b)
11.22 Microstructures of surface densified sintered steel gears,
differently carburized: (a) low pressure carburized, (b) standard gas
carburized.

parts to be joined and thus the mechanical and electrochemical behaviour
is similar (Fig. 11.25(b)).

‘Sinter bonding’, a diffusion bonding that uses the different dimensional
behaviour, for example of Fe—-Cu and Fe—C during sintering, is also very
common in PM parts production. If, in a concentric joint, the inner part swells
and the outer one shrinks, a solid metallic bond is generated through diffusion
processes that give excellent strength without any additional manufacturing
steps being necessary.
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11.23 Joint between sintered steel and wrought steel parts generated
by special fusion welding techniques (photos: MIBA): (a) laser
welding, (b) electron beam welding.

11.24 Joint between sintered steel and wrought steel parts generated
by capacitor discharge welding (photo: MIBA).
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(b)

11.25 Sintered steel parts sinter brazed with reactive fillers:
(a) Ni-Cu-Mn-Fe-B filller, (b) near-eutectic Fe-C filler.

11.3.7 Metal injection moulding (MIM) ferrous materials

The most characteristic feature of metal injection moulding (MIM) parts is
the pronounced change in the porosity during sintering. While a debinded
MIM part usually has a porosity in the range of >40%, after sintering the
porosity is virtually always <5% and frequently close to zero. Furthermore,
the pore connectivity changes: in a “brown’ (debinded) part the porosity is
fully interconnected, to enable removal of the ‘backbone’ binder component
in the first stage of sintering. Subsequently, the pores not only decrease
in size but also become isolated, forming more or less spherical voids,
that is during sintering the structure changes from a ‘sponge-type’, with
open and interconnected porosity, to a ‘swiss cheese’ one, with isolated
and well rounded pores. This change in the structure is easily visible from
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(b)

(c)

11.26 Stainless steel MIM specimens in different manufacturing
states, from powder to virtually dense product (photos: Fraunhofer-
IFAM Bremen): (a) gas atomized MIM powder, (b) thermally debinded
compact, (c) sintered 5 min at 1180°C, (d) sintered 5 min at 1340°C,
(e) sintered 1 h at 1300°C, (f) sintered 1 h at 1350°C.

© Woodhead Publishing Limited, 2013
www.ketabdownload.com



336 Advances in powder metallurgy

11.26 Continued
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Fig. 11.26(a)—(f), depicting the different manufacturing state of a stainless steel
part, from the powder to an almost fully dense material with only a few small
pores.

11.3.8 Mlicrostructures of powder metallurgy tool steels

As stated in Chapter 7, one of the major advantages of powder metallurgy
tool steels compared to ingot metallurgy (IM) ones is the fine and isotropic
microstructure attainable via the powder metallurgy route. This holds for
virtually all grades of tool steels: cold and hot work tool steels, high speed
steels and injection moulding grades. This means that compared to IM steels
which exhibit a pronounced microstructural orientation, caused by the hot
working necessary to disintegrate the brittle eutectic networks, the PM grades
have the same microstructure in all directions and the same properties, which
is very helpful for the designer of a tool.

In Fig. 11.27, the microstructure of an ingot metallurgy cold work tool
steel (1.2379/A1SI D2) is shown perpendicular and parallel to the tooling
direction; the pronounced anisotropy is clearly visible. In Fig. 11.28, a
powder metallurgy grade is shown; here, there is a finer and much more
regular microstructure. It is also evident that the carbides are more rounded.
The same holds for high speed steels (HSS): here the fine and rounded
carbides dominate. This rounded shape may slightly lower the cutting
performance compared to the coarse, angular carbides in IM HSS, but the
toughness, hot and cold workability and also the grindability are very much
improved.

In PM HSS, the composition is qualitatively the same as in IM HSS,
and the carbide types are therefore also identical, mostly MC and MgC.
However, the content of carbide-forming elements may be markedly higher,
up to >15%, and the carbide content is also higher accordingly. The finer
microstructure of the PM steels can accommodate the high carbide contents
without compromising the toughness, which would not be possible with IM
steels. For cold work tool steels, PM steels are primarily VC based, that
is the microstructure is dominated by MC carbides and not by M5C; as in
the case of IM steels. This gives very high wear resistance, in particular to
abrasion, combined with attractive toughness.

As stated in Chapter 7, another approach for producing tool steels through
powders is pressing and sintering, using water atomized powders. Here
maintaining the optimum sintering temperature is of crucial importance; the
optimum temperature between undersintering, with resulting porosity, and
oversintering, which causes grain growth, has to be safely met.

The press-and-sinter route offers the advantage of additional hard phase
reinforcement. This was already found in the 1930s when the so-called
‘ferro-TiC’, in fact steel-TiC composites, were invented. These materials are
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(b)

11.27 Wrought cold work tool steel (AISI D2 / 1.2379), longitudinal
and cross sections:* (a) longitudinal section, (b) cross section.

commercially available today under the brand name ‘Ferro-Titanit’ (DEW)
and, by choosing the right matrix material, can be tailored to different property
profiles, the chance to combine high abrasion resistance with equally high
corrosion resistance being particularly attractive, for example in polymer
processing.

© Woodhead Publishing Limited, 2013
www.ketabdownload.com



Evolution of microstructure in ferrous and non-ferrous materials 339

(b)

11.28 PM cold work tool steel Bohler K390:3 (a) light optical image,
(b) SEM image.

11.4 Non-ferrous materials
11.4.1 Cu-based sintered materials

From the microstructural viewpoint, Cu-based sintered materials follow
similar lines to Fe-based ones. The pores present in the green compact
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(“primary pores’) are mostly retained during sintering and tend to inhibit
grain growth. Secondary pores may be generated in compacts from mixed
powder grades in the presence of low-melting alloy elements, typically Sn,
if too coarse Sn powders are used or if agglomerates are formed during
mixing. In particular when sintering bronze from prealloyed powders, for
example for filter purposes, the different diffusion coefficients of Cu and
Sn in the Cu lattice cause enrichment of Sn in the sintering contacts, which
can be identified by a lighter colour there compared to the standard yellow
bronze colour (see Fig. 11.29).

11.29 Gravity sintered bronze filter (prealloyed powder Cu-11Sn,
sintered at 800°C, 30 min, H,): (a) gravity sintered bronze filter,
optical image, (b) as (a), microstructure.
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Brass is much more tricky to sinter than bronze owing to the high vapour
pressure of Zn — the boiling point of Zn is in the range of the usual sintering
temperatures —and therefore measures have to be taken to avoid excessive Zn
loss, such as sintering in semi-ciosed containers; using preailoyed powders
is also helpful here. In case of proper sintering, regular microstructures can
be obtained, however with a considerable effect of the sintering temperature,
as evident from Fig. 11.30.

(a)

100 pm

(b)

11.30 Microstructures of brass sintered at different temperatures:3*

(a) 910°C, (b) 950°C.
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For electrical contact materials, for example in medium voltage interrupters,
Cu—Cr is an attractive option; owing to the mutual insolubility, this is a
typical two-phase pseudoalloy, Cr particles being embedded in a continuous
Cu matrix (Fig. 11.31).

11.4.2 Powder metallurgy light alloys

Powder metallurgy light alloys can be structured into two groups: pressed
and sintered parts and fully dense high performance materials, which are
available mainly as semi-finished products.

For Al-based precision parts the main difference from other pressed and
sintered materials is the presence of stable oxide layers covering the Al
particles. These skins prevent sintering and have to be penetrated during the
sintering process, which is done by liquid phase sintering in pure N,,>540
usually combined with chemical attack by a strongly reducing metal, typically
Mg. Therefore, Al sintered alloys contain elements that form a liquid phase
in the range of the typical sintering temperatures (550-620°C), either by
eutectic reaction with Al, as in the case of Cu,*® or by formation of a
supersolidus liquid phase, as with Al-Si-x-y alloys,*® the latter sintering process
resulting in considerable shrinkage while the former is stable dimensionally
if properly done. Addition of trace elements such as Sn is also reported to
assist sintering.*!

In the former case, the as-sintered microstructure exhibits Al-Cu phases;
after heat treatment, usually a T6 treatment with solutionizing, quenching
and artificial ageing, these phases have disappeared, being transformed into

11.31 Microstructure of sintered Cu-Cr contact material.
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nanosize precipitates, which results in a fairly homogeneous microstructure.
The fragments of the oxide skins remain in the material; usually they are too
small to be found in metallographic sections, but they act as microdefects,
resulting in dimple formation and lowering the ductility. In fracture surfaces,
these oxide fragments are occasionally visible (Fig. 11.32).

The microstructures of hypereutectic Al-Si alloys, in contrast, look quite
different: these materials are produced from a mix of plain Al powder and
a high-Si masteralloy which forms the supersolidus liquid phase, and this is
discernible in the sintered microstructure. This “hetero-supersolidus sintering’
is done at temperatures at which still heterogeneous microstructures are
obtained (Fig. 11.33(a)); the dark grey areas are Si phases which give the
material attractive wear resistance, while the low porosity, as a consequence
of the pronounced shrinkage, results in improved mechanical properties.
Sintering at higher temperatures results in homogeneous but markedly coarser
microstructures (Fig. 11.33(b)) and inferior mechanical properties. More
recently, Al-Zn-Mg—Cu alloys have been prepared following this special
‘hetero-supersolidus sintering” route.

Fully dense Al PM products may be compared to PM tool steels: they
are expensive but offer superior performance. The main benefits offered
by the PM route here are on the one hand the combination of immiscible
components, for composite materials such as Al-SiC or Al-Al,O; (Fig. 11.34:
extruded Al-Al,O; powder mix) or for dispersion strengthened materials
that contain insoluble nanosize phases which strengthen the material in a
similar way as precipitates but up to much higher temperatures. The second
benefit is the very high cooling rate obtained with particulate materials: very
fine and in part supersaturated structures can be obtained, as shown in Fig.
11.35 for Al-Si alloys produced by PM compared to standard IM. For the

.

11.32 Fracture surface of sintered AlI-Cu-Mg-Si (AA 2014).
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11.33 Hypereutectic Al-Si-Mg-Cu sintered at optimum temperature,
555°C (a) and oversintered, 580°C (b) (photos: Ecka Granulate GmbH).

so-called ‘RS’ (rapidly solidified) materials, the PM route is the most viable
way; here, alloy elements that are insoluble in solid Al are introduced, for
example by atomization of a suitable melt, and during processing ultrafine
Al-Fe phases are precipitated which have a strengthening effect but with
much lower tendency to overageing at higher temperatures than Al-Cu or
Zn—-Mg based precipitates. Therefore, high strength and creep resistance up
to >300°C can be obtained.

PM Ti alloys are produced predominantly by the powder injection moulding
route, for example for medical applications; the main features given for
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11.34 Microstructures of Al-Al,O; prepared by extrusion of powder
compacts: (a) Al — 20 wt% (14.7 vol%) Al,03, (b) Al — 40 wt% (31.5
VOI%) A|203.

MIM steel products also hold here.** Typical microstructures are shown in
Fig. 11.36; once more the very fine and regular microstructure and the low
porosity are evident.

11.4.3 Powder metallurgy refractory metals

Refractory metals have been among the first products of ‘modern’ powder
metallurgy,® starting with the metal filament lamp invented by Carl Auer
von Welsbach, who used osmium, and the commercialized tungsten filament
lamp developed in industrial scale by Coolidge.** From the microstructural
viewpoint, important aspects are on one hand the importance of attaining
high, at best full, density, which is achieved by high temperature sintering
with subsequent hot working, and on the other hand the tendency of refractory
metals to grain coarsening at the very high service temperatures common
for these metals, which results in embrittlement.

The problem of embrittlement has been solved in different ways: for
W filaments, the so-called ‘non-sag’ grades are used in which formation
of coarse, elongated grains with high creep resistance is enforced by rows
of K bubbles formed at service temperature parallel to the wire axis.®
Stabilization of the grain structure or forcing grain growth to proceed in a
defined direction can also be attained by dispersoids. For W, ThO, has been a
common additive, for example in welding electrodes; today, Th is regarded as
unfavourable and other stable oxides such as L.a;Os are introduced that give
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(b)

11.35 Hypereutectic Al-Si alloy, differently manufactured (photos:
Powder Light Metals GmbH): (a) prepared by die casting, (b)
prepared by PM/melt spinning.

fine microstructures (compare Fig. 11.37(a) and (b)). For tungsten, alloying
with Re is an effective, though expensive, way to improve the mechanical
properties (Fig. 11.37(c)).

For Mo, stabilization by fine carbides of Ti and Zr has proved to be
effective, the respective grades are termed ‘“TZM’; here also, rare earth
element oxides are used as dispersoids, for example for lighting purposes.
Microstructures are shown in Fig. 11.37(d)—(f). In Fig. 11.37(g) and (h),
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11.36 Microstructure of MIM Ti-6Al-4V, sintered at different
temperatures (photos: GKSS): (a) 1250°C, (b) 1300°C, (c) 1350°C,
(d)1400°C.

the microstructures of the highly corrosion resistant metals Ta and Nb are
shown.

There is also a group of W-based, and to a lesser degree also Mo-based,
two-phase materials, so-called “pseudoalloys’, with W and Mo as the main
constituent and a binder phase formed of other metals. One example is
the group of materials known as ‘tungsten heavy alloys’ which consist of
W spheres embedded in an austenitic Ni-Cu or Ni-Fe(X) matrix. These
materials are mixed from the starting powders, pressed and liquid phase
sintered; the resulting microstructure, called “heavy alloy structure’, is shown
above in Fig. 11.5(a); this combination of hard but fairly brittle W and soft
but ductile Ni base matrix results in high strength and ductility, being one
of the rare examples in which the optimum properties of different materials
are effectively combined.

The other group of two-phase materials is formed by combination of
refractory metals with Cu (occasionally also Ag). This aims at combining
the high conductivity of Cu and Ag with the high arc resistance of W, for
high current switches, or the low thermal expansion of W and Mo, for heat
sink applications in electronics. Traditionally these materials have been
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(g) (h)
11.37 Microstructures of various refractory metals (photos: Plansee
SE): (a) plain W, recrystallized, (b) W-La,03, bar, (c) W-Re, sintered,
(d) Mo, recrystallized, (e) Mo rolled, (f) Mo-Y,05;—-CeO,, wire, (g) plain
Ta, sintered, (h) plain Nb, recrystallized.
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manufactured by infiltrating a porous skeleton with liquid Cu or Ag; by
using composite powders or ultrafine W powder coated with Cu, the press-
and-sinter route can be used which for standard powder mixes yields poor
densification during sintering. In Fig. 11.38 the microstructure of a W-20%
Cu pseudoalloy is shown in the rolled condition.

11.4.5 Microstructures of hard metals

For hard metals, there are two major groups to be distinguished regarding
composition and microstructure: the WC-based ones — the ‘traditional” hard
metals — and the TiCN-based grades, also known as “cermets’. One principal
difference is that WC is a compound with a precisely defined composition
while TiCN may vary in composition: on one hand there is a complete phase
field from plain TiC to plain TiN, and on the other hand, metallic elements
may be taken into the lattice. Therefore, cermets are less critical regarding
composition, in particular carbon content, than WC-based grades and they
offer a wider variety of microstructures. In Fig. 11.39, the two microstructural
types are shown.

For WC—Co hard metals, the WC grain size is a very important criterion,
as is the binder content. For metal cutting, fine and ultrafine grades with low
to moderate binder content are mostly used (Fig. 11.40(a) and (b)) which may
contain cubic carbides such as TiC, NbC and TaC, while for rock drilling
or chipless forming operations, coarser microstructures and higher binder
contents are preferred (Fig. 11.40(c) and (d)). For ultrafine grades not only
do correspondingly fine WC and Co powders have to be employed, but the

11.38 W-20% Cu, rolled.
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11.39 Microstructures of classical WC-Co hard metal and of cermet:
(a) WC-Co hard metal, (b) TiCN base cermet.

WC grain growth during sintering, which is a problem with ultrafine grades
although not with standard hard metals, has to be prevented by addition
of grain refining additives such as VC or Cr;C,. A most critical effect is
the formation of isolated very large WC grains in an otherwise ultrafine
microstructure which greatly lowers the mechanical properties; this effect
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11.40 Microstructure of WC-10 mass% Co hard metal with identical
binder content but different WC grain sizes: (a) sub micrometre, (b)
fine, (c) coarse, (d) extra coarse.

must be prevented by very careful control of processing and in particular
of the chemistry.®

By suitable selection of the binder composition, also Ni—Co and Fe-Ni—Co
binders being used, different microstructures with their resulting properties are
obtained, for example for improved corrosion resistance. Non-conventional
WC morphologies are also accessible, for example platelets, as shown in
Fig. 11.41; such hard metal grades may offer improved toughness properties.
Even hard metals with rounded WC grains can be obtained (Fig. 11.42).

The ‘cermet’ type hard metals offer the unique chance to produce graded
microstructures,*®*’ by changing the C-N ratio in the main hard phase TiCN.
By modifying the atmosphere during sintering, either N can be removed from
the surface, resulting in plain TiC there, or enriched, forming a high-TiN
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11.41 Microstructure of WC-Co hard metal with platelets: (a)
metallographic section, (b) sintered surface.

surface region that exhibits cutting properties similar to those of TiN-coated
hard metals but without the problem of a sharp transition between substrate
and coating. Recently it has been shown that this technique can also be
applied to WC—-Co hard metals that contain some Ti.*®

11.5 Trends in microstructures of powder metallurgy
products

For ferrous PM materials one major direction is lowering the total porosity
in order to improve the mechanical properties which strongly depend on the
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(b)

11.42 Microstructure of WC-Co hard metal with rounded WC: (a)
metallographic section, (b) section etched with HCI over a long
period.

density/total porosity. In particular, combining high relative density with
intense sintering can be expected to result in fully closed pores, which, as
shown above, significantly improves the mechanical behaviour, increasing
the effective load-bearing cross section. For injection moulded products, the
pores are isolated anyhow; here, further lowering the porosity, even fully
eliminating them by a hot isostatic pressing (HIP) treatment after sintering,
is attractive.

Another promising approach is to utilize fully the capabilities of the
powder route with regard to the matrix, for example towards manufacturing
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materials with defined compositional, and thus microstructural, inhomogeneity,
concentrating alloy elements and resulting microstructural constituents in those
areas where they are most effective, for example at the sintering contacts.
This will result in more effective utilization of the mostly expensive alloy
elements.

For the fully dense PM materials, finer, more regular microstructures are
aimed at, regardless of whether the products are high strength aluminium
alloys, tool steels or hard metals. In the latter case, varying the morphology
of the hard phases offers significant potential. A further requirement is a
decrease in singular defects such as non-metallic inclusions, pore clusters,
large carbide grains, both regarding size and frequency, since these are
the more probable to act as the sites of crack initiation the higher is the
basic performance of the material. Therefore, the full potential of many
PM materials can only be exploited in the case of a clean and regular
microstructure. On the other hand, the use of PM routes to manufacture
composites is still to be fully exploited, regardless of whether metal—-ceramic
or metal-polymer composites are produced. In general, despite the fairly
long history of powder metallurgy, tailoring of specific microstructures still
offers numerous opportunities for high performance structural and functional
materials.
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