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Abstract

The increasing interest in light weight materials coupled to the need for cost-effective
processing have combined to create a significant opportunity for aluminium powder
metallurgy. Net shape processing of aluminium by the classical press-and-sinter powder
metallurgy technique using elemental powder blends is a unique and important metal-
forming method which is cost effective in producing complex parts very close to final
dimensions. Here we describe alloy developments for press and sinter material. This
includes the design of alloys based on the characteristics of ideal liquid phase sintering
systems, the optimisation of the concentration of the major alloying elements, the use of
microalloying additions and the development of metal matrix composites.

1. Introduction

Powder metallurgy (P/M) is the processing of parts from metal powders. Powders are used
to process the reactive and refractory metals, to generate properties not attainable through
conventional metal working processes or to manufacture parts to net shape. Aluminium
powder metallurgy is used for the latter two reasons. Aluminium P/M is currently used to
produce ultra-high strength and creep resistant alloys beyond the levels possible by
conventional ingot metallurgy. Coupled with an improved alloying capability which provides
new possibilities for alloy design, this has facilitated the development of materials with
exceptional mechanical properties. While these alloys have attractive properties, they are
expensive to produce, limiting their use to niche applications, mainly in the aerospace
industry.

In contrast, there is significant industrial potential for aluminium alloys fabricated via net
shape P/M techniques using inexpensive, elemental powder blends. In particular, the
automotive industry demands both low weight and low cost materials in order to reduce
fuel emissions and improve fuel economy at affordable prices. Additional potential markets
for Al P/M parts include hand tools, where moving parts against gravity represents a
challenge; and office machinery, where reciprocating forces are important. However, the
properties of conventional, press-and-sinter aluminium P/M alloys are generally
inadequate for many potential applications in these industry sectors.

The objective of this paper is to review recent work at The University of Queensland which
is focussed on improving the sintered properties of aluminium powder alloys.
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2. An Alloy Design Strategy

Alloys are generally designed to accommodate the manufacture of goods made from them
as much as the properties required of them in service. It is for this reason that sintered
steels, for example, often contain copper or phosphorous in addition to carbon and nickel.
Similarly, cast aluminium alloys are different to forging alloys which are different again to
extrusion alloys. However, this principle has not been widely applied to pressed and
sintered P/M aluminium. The compositions of the current commercial alloys are compared
to standard wrought material in Table 1. It is noteworthy that the compositions of the P/M
alloys are essentially identical to those of the wrought material. It is therefore not surprising
that their sintering response is weak and the resultant properties are poor.

Table 1: The composition of commercial aluminium P/M alloys.

Alloy [Manufacturer Cu Mg Si
602 Alcoa - 0.6 0.4
601 Alcoa 0.25 1.0 0.6

6711 Ampal 0.25 1.0 0.8
321 Eckart 0.2 1.0 0.5

AA6061 wrought 0.25 1.0 0.6
202 Alcoa 4.0 - -

2712 Ampal 3.8 1.0 0.75
201 Alcoa 4.4 0.5 0.6

2014 Alpoco 4.4 0.5 0.8

13 Eckart 4.5 0.5 0.2
123 Eckart 45 0.5 0.7
AA2014 wrought 4.5 0.5 0.8

Instead of sintered alloys which simply mimic existing wrought alloys, it is preferable to
have alloys that are specifically designed to be sintered. Here we consider four possible
approaches: (1) fundamentally redesigning the composition based on the phase diagram
characteristics of ideal liquid phase sintering systems; (2) re-evaluating the base
composition of conventional alloys in order to maximise the sintering response and the
tensile properties in the as-sintered state; (3) microalloying with selective elemental
additions to manipulate the sintering response; and (4) adding a ceramic reinforcement to
make a metal matrix composite. We begin, however, with a discussion of the oxide film.

3. The Surface Oxide

Aluminium is always covered by an oxide. The thickness of the oxide is dependant on the
temperature at which it formed and the atmosphere in which it is stored, particularly the
humidity. The thickness on atomised powder can vary from 5-15 nm [1-4]. The oxide
prevents solid state sintering in low melting point metals [5], including aluminium [6]. This
has been explained in terms of the relative diffusion rates through the oxide and the metal,
for metals with stable oxides [7-9].

The use of liquid phases is an alternative to solid state sintering. An essential requirement
for effective liquid phase sintering is a wetting liquid [10]. High melting point, ionocovalent
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materials such as metal oxides are generally poorly wetted by liquid metals, except at high
temperatures [11]. It is therefore apparent that the oxide on aluminium is a sintering barrier
and needs to be disrupted or removed. For aluminium at 600°C, a PO, < 10
atmospheres is required to reduce the oxide [12]. This corresponds to a dew point of < -
140°C [13]. This is impossible to obtain in conventional atmospheres. Although the oxide
cannot be removed, it may be disrupted by sintering in the presence of magnesium.
Magnesia has a lower free energy of formation than alumina [14] and magnesium metal
can partially reduce alumina to form spinel, MgAIl,O4 [15-21]. During sintering, reaction of
Mg with the Al,Oz film ruptures the oxide which exposes the underlying metal and
facilitates sintering [22]. Less than 0.2% Mg is all that is required. This is shown in Figure
1.

2.5
... Temperature 1 600
L 0,
2 1.5% Mg ls0
O
QL
< | 0.15% M [
R 15 9 1400 5
o g
S Al Std 5
| 1 4300 &£
° 0% Mg %
|_
0.5 4 200
0 100
0 10 20 30 40 50 60

Time (minutes)

Figure 1: Dilatometry curves for Al-xMg alloys, where x is 0, 0.15 and 1.5 wt % Mg showing the effect of
trace additions of magnesium on the sintering response of aluminium [22].

4. An Ideal Liquid Phase Sintering System

Based on an understanding of fundamental liquid phase sintering phenomena, German
recognised that it is possible to define certain ideal phase diagram characteristics [23, 24].
The key features of an ideal liquid phase sintering system are:

e The additive should have a lower melting point than the base. The alternative is a
low melting point eutectic which is less advantageous because liquid formation
does not occur spontaneously on heating.

e The solubility of the additive in the base should be low because this ensures that
the additive remains segregated to particle boundaries and maximises the liquid
volume.

e While the base should be soluble in the liquid, it is not necessary for the base to
be soluble in the solid additive. Completely miscible liquids ensures that mass
transport is not constrained.

In addition, the base should also have a high diffusivity in the liquid. This ensures high
rates of mass transport and therefore rapid sintering. An examination of the binary
aluminium phase diagrams indicates that Al-Sn is perhaps the only system which exhibits
almost all of the ideal features. The melting point of tin (232°C) is considerably lower than
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that of aluminium (660°C) and there are no intermetallic phases. Tin is sparingly soluble in
solid aluminium: the maximum solid solubility is <0.15%. Aluminium is completely soluble
in liquid tin and no immiscible liquids form. In addition, the diffusivity of Al in liquid Sn is
about five times greater than the self diffusivity of liquid Sn [25].

In the presence of magnesium, tin is indeed a very effective sintering aid. This is illustrated
in Figure 2, which is a densification contour map for the AI-Sn-Mg system. The
densification is a function of the green density, sintered density and theoretical density and
is a measure of the sintering response: positive values indicate shrinkage, negative values
indicate expansion; full density is achieved at a value of one. The closely spaced, parallel
contour lines at low magnesium concentrations indicate that small quantities of
magnesium are required to activate the system. The widely spaced, gently sloping contour
lines at higher magnesium concentrations indicate that the system is relatively insensitive
to Sn concentration and Mg levels greater than the critical concentration. At a tin
concentration of 8%, the sintered density approaches 99% of theoretical. The tensile
strength of the AIl-Sn system, however, is low because the aluminium is essentially
unalloyed and the properties are controlled to some extent by the tin, which forms a
continuous boundary network at high concentrations.
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Figure 2: Contour map showing densification as a function of magnesium and tin content. Each contour
represents a densification of 0.2. See text for details.

5. Re-Design of Al-Cu-Mg-Si Alloys

The age hardening response of conventional 2xxx series alloys is a major consideration in
their design but sintered alloys of the 2xxx type are more widely used in the T1 rather than
the T6 condition. The principle design criterion therefore needs to be sintering not ageing.
To this end, we have recently re-evaluated the entire composition spectrum in order to
maximise the sintering response and the tensile properties in the as-sintered state. Using
a statistical design of experiment approach, models were developed for density, yield
stress, ultimate tensile strength and elongation of sintered Al-Cu-Mg-Si alloys [26]. Copper
has the major influence on the tensile properties of sintered aluminium (Figure 3).
Magnesium and silicon do effect some properties, but to a lesser extent. While Mg is
necessary to reduce the oxide, an extensive secondary pore network develops from
excess magnesium and this severely limits the ductility. Hard intermetallic particles, which
are a residue of the sintering liquid, also reduce the tensile ductility. The total alloy content
and the sintering temperature therefore need to be adjusted to minimise the sintering liquid
volume to just that extent necessary to affect sintering. An optimum combination of
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properties are achieved in an Al-2.5Cu-0.5Si-0.5Mg alloy. This develops a tensile strength
of 267 MPa and a ductility of 6%. This compares favourably with a sintered 2014 type alloy
(P/M alloy 201) which develops a tensile strength of 209 MPa and a ductility of 3% in the
T1 condition [27].
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Figure 3: The tensile strength as a function of the copper and silicon concentration for alloys containing 1.1
%Mg and sintered at 570 °C [26].

6. Microalloying

The sintering response of the 2xxx alloys is significantly enhanced by the addition of 100
ppm Sn, Pb, In, Bi or Sb [28]. These elements have both a high diffusivity in aluminium
and a high vacancy binding energy. They therefore diffuse into the aluminium ahead of the
copper, where they preferentially bind with vacancies. This reduces the rate of copper
diffusion into the aluminium, allowing more liquid to persist for longer times. The transient
aspect is delayed, liquid phase sintering is enhanced and densification increases.

This improved sintering response can be translated into better tensile properties if the
processing conditions are also modified [29]. Increasing the sintering temperature from the
standard 590°C to 620°C increases the sintered density but results in the formation of an
embrittling phase. This can be removed by incorporating the solution treatment into the
sintering cycle (a modified T5 heat treatment). These conditions produce a tensile strength
of 375 MPa, an increase of nearly 20% over the unmodified alloy. The ductility is
unaffected.

The 7xxx series alloys have the greatest response to age hardening but do not have good
sintering characteristics and have not had significant use as conventional P/M materials.
Micro-alloying with 100 ppm of Pb substantially improves the sintering response of an Al-
Zn-Mg-Cu alloy (Figure 4). Similar amounts of Sn and In also have a beneficial effect,
although not as pronounced. These elements have a low surface tension, a low vapour
pressure and do not form stable compounds with the other alloying elements at the
sintering temperature. The Pb, Sn or In segregates to the liquid-vapour interface during
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sintering and thereby lowers the surface tension of the liquid, which reduces the wetting
angle, enhances wetting, improves liquid spreading and therefore sintering [30]. When the
alloy composition and process variables are optimised, tensile strengths > 440 MPa can
be obtained in the T6 temper [31].
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Figure 4: Optical micrographs of unetched sections of sintered (a) Al-8Zn-2.5Mg-1Cu and (b) Al-8Zn-2.5Mg-
1Cu-0.07Pb showing the effect of the trace element on porosity [30].

7. Metal Matrix Composites

An alternative to conventional alloys are metal matrix composites (MMCs), which have a
high specific modulus, good wear resistance and a tailorable coefficient of thermal
expansion. A major drawback to these MMCs is high cost. The reasons are twofold. First,
the material itself is expensive because specially synthesised pre-alloyed powders are
usually required and many processing steps are needed. The powders are typically cold
pressed, then hot pressed or sintered and extruded. Canning and vacuum degassing are
common. The second reason that these alloys are expensive is due to the high costs of
secondary processing. They are not produced to near net shape and therefore require
extensive forging or machining, which can be particularly problematical because of the
ceramic component. Spray forming overcomes some of these problems by the direct
formation of a near net shape billet [32-34]. However, shapes are limited and processing is
difficult.

Conventional P/M processing can overcome both these problems. Only two processing
steps are required (pressing and sintering) and the part is formed into its final shape in one
operation — it is the quintessential net shape process. Thus there is significant potential for
press-and-sinter processed aluminium P/M composites in order to provide high stiffness at
low cost. However, adding significant quantities of an inert ceramic reinforcement phase to
an aluminium P/M matrix is problematical.
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The inert, ceramic particles not only reduce the volume of densifying material, they also
create a hydrostatic tensile stress in the matrix which opposes the sintering stress [35, 36].
As a body containing rigid inclusions densifies, the inclusions move towards each other.
Each inclusion therefore experiences a force due to the presence of the other inclusions
[37, 38]. The closer the patrticles, the greater the force. The matrix between the inclusions
is therefore under compression and faster than average densification occurs between
particles which are separated by a gap smaller than the average, i.e. there is a critical
separation distance which is equal to the average separation distance. When a summation
is carried out over many particles, the composite will densify at a slower rate than an
unreinforced matrix. The regions between closely spaced inclusions, which densify at a
rate greater than the average, increase in strength relative to the unsintered regions. A
tensile stress therefore develops in the remaining porous regions, which are also
constrained from sintering by the newly sintered regions. This causes de-sintering and
crack-like void formation [39].

For optimum sintering, inclusions need to be equiaxed and uniformly distributed.
Clustering of reinforcing particles should be avoided. This can be achieved by matching
the particle size of the reinforcement powders to the particle size of the matrix powders
[40]. For very fine reinforcement particles, every aluminium particle will be completely
surrounded by reinforcement particles and the system will be incompressible and non-
sinterable. As the particle size ratio is increased, the volume fraction reinforcement can be
increased. At a large particle size ratio, the reinforcement particles have a lower probability
of being part of a cluster network and are evenly spaced through the aluminium matrix.
Load bearing clusters do not impede compaction and the sintering rate is homogenised
throughout the compact.

Desintered zones are less likely to form and sintering cracks are less likely to develop.
Improved sintered densities result. Coarse reinforcement particles are therefore preferred.

A second distinct feature that can be clearly correlated with high performance sintered
MMC's is that the reinforcing phase must be fully wet by the liquid phases produced during
sintering in order to generate an effective, load bearing interface. In the absence of
wetting, sintering is poor and the properties are much-reduced.

When particle clustering is controlled and the ceramic/matrix interface properly
engineered, then effective sintering results and very attractive properties can be achieved.
At an as-sintered density of 99%, these new experimental alloys have a modulus of 130
GPa and an ultimate tensile strength of 212 MPa in the T4 temper. The ceramic particles
also provide a significant improvement in the abrasive wear resistance and to the fatigue
life. With 20 vol% ceramic, the fully reversed fatigue life increases by 25% to 100 MPa.
The wear resistance of an Al-Mg-Cu-Si alloy with 5% hard phase is equivalent to that of a
hypoeutectic Al-Si-Cu die casting alloy. A typical abrasive wear surface is shown in Figure
5.
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Figure 5: Scanning electron microscopy image of the wear tested surface of a metal matrix composite with
20 vol% ceramic. The reinforcement can be seen protruding from the wear surface.

8. Applications

The major current application for P/M aluminium is the cam shaft bearing cap. This has
been in service in the USA with Ford, DaimlerChrysler and General Motors since the early
1990s, without a failure. Potential automotive applications include connecting rods and oil
pump gerotors in automatic transmissions where the sintered aluminium part will replace a
sintered steel component. The major weight saving comes not from the direct material
substitution, which is small for small parts, but through the potential for redesign. In
gerotors, the major weight saving comes about by substitution of a cast iron housing with
an aluminium die casting. However, a steel gear set inside an aluminium housing
increases noise and vibration and decreases efficiency because of the mismatch between
the coefficient of thermal expansion of the aluminium and the steel.

An aluminium gear therefore facilitates the use of an aluminium housing. Connecting rods
in North American passenger vehicles are currently made via powder forging using an Fe-
Cu-C alloy. Because this is a reciprocating part, the inertial loads on other engine
components are significant. Substitution of steel by aluminium will allow resizing of the
crank shaft and ancillary equipment for substantial weight savings. In non-automotive
applications, aluminium P/M parts may replace small aluminium die castings where the
better material utilisation and closer tolerances of the P/M process are advantageous.
Possible applications include pistons and couplings.

9. Summary

The increasing interest in light weight materials coupled to the need for cost-effective
processing have combined to create a significant opportunity for aluminium P/M,
particularly in the automotive industry. Aluminium P/M adds light weight, high
compressibility, low sintering temperatures, easy machinability and good corrosion
resistance to all the advantages of conventional P/M. However, most current commercial
alloys are based on standard wrought alloys which were not designed to be sintered and
the properties are poor as a consequence. The tensile properties of pressed-and-sintered
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aluminium alloys are not limited by the oxide film on the surface of the powder particles
because trace additions of magnesium react with it to form spinel. This breaks up the
oxide, facilitating sintering. Aluminium P/M alloys can be improved without recourse to hot
working or master alloy powders if their design is based on an understanding of the
underlying sintering processes. Aluminium P/M parts are currently used in low stress
applications in marine transport, hand tools and office machinery and have started to
penetrate the automotive industry. Further developments in alloy composition and
processing technology, including the development of metal matrix composites, will provide
many more opportunities in the automotive industry.
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