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The major efforts in magnesium alloy development for automotive applications have concentrated on creep
resistant alloys produced by permanent mould and high-pressure die casting routes. While large compo-
nents, such as crankcases, will never be produced by powder metallurgy, there are smaller components in
and around the powertrain which could be fabricated from powder precursors. This article will explore the
potential of some of the more recent powder compaction developments, and discuss the alloy development
strategies that emerge for magnesium-based components as a consequence of these process developments.
In particular, the viability of direct powder extrusion of semi-finished product, using conventional extrusion
or equal channel angular processing, combined with T6 heat treatments, will be considered.
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1. Introduction

In the development of new alloys for specific end applica-
tions the researcher draws on his/her knowledge of microstruc-
ture/property interactions, which define the various elements of
a microstructure that contribute to the development of an
optimized mechanical response. In the case of strength and
creep properties it is necessary to consider the deformation
behavior at both grain boundaries and within the grains.

The strengthening mechanisms in metals are generally
concerned with impeding the motion of dislocations. This is
achieved by:

* Solid solution strengthening,

e The formation of either coherent, shearable precipitates or
non-deformable particles in the matrix (Orowan strength-
ening), and

¢ Increasing the number of grain boundaries (i.e., grain
refinement which invokes the Hall-Petch effect).

The first two mechanisms rely on controlling the composition
and distribution of both the precipitate and matrix phases. This
is achieved by manipulating the thermal treatments to promote
the best age hardening response possible.

To ensure adequate creep resistance these improvements in
strength must be maintained for long periods at elevated
temperatures. This could be through a stable size and number of
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strengthening precipitates, or a suppression of grain growth. In
addition, the nature of the grain boundary is important for creep
resistance, with grain boundary sliding often being the creep-
limiting mechanism in metals such as magnesium, which have
a hexagonal crystal structure. This mobility may be impeded by
the presence of large intermetallic phases at triple points and
along grain boundaries and arrays of fine precipitates on the
interfacial dislocations within the boundaries.

Designing a microstructure for both strength and creep
resistance is often an exercise in multiple compromises. This is
most apparent when considering the grain boundary effects.
A decrease in grain size, to improve strength, brings with it an
increase in the length of grain boundary in the structure, which,
as has been mentioned, may be deleterious to creep behavior. It
is extremely difficult to include all these features in any one
microstructure, and it is the role of the alloy developer to make
best use of the processing route to bring the microstructure as
close as possible to the ideal. Traditionally, the application of
these alloy design steps to magnesium alloys has concentrated
on those processing routes that rely on a molten metal
feedstock, and which may or may not lend themselves to
solutionizing and aging heat treatments. Conventional age
hardening relies on the presence of a super saturated solid
solution at elevated temperature, and the precipitation of an
intermetallic phase at the aging temperature due to the reduced
solubility of the solute element at the lower aging temperature.
It is often the case that the most thermodynamically stable
phases form during solidification from the melt, and it is not
possible to control the morphology and/or distribution of these
phases during cooling. Additionally, the stability is such that a
solution heat treatment has no effect on these phases, and age
hardening is not possible.

Powder metallurgical processing can avoid some of these
problems, but can have limitations of its own primarily related
to residual porosity. Voids, even at the submicron level, can
interfere with diffusion processes and thus impede any age
hardening treatment. There are several conventional routes to
achieve full densification, some of which rely on the applica-
tion of external pressure. In the pressureless environment,
sintering of the compact to full density is dependent on the
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provision of good diffusion paths—this may be facilitated by
the presence of a transient minority liquid phase. In magne-
sium-based materials this route has its limitations due to the
reactive nature of molten magnesium. The alternatives to
pressureless sintering are hot pressing and hot isostatic pressing
(HIP). HIP in particular is an expensive and relatively time-
consuming process, but it can possibly double as the first stage
of a solutionizing or aging heat treatment.

The critical requirement for any solution/precipitation
reaction is the provision of good diffusion paths, be they along
grain boundaries or through the bulk of the material. Some of
the less conventional powder compaction techniques, especially
those involving the generation of high strains in the materials
during processing, can produce compacts with very high green
densities and intimate particle-particle bonding. It is these
processes that provide the opportunities for the application of
microstructural design concepts previously perhaps considered
the domain of the molten processing routes.

At this point, the concept of Interference Hardening
(Ref 1, 2) should be introduced. When different elements are
combined together intimately in the solid state and heating is
applied to allow diffusion to take place, concentration gradients
can be produced. It may then be possible to generate at least
temporarily all phases in the phase diagram, and unusual
properties may result. These two effects, when combined, can
lead to extensive precipitation with an associated modification
of the material properties. The precipitates may also be those
that would, under molten processing routes, form during
solidification and would be thermally stable during any
subsequent heat treatment.

This article will present the opportunities afforded by these
less conventional routes, using the Mg-Al-rare earth (AE) alloy
systems, to demonstrate the concepts in more detail. The
microstructural limitations imposed by the molten routes will
be discussed first, as background information to the newer
developments. The AE system was chosen over some of the
other well-known creep-resistant Mg-alloy compositions for its
relative economic advantage. The principles described are,
however, not necessarily restricted to those alloys containing
aluminum.

2. AE Alloys Processed from Molten Feedstock

The AE family of alloys (AE42 and AE44 in particular) are
some of the most creep resistant of the magnesium alloys
containing aluminum. The preferred production route for
components is high-pressure die casting (HPDC), and this is
as much for property development reasons as it is economic.
HPDC has a fast cooling rate, which ensures some refinement
of the microstructure but even so, in the AE alloys, the
microstructure is characterized by relatively equiaxed grains
(rather than the strongly dendritic structure associated with Al
HPDC alloys) with large intermetallic phases at the boundaries.
In HPDC it is possible to form localized closed porosity, which
expands on heating often causing blistering, and therefore
components are normally used in the as-cast condition. Thus
the mechanical properties must be achieved during the casting
process. This is in contrast to magnesium-rare earth alloys
which can be gravity and permanent mould cast and heat-
treated to form a fine dispersion of strengthening precipitates
within the magnesium matrix. It is the rare earth-aluminum
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Fig. 1 The microstructure of HPDC AE42 showing the AI-RE
intermetallic phases (A) at boundaries

intermetallic phases in the AE alloys, which form along some
boundaries and often appear as eutectic-type structures at triple
points, that provide the strength and creep resistance to the
alloy. Figure 1 shows the microstructure of HPDC AE42,
where the rare earth used is a cerium-rich misch metal. The
bulk intermetallic phase (A) is an Al;;RE; phase which, over
time at elevated temperatures, decomposes into the more
thermally stable ALRE and the deleterious Mg;7Al;,. The
creep resistance is adversely affected by this decomposition
reaction. It has been shown by Powell et al. (Ref 3) that the
formation of the Al;;RE; phase is related to the level of Nd in
the alloy. If the Nd level is increased at the expense of the La,
the primary intermetallic phase can become AlL,RE. The matrix
material in either case contains the excess aluminum. Porosity
issues aside, if it was possible to carry out a T6 heat treatment,
there is little opportunity to further enhance the mechanical
properties by the formation of precipitates within the grains, as
the intermetallic phases are stable over the times and temper-
atures usually associated with standard heat treatments, and
super saturated solid solutions, which are the prerequisite for
age hardening, are not generated.

Therefore, to obtain a dispersion of fine precipitates
throughout the microstructure in this alloy system, it is
necessary to avoid the formation of the stable intermetallic
phases during the initial processing. This can only be achieved
by solid-state powder metallurgical processing routes.

3. Novel Powder Metallurgical Processing Routes

As already indicated, for powder metallurgical parts to have
microstructural integrity it is necessary to have a fully dense
material. In conventional processing the green compact, with a
relative density of up to 85%, is sintered to realize full
densification. Powder surfaces must be clean, or at least able to
be cleaned during sintering by say dissolution in the liquid
phase or reduction of oxides by appropriate selection of
sintering atmosphere. An alternative to sintering is the appli-
cation of a direct pressure or shear stress to the particles during
processing—this can in extreme cases result in cold welding of
the particles, but is usually restricted to the formation of an
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intimate interfacial bond between adjacent particles across
which a diffusion path may form. It is this structure that lends
itself to novel alloying opportunities. Extrusion is one such
processing path where high strains are generated during the
processing, and where the surface film on powder particles is
broken by the shearing action and highly reactive surfaces are
produced. It has been reported that in conventional extrusion, it
is usually necessary to have an extrusion ratio (ER) greater than
10 to ensure a fully coherent product (Ref 4). Even higher ratios
may be needed to encourage diffusion. The relationship
between the ER (initial area/final area) and the homogenized
strain resulting from that extrusion is a logarithmic one so that
as the desired strain is increased the required ER must increase
exponentially. As a consequence of this, the loads that are
required also increase dramatically if the final part size is to be
maintained. Equal channel angular processing (ECAP) is a
relatively new process that can impart a strain of 1.15 as
material is deformed by simple shear in a thin layer as it passes
from a vertical to a horizontal extrusion channel. In this process
the cross-sectional area is maintained throughout. This is
currently a batch process and repetitive passes accumulate the
strain in the body; however, the loads required are significantly
lower than those required for conventional extrusion. The
ECAP technique has already been explored in the field of
powder compaction (Ref 5-9) and has been found to be very
successful in obtaining a high degree of compaction with
various metals and alloys at lower temperatures and pressures
than those required by conventional compaction techniques.
Moss (Ref 10) has shown that magnesium powders can be
successfully ECAPed to full density at intermediate tempera-
tures (150 °C) and back pressures, ideally using a powder with
an irregular morphology (rather than spherical, as would be
obtained by a gas atomization process).

Figure 2 shows the strain intensification and its exponential
relationship to the ER for forward extrusion. The line of small
circles at an ER of approximately 3 (strain of 1.15, which is
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Fig. 2 Relationship between the extrusion ratio and the strain
intensity for conventional forward extrusion under ideal conditions
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achieved in an ECAP die with a 90° internal angle) shows the
accumulating strain from successive ECAP passes for compar-
ison. The two circles, at a strain of 4.6, represent the loads
required by each process to achieve the final strain. Clearly, the
loads for ECAP are significantly lower than those for direct
extrusion, and consequently, even though ECAP is a repetitive
batch process, the capital cost of the equipment is significantly
lower than that required for high ER extrusion processes.

4. Alloy Design Concept

With the emergence of these newer processing routes, alloy
design based on interference hardening may become a reality.
Consider a model three element system, with a matrix and two
alloying additions contained within two solid powder precursor
materials. The majority material is an Mg solid solution
containing a single solute, X. The minor powder phase is the
second alloying addition, Y, present either as the pure element
or more preferably as an Mg-rich material. In the selection of Y,
the criteria are:

e High solubility in Mg, and

¢ The diffusion of Y in Mg should not be vastly different to
Mg self-diffusion, to minimize any Kirkendall effect. This
is an ideal, and there are other strategies to overcome
Kirkendall behavior, but an equalization of diffusion
should negate the need for these alternatives.There are
only a few possibilities for Y, with Al being one of the
preferred options.

In considering the third element addition, X, the criteria are:

¢ A finite solubility in Mg

* (Solubility in Mg)/(Solubility in Y)>5. This should also
mean that as Y diffuses into the Mg solid solution, the
solubility of X in Mg will decrease and increase the driv-
ing force for precipitation.

e There must be intermetallic phases formed between
X and Y.

¢ (Melting Point Y-X phase)/(Melting point Mg-X phase) >
1.25 (based on the assumption that the higher melting
point phase will be the most stable and that interaction
forces between X and Y will be greater than those
between Mg and X, so that X-Y phase forms preferen-
tially).It is not essential that the precipitation of the Mg-X
phase (should it exist) is totally suppressed. There may be
cases where the final microstructure will benefit from a
mixture of Mg-X and Y-X phases—this depends largely
on the final properties demanded by the application.

5. Selecting an Example System
and Experimental Validation

Let us now consider the selection of element X. Figure 3
plots both the solubility ratio and the melting point ratio for all
elements against atomic number. Both criteria must be met, and
in this case those elements meeting both are shown as linked.
Fourteen options are possible, with the majority being found
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between the atomic numbers of 55 and 72 (i.e., the lantha-
nides).

As an example, alloys in the Mg-Al-Nd system were
prepared from powder precursors by ECAP. In this case, there
are several Al-Nd intermetallic phases which could possibly
form (based on the known phase diagram): AIL,Nd, Al;Nd,
Al;;Nds, AINd, Nd,Al, and Nd;Al. The composition selected,
Mg-5wt.%Al-(1 or 2)wt.%Nd, is Al-rich and the most
likely phases to precipitate are the first three. The two
powder compositions used were Mg-(1 or 2)wt.%Nd and
Mg-35wt.%Al (the eutectic composition Mg + Mg;,Al;,). The
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Fig. 3 Plot of solubility ratio and K ratio against atomic number
for all possible X alloying elements

powders were prepared from solid ingots by filing (irregular
morphology, grain size —45 pm)—the Mg-Nd ingot had been
solution treated to ensure that all the Nd was in solid solution.
The powders were mixed for 10 min prior to ECAPing at
150 °C. The subsequent heat treatments have been at various
temperatures, above and below that which could induce
incipient melting, for times ranging from 2 to 24 h.

Preliminary results obtained from this system are encour-
aging. A single ECAP pass resulted in relative densities of the
order of 99%, with the primary cause of porosity being
inadequate bonding between the relatively ductile Mg matrix
and the largest hard Mg-Al particles. Solution treatment,
therefore, did not reduce the level of porosity. However, where
adequate bonding was achieved the solution treatment resulted
in dissolution of the Mg-Al particles and diffusion of Al into
the Mg-Nd particles. The Al was distributed uniformly
throughout, indicating that diffusion was possible not only at
Mg-Al/Mg-Nd interfaces but also at Mg-Nd/Mg-Nd interfaces
(where oxide layers could conceivably exist). Further ECAP
passes and modifications to particle size distributions are being
examined at the present time.

The transmission electron microscope (TEM) micrographs
of Fig. 4(a)-(c) are taken from some of this preliminary work.
Figure 4(a) and (b) are after a treatment at 500 °C, which did
result in increased porosity due to a small amount of melting.
The beam directions are (10-10) and (11-20) respectively.
Whilst these directions are 30° apart, they are both contained
within the basal plane of the Mg matrix and therefore any
precipitates with a basal habit will be viewed “edge on” in

Fig. 4 TEM micrographs showing various precipitate morphologies: (a) 500 °C treatment, beam direction approximately {(10-10); (b) 500 °C
treatment, beam direction approximately (11-20); and (c) 420 °C treatment, beam direction approximately (11-20)
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these two micrographs. In Fig. 4(a) precipitates 1-3 are all
parallel, lying on the basal plane, and have an aspect ratio (AR)
of greater than 10 and a length of between 150 and 300 nm.
Precipitate 4 has a different AR, and does not have the
conventional basal habit, and precipitate 5 is indeed lying at 90°
to this. Figure 4(b) is confirmation that the precipitates formed
have several distinctly different habit planes and growth
directions—unlike most more conventional precipitation hard-
ening systems where a single family of precipitate predomi-
nates. Not all the precipitate types have been identified at
present. The majority can be identified as Al;Nd, but the
orientation relationships are many and complex. Figure 4(c) is
an image of a sample treated at 420 °C for 24 h. The precipitate
density is significantly increased, and the size of the precipitates
has reduced by a factor of approximately 10. This refinement of
the precipitating phases is beneficial in terms of mechanical
property development.

This microstructure is totally different to that generated
through HPDC. There are no large intermetallic particles at
boundaries, other than those which may be retained after the
solution treatment of the Mg-Nd powder prior to processing,
and in this case the phase would most likely be Mg;,Nd. The
grain boundaries have not been investigated in detail at this
time, and it is therefore not known whether there is a
precipitating phase at the boundaries that can suppress sliding
during any deformation process.

6. Discussion

Interference hardening was reported more than 50 years
ago and it is time that its application to current powder
metallurgy techniques is reassessed. In the initial work, a high
ER process was required, presumably to ensure adequate
densification and to supply a sufficiently high dislocation
density to facilitate diffusion of the alloying elements. ECAP
is currently a batch process, but has the advantage over direct
extrusion that initial dimensions are retained and high strains
are induced into the microstructure with each pass. Whilst
multiple passes are needed to achieve the same nominal strain
as the direct extrusion process (ER = 40), it has been shown
that even a single ECAP pass will give porosities of less than
1% and also provide adequate diffusion for precipitation
hardening to occur. The example system, Mg-Al-Nd, provided
a range of precipitate morphologies and orientation relation-
ships without undue optimization of the heat treatment cycles.

Journal of Materials Engineering and Performance

It should be possible, therefore, to generate microstructures
with multiple precipitating phases, leading to optimized
morphologies and number densities, by judicious selection of
the alloying elements and heat treatments. The ECAP process
is currently restricted to semi-finished product for the manu-
facture of small components, and its being a batch process is
likely to restrict scale up to larger components. However, there
are processes available that produce a similar strain distribu-
tion and are considered to be continuous in nature. It is the
application of interference hardening to these processes that is
of most interest, and which could lead to the wider acceptance
of PM Mg components.
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