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Abstract
Unlike Aluminum (Al) alloys, precipitation strengthening
of Magnesium (Mg) alloys has proven challenging.
Precipitate density is typically too low, and precipitate
size is often too large and elongated to enhance the
resistance to plastic deformation significantly. Mimicking
recent work in Al alloys, we are exploring how
low-temperature plastic deformation can enhance the
density, size, and morphology of common intermetallic
particles and thereby lead to significant hardening in Mg
alloys. The low temperatures tend to favor nucleation
overgrowth, while the deformation provides vacancies
and dislocations that can assist nucleation. Using equal
channel angular extrusion, and moderate temperatures, we
explore the processing and thermodynamic factors con-
trolling nucleation and growth of precipitates in Mg–Al
and Mg–Zn binary alloys.
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Magnesium alloys continue to receive significant interest
from the broader scientific community, particularly from
those interested in low-density structural materials [1, 2].
These lightweight alloys offer great potential for use in
defense, transportation, electronics, and biomedical appli-
cations. There are now several research efforts focused on
understanding the fundamental issues that control alloy
processing and design. One of these efforts is driven to
understand the role of initial microstructure and the con-
trolling mechanisms during thermo-mechanical processing
of Mg alloys, to create useful final microstructures. Possible
attributes of such microstructures may include rich solute

clusters, fine precipitates, small grain sizes, and random
textures that help to tailor strength and anisotropy [3–7].
However, despite these efforts, our abilities to design and
fabricate magnesium alloys with all of these microstructural
attributes are still limited.

One overarching idea for improving the microstructure of
Mg alloys is to follow the approaches that have proven
successful in developing Al alloys [8, 9]. For example,
precipitate hardening in Al alloys has been very effective.
Micro-alloying, conventional aging (T6 treatment), double
stretch aging, and dynamic strain aging are a few examples
of how one can create very useful microstructures with fine
precipitates in Al alloys. Mimicking these techniques to
precipitation harden Mg alloys has resulted in varying
degrees of success. Some of the core challenges limiting
success include our narrow understanding of the roles that
vacancies, solute atoms, and dislocations play during
thermo-mechanical processing in Mg alloys. Conventional
wisdom suggests that when extensive deformation and the
climb of the edge dislocations generate excess vacancies
[10], the rate of atomic diffusion rises, leading to enhanced
nucleation and growth. However, by limiting the duration of
deformation and by relying on the annihilate of vacancies
once deformation ceases, one can effectively use the
mechanical generation of vacancies as a switch to enhance
nucleation with a limited impact on coarsening through
growth. One simply stops the deformation following
nucleation to limit coarsening. Dislocations can also play a
dominant role in precipitation through their local stress
states. The hydrostatic stress fields around edge dislocations
can reduce the nucleation barrier for the formation of
intermetallics simply due to changes in density upon pre-
cipitate formation. Further still, these dislocations promote
the formation of solute clusters that lower the barriers for
nucleation even further and can thereby lead to a higher
number of fine precipitates. Studies have focused on
manipulating solute clusters, mobile dislocations, and forest
dislocations to aid nucleation processes. The type of solute
atoms present in the microstructure also plays a significant
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role as it can directly influence the formation of GP (Gui-
nier–Preston) zones and other metastable phases [11, 12].

In our studies, we consider two binary magnesium alloys
(Mg–Zn and Mg–Al) without micro-alloying elements and
attempt to manipulate the nucleation and growth of precip-
itates by controlling deformation. We do so at low temper-
atures to aid nucleation of fine precipitates while limiting
intermetallic coarsening.

The phase transformation sequence in Mg–Al and Mg–
Zn alloys is as follows [13]:

Mg�Al : Solid solution ! bðMg17Al12Þ
0001ð Þahabit plane

Conventional peaking aging of these alloys often results
in large aspect ratio precipitates that are not favorable for
strengthening [14]. For example, the T6 treatment of Mg–
9Al (wt%) alloy creates continuous precipitates in the grain
interiors and divorced eutectic type precipitates called

discontinuous precipitates [15] along the grain boundaries as
shown in Fig. 1a and b, respectively.

In our work, binary magnesium alloys (Mg–9Al (wt%)
and Mg–3Zn (wt%)) were dynamically aged by equal
channel angular extrusion (ECAE). The extrusion was car-
ried out at a rate of 0.15 mm/min at 150 °C and along the
4Bc route. Transmission electron micrographs show fine
precipitates in Fig. 2a, b for both of these alloy systems after
four passes.

We hypothesize that the severe plastic deformation
(ECAE) injects a high density of dislocations during pro-
cessing leading to an increased density of sites for nucleation

[16, 17]. The hydrostatic stress states around edge disloca-
tions attract solute clusters and ease precipitation by dra-
matically lowering the barrier for nucleation of
intermetallics. This leads to a very high number density of
fine precipitates, as shown above in Fig. 2. The very tight

Fig. 1 Mg-9Al (wt%) after
ECAE 4Bc processing at 150°C
a Continuous precipitates within
the grain interior.
b Discontinuous precipitates near
the grain boundary

Fig. 2 a Fine nano precipitates
in Mg–9Al (wt%) alloy. b Fine
nano precipitates in Mg–3Zn
(wt%) alloy

Mg�Zn : Solid solution ! GP zones ! b01 Mg4Zn7ð Þ ! b002 MgZn2ð Þ ! b MgZnð Þ
0001½ �arod
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spacings and high number densities can result in significant
Orowon strengthening and substantial increments in yield
strengths [1, 18, 19]. Our work focuses on characterizing the
impact of dislocations, as well as excess vacancies on this
enhancement of precipitation in Mg alloys.
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