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a  b  s  t  r  a  c  t

Magnesium  alloys,  while  boasting  light  weight,  suffer  from  a major  drawback  in  their  relatively  low
strength.  Identifying  the microstructural  features  that  are  most  effective  in  strengthening  is therefore  a
pressing  challenge.  Deformation  twinning  often  mediates  plastic  yielding  in  magnesium  alloys.  Unfor-
tunately,  due to the complexity  involved  in  the  twinning  mechanism  and  twin-precipitate  interactions,
the  optimal  precipitate  morphology  that can  best  impede  twinning  has  yet  to  be  singled  out.  Based
on  the  understanding  of twinning  mechanism  in magnesium  alloys,  here  we propose  that  the  lamellar
precipitates  or the  network  of plate-shaped  precipitates  are  most  effective  in  suppressing  deformation
twinning.  This has  been  verified  through  quantitative  in situ  tests  inside  a transmission  electron  micro-
scope  on  a series  of magnesium  alloys  containing  precipitates  with  different  morphology.  The  insight
gained  is expected  to  have  general  implications  for strengthening  strategies  and  alloy  design.

© 2018  Published  by  Elsevier  Ltd on  behalf  of  The  editorial  office  of Journal  of  Materials  Science  &
Technology.

1. Introduction

Lightweight magnesium (Mg) alloys are being actively pursued
for their energy saving potential in fuel intensive transport [1,2].
However, the low strength of Mg  alloys seriously hampers their
broad applications. The idea of age hardening, inspired by suc-
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cess with Al alloys [3], has been widely applied to Mg alloys by
introducing precipitates to enhance the strength. However, the
strengthening effect is unsatisfactory [4] (Fig. S1). Different from Al
alloys whose plasticity is governed exclusively by dislocation slips,
yielding of Mg  is usually subsidized by both dislocation slips on
basal plane and deformation twinning (DT) on

{
101̄2

}
plane (Fig.

S2) [5]. The suppression of both basal slip and
{

101̄2
}

DT is neces-
sary in strengthening Mg  alloys. For basal slips, the resistance from
precipitates can be well quantified by Orowan model [6–8] and the
strengthening effect is reliable [8–13]. However, from the experi-
mental point of view, a consensus has yet to be reached whether
the

{
101̄2

}
DT can be effectively suppressed by precipitates [9–15]

(Table S1). Although a few microscopy studies suggested that twin
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can be arrested by precipitates [16–19], they could not tell if twin
can move again to pass through those precipitates, and how much
stress increase would be needed for that to occur. The theoreti-
cally predicted best precipitates for blocking DT are prismatic plates
[4,20], but DT can not be reduced by such precipitates in some
experiments [10,14]. With readily activated

{
101̄2

}
DT, Mg alloys

still suffer from low strength [21]. Therefore, an effective precipi-
tate morphology that can impede

{
101̄2

}
DT to a great degree is

pressingly needed for developing high strength Mg  alloys.
The present work was inspired by an atomistic understanding

of twinning mechanism in Mg.
{

101̄2
}

DT can grow through the
migration of basal-prismatic interfaces (BP) [22–25] and the twin
is then not restricted on the

{
101̄2

}
plane [26–28]. This facilitates

the growth of
{

101̄2
}

twin in a flexible manner (with liquid-like
characteristics): when a part of the twin is pinned by precipi-
tates, the other parts can still migrate via BP migration. A hint
of this phenomenon is that the twin boundary is always curved
when it intersects with precipitates [7,16–19,29,30]. As such, we
hypothesize that if the precipitate entails a high aspect ratio (like a
wall), or the precipitates connect with each other to form a three-
dimensional network, the expanding twin would have a hard time
bypassing or engulfing such an obstacle. When twinning becomes
difficult, non-basal dislocation slips that originally do not come into
play would necessarily become activated (Fig. S3). Fig. 1 outlines
this proposed strategy for the selection of precipitate morphology
in Mg  alloys.

2. Material and methods

It is however difficult to validate the strategy as proposed in
Fig. 1, using conventional experimental methods. This is because
in bulk samples there are multiple obscuring factors that would
make the result ambiguous, including the simultaneous activa-
tion of multiple deformation modes that interact (DT, basal and
non-basal slips) [31], varying grain size and crystal orientations of
different proportions, non-uniform spatial distribution of precip-
itates, as well as the frequent occurrence of detwinning. In order
to pinpoint the obstructing effect of each type of precipitate mor-
phology on

{
101̄2

}
DT, we tested inside a transmission electron

microscope (TEM) a series of Mg  alloys, each being a microscale

sample containing only a specific morphology. Since it is difficult to
obtain all morphologies for a specific precipitate phase at one alloy
composition, we  used several alloys, including Mg-Al (AZ31), Mg-
Zn (ZK60 and Z6), Mg-Y-Nd (WE54) and Mg-Gd-Y-Zn (GWZ931),
to cover the whole range of shape of precipitates, such as particles,
rods, plates and lamellar precipitates (Fig. 2). In order to exclude
the effect of different solute species, precipitate phase/composition
and lattice constant (e.g. c/a ratio), whenever possible we directly
compared the twinning behavior and mechanical data from a same
alloy system. To avoid the interference from basal slips, the com-
pression loading axis for all the tested samples is aligned in parallel
with the basal plane to ensure the dominancy of

{
101̄2

}
DT.

3. Results and discussion

3.1. Microscopy observations

As shown in Fig. 2(a) and (b), and (Supplementary Materials)
S4-S6, DT in pillars with dispersed particles, rods or nano plates
behaved similarly to that in pure Mg  pillars: a twin formed at the top
of the pillar and finally engulfed almost the entire pillar. The densely
distributed precipitates neither blocked twin growth, nor divided
the twin into smaller pieces. The DT behavior was quite different
when the precipitates were connected to each other. Fig. 2(c) shows
a WE54 pillar where the precipitate formed a network: no twin
could be detected. During compressive loading, the pillar under-
went obvious plastic deformation, but the latter must be mediated
by non-basal dislocation slip (see Fig. S3 for possible slip systems).
This is in stark contrast to the test on another pillar containing two
isolated plates fabricated from the same WE54 sample. In such a pil-
lar, when applied stress reached a critical level, twin was  nucleated
and expanded towards the root part of the pillar (Fig. S7). Sim-
ilar suppression of DT could also be achieved in GWZ931 pillars
containing long-period-stacking-order (LPSO) lamellae (Fig. 2(d)).
After this pillar was  shortened along the axial direction by ∼7%,
only two  small volumes were twinned. In contrast, in the test on
another pillar containing less LPSO lamellae that was  fabricated
from the same GWZ931 sample, twinning still dominated the plas-
tic deformation (Fig. S8). With the increasing volume fraction of

Fig 1. Criteria for precipitate morphology selection in the design of high-strength Mg alloys.
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