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Abstract

Pure Mg has low ductility due to a transition of (¢ + a)
pyramidal dislocations to a sessile basal-oriented struc-
ture. Dilute alloying generally improves ductility.
Enhancement of pyramidal cross-slip from the
lower-energy pyramidal II plane to the higher-energy
pyramidal I plane has been proposed as the mechanism.
Here, the theory is applied to ternary and quaternary
alloys of Zn, Al, Li, Ca, Mn, Sn, K, Zr, and Sr at dilute
concentrations, and a wide range of compositions are
predicted to have good ductility. Interestingly, while Zn
alone is insufficient for achieving ductility, its inclusion in
multicomponent alloys at 0.5 at.% enables ductility at the
lowest concentrations of other alloying elements. Further
implications of the theory are discussed.
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Introduction

Magnesium (Mg) is the lightest structural metal but has a
hexagonal close packed (HCP) crystal structure. The HCP
structure has crystallographically different slip systems with
distinct slip planes (basal, prism, and pyramidal), slip steps
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((a) and (c+a) Burgers vectors) and slip resistance
(y-surface). Generally, plastic slip with (@) dislocations on
basal and prism planes is intrinsically easier than that of
(c+a) dislocations on pyramidal planes, as dictated by
crystallography and the electronic structure of Mg in the
HCP lattice [1]. Furthermore, (¢ +a) dislocations dissoci-
ated on pyramidal glide planes are thermodynamically
unstable and can transform into lower energy, sessile
structures along basal planes through pyramidal-to-basal
(PB) transition [2]. The energy barriers of the (¢ +a) PB
transitions are low (~0.5 eV for pyramidal II plane [2] and
~0.3 eV for pyramidal I plane [3]) and comparable to other
plasticity mechanisms at room temperature. Plastic slip with
(c +a) dislocations can thus only provide very limited (c)
axis strain capability initially upon their activation; the PB
transition will quickly increase the critical resolved shear
stress (CRSS) for (¢ +a) slip systems and effectively elim-
inate the critical (¢ + a) dislocation slip systems [2]. The PB
transition thus further increases plastic anisotropy, with
(¢ +a) CRSS measured at ~ 100 times that of basal (a) [4].
The difficulty in (c +a) dislocation slip also contributes to
strong textures developed in wrought Mg products, such as
strong basal textures with c-axis in the normal direction of
rolled sheets and strong fiber textures with c-axis in radial
direction in extruded products. Strong plastic anisotropy and
texture cause HCP Mg exhibit low ductility [2] and intrinsic
brittleness [5], which are detrimental in load-carrying or
energy-absorption structure applications.

Achieving high ductility and high fracture toughness in
Mg is thus a long-standing barrier for its wide range,
large-scale structure applications across various industries,
such as the automotive and aerospace industries [6, 7].
Increasing ductility is, however, particularly challenging in
HCP Mg, since its plastic anisotropy arises from the intrinsic
properties of the slip systems and changing intrinsic prop-
erties is difficult. Increasing ductility is also generally less
straightforward as compared to increasing strength, since the
former depends on the plastic evolution of the underlying
microstructure. Various metallurgical strategies, such as
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changing alloy composition, grain size, and texture, have
been attempted to increase ductility and fracture toughness.
Improved ductility has been demonstrated in some Mg
alloys and under certain thermomechanical processing con-
ditions. In particular, a wide range of experimental studies
suggest that Mg alloyed with rare-earth elements in solid
solution state [8—13], grain refinement [14] and texture
randomization [15, 16] are effective methods to increase
ductility. While these experimental successes are consistent
with metallurgical wisdom, current understanding of duc-
tility improvement in Mg is generally empirical, not mech-
anistic, qualitative, and thus of less predictive power in
guiding new alloy designs.

We recently proposed a new quantitative mechanism [14]
to capture the effects of solutes in enhancing ductility in Mg
alloys. This mechanism is based on the acceleration of
cross-slip of the pyramidal II (¢ 4+ @) screw dislocations due
to a solute-driven decrease in the cross-slip energy barrier. If
the acceleration is significant enough, cross-slip will enable
fast (c+a) dislocation multiplication that can generate
plastic strain in spite of the on-going deleterious PB transi-
tions (Fig. 1). The predictions based on the new mechanistic
model were shown to be in broad agreement with experi-
mental results on existing Mg alloys. Moreover, application
of the mechanistic model to study a much wider range of
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possible alloys, especially those without RE additions, holds
the promise of accelerating the design of new ductile Mg.

In this work, we briefly present key features of the model
for solute-enhanced cross-slip and then focus on the pre-
dictions of the model for a range of non-RE multicomponent
alloys. This work summarizes a much more complete study
that was recently published by the same authors [17], and
many details can be found there.

Ductility Enhancement via Accelerated
Cross-Slip: Theory

Plastic slip via (¢ +a) dislocations are critical to achieving
high ductility in HCP Mg. During plastic straining, (¢ +a)
dislocation loops, either preexisting inside grains or nucle-
ated from grain boundaries, will expand and carry the plastic
strain. The edge segments of the dislocation loop are prone
to undergo the PB transition and become sessile, locking the
dislocation segments and further blocking subsequent
(¢ + a) dislocations on the same or nearby parallel pyramidal
planes. Plastic slip in the (¢ +a) dislocation Burgers vector
direction thus becomes difficult, requiring a much higher
CRSS to continue [2]. While the edge segments become
sessile, the screw segments can continue to glide, expand,

Fig. 1 Schematic of the competing thermally activated dislocation
phenomena in magnesium. Mobile edge dislocation segments of a
pyramidal II (¢ +a) dislocation undergo a thermally activated trans-
formation to a sessile structure with a barrier of AGpg = 0.5e¢V. Mobile
screw dislocation segments of the same dislocation can undergo
thermally activated cross-slip and double cross-slip, leading to

dislocation multiplication, with a barrier of AGys. If the rate of screw
cross-slip sufficiently exceeds the rate of edge immobilization, then
plastic straining can be sustained and high ductility can be achieved.
Solute additions can change the cross-slip barrier AGxs which, if
reduced sufficiently by solutes, can provide the conditions for ductility.
From Ref. [14], and reprinted with permission from AAAS
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and potentially undergo a cross-slip and double cross-slip
process. Dislocation cross-slip and double cross-slip effec-
tively create a new dislocation loop on a new slip plane,
which can overcome the locking of the original edge seg-
ment, and glide further to accommodate the imposed plastic
strain. The newly formed dislocation loop can also serve as a
(c +a) dislocation Frank-Read source, potentially supply-
ing many new (c+a) dislocations. To sustain plastic slip
along the (¢ +a) direction and thus satisfying strain com-
patibility requirement for continued plastic deformation, the
rate of cross-slip of the screw segments and thus generation
of new dislocation loops must be much faster than the rate of
the deleterious PB transition occurring at the edge segments.
The two crucial processes at the screw and edge segments
are both thermally activated and their competition governs
the (c +a) strain capability and ductility. To achieve high
ductility, the following condition on their respective rates
Ryxs and Rpp along the dislocation loop of size L occurring at
segments of size lys and lpg (see Fig. 1) at temperature T
Ipg kT

must be satisfied,
AGxs
kT
(1)

where Gxs and Gpp are the activation energy barriers, vy is
an attempt frequency and k is Boltzmann constant. We
introduce a ductility index y where the rate of cross-slip is
10% of the rate of PB transition, i.e., Ry = 10*Rpg. We
consider y > 1, i.e., Rxs > 10Rpg, as a necessary condition
for high ductility. For alloys satisfying the above condition,
deformation will follow normal plastic flow and hardening,
and failure may be governed by other criteria such as the
Consider criterion for the onset of necking in elastic-plastic
materials. When y < 0, poor ductility is predicted since
(¢ + a) cross-slip is too slow relative to the PB transition and
cannot create enough (¢ +a) dislocation and plastic strain to
overcome the immobilization caused by the PB transition.
Our strategy to enhance ductility relies mainly on reducing
the cross-slip barrier AGxg through solid solution alloying,
since all other parameters are insensitive to changes of alloy
compositions. Solutes interact with dislocation core, stack-
ing fault and its elastic field. Solutes can thus have subtle
effects on dislocation cross-slip energy barriers and rates
[18]. The central part of the theory and alloy design thus
essentially reduce to the determination of the effects of
solutes on the cross-slip barrier AGxs as a function of solute
composition and concentration.

In HCP structures, pyramidal II planes do not intersect
with each other and (¢ +a) dislocations on pyramidal II
planes must first cross-slip to an intersecting pyramidal I
plane sharing the same Burgers vector. In HCP Mg, screw
(c+a) dislocations have lower energy on pyramidal II

o
Rxs = vo—exp| —

L AG
> Rpg = vp—exp <— PB)
Ixs
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planes than on pyramidal I planes. The energy barrier for
cross-slip thus has contributions from the dislocation energy
difference AE'™! between the two pyramidal planes, in
addition to the usual energies associated with dislocation
jog/junctions formations and line tensions. Using the dislo-
cation line tension model, the cross-slip energy barrier can
be written as

AGyxs = AGxs,; + AE"™ Vixg + TAs(lcxs) — AtbA(lcxs)
(2)

where AGxs; = 0.23eV [19] is the intrinsic barrier associ-
ated with jog/junctions formation during cross-slip; Iy is the
length of the cross-slip nucleus at the transition state, /cxs the
nucleation length that includes the length of the pyramidal
I/IT junction, I' is the screw dislocation line tension on
pyramidal T planes, b the Burgers vector, As the additional
length of the cross-slipped bow-out segment on the pyra-
midal I plane, A the bow-out area, and Az the resolved shear
stress on the pyramidal I (¢ +a) dislocation in excess of the
corresponding CRSS that performs work by bowing out the
cross-slipping nucleus.

A solute at site i can interact with the dislocation on the
pyramidal II plane before cross-slip and with the dislocation
on the pyramidal I plane after cross-slip. The change in
interaction energy of a solute of type m at site i is denoted as
AUIHI"". The average change in energy per unit dislocation
length upon cross-slip can then be written as

1
(AET!) = AEy!+ > end AU (3)

iENT

where AEy,' is the energy difference in pure Mg, c,, is the
solute concentration of solute type m, and the sum is over all
unique sites i around the dislocation within one Burgers
vector length where the energy difference is nonzero. These
energies cannot be computed fully with ease, and hence, it
was postulated that the dominant interaction energy arises
from the solute interactions with the dislocation stacking
faults, as both pyramidal I and II dislocations are dissociated
into partial dislocations separated by a stacking fault. The
average energy difference can then expressed as

_ — I-1L,m
(AE™) = AEG + > AE Nic,, (4)

where AEi;gI.I’Sr; is the contribution of type m solute/stacking

fault interaction energies in the average dislocation energy

difference. AE;;?’S’; is computed from first-principles density
functional theory calculations [1, 17]. In a random solid
solution alloy, there are local fluctuations in the concentra-
tion of the alloying elements. Thus, there are fluctuations in

the local pyramidal I and II screw dislocation energies over
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the scale of the nucleation length /xs. The standard deviation
in pyramidal I/II energy difference, due to these fluctuations,
over the length of Ixg can be computed as

. —ILm\ 2 ) 1\ 2
O'[IXS] = \/lezcm Z (AU} IL ) = %Zc’” (AEilugSF)

m i€ENy m
(5)

where the second term considers only the energy contribu-
tions due to the solute/stacking fault interactions. Some
fluctuations raise the energy and others lower it; only those
that reduce the local barrier are relevant, and so the mag-
nitude of the fluctuation contribution is always subtracted
from the average barrier to obtain the operative barrier.
Assembling all the factors that determine the activation
barrier and critical cross-slip nucleation length, the ductility
index y can be expressed as

7= 1 In lP_B + AGPB — ((Ast> — 6[[)(5]) '
In 10 Ixs kT

(6)

The DFT calculations on a wide range of solutes led to
the determination of the average and fluctuation contribu-
tions to the energy barrier as shown in Fig. 2. Figure 2
immediately shows that the rare-earth elements and Zr are
highly effective in reducing the cross-slip barrier, both on
average and due to fluctuations. The solutes Ca and Sr are
also effective on average, being negative, with significant
fluctuations as well, while Mn is effective on average but
with smaller fluctuation contributions. The solutes Sn, Li,
and K have almost no effect on average, but some fluctuation
contribution, especially K. The solutes Zn, Al, and Ag are
all, on average, deleterious for ductility, but the fluctuation
contributions, being always negative, can cancel or exceed
the average contributions at some concentrations, leading to
some reduction of the ductility index .

More detailed predictions of y require the full theory.
Two quantities that are not directly computable in the theory,
but fall in a narrow range and can be estimated, are AE{@I
and Art. Examination of theory predictions versus experi-
ments for the well-established solute elements of Al, Zn, and
Y led to the deduction of AEy," = 25 meV/nm and At = 20

MPa. Finally, for very low solute concentrations, where
single solutes may have some effect and random statistics
does not apply, additional analysis is required (see Ref.

[17D.
Representative Results
We now present a subset of results on ternary and quaternary

alloys. The theory is used to compute y as a function of alloy
composition, and ductility is indicated if y > 1. Since Zn is a
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Fig. 2 Variation of (a) average effect and (b) intrinsic fluctuation of
various solutes on pyramidal I/Il (c 4+ a) dislocation energy difference
as a function of corresponding solute concentrations c¢. From Ref. [17],
and reprinted with permission from Elsevier

common alloying element for various reasons, we first
consider Zn ternary alloys. Zn alone is not predicted to
enable ductility—the negative fluctuation contribution is
never large enough compared to the positive average con-
tribution to reduce y below 0. However, since Zn does lower
y relative to pure Mg, it has a beneficial effect when com-
bined with other more favorable solutes. Figure 3a shows
the predictions for y as a function of the Zn concentration
and the concentration of a third alloy element X (X=K, Mn,
Zr, Sr, Ca). In all cases, Mg can be made ductile by the
addition of a small concentration of X as long as the con-
centration of Zn is less than about 1.5 at.%. For all cases, the
addition of 0.5 at.% Zn enables ductility at the lowest con-
centration of the second element X. The effect is especially
strong for Mn, where y = 1 is reduced from ~ 0.4 at.% Mn
at 0 at.% Zn to ~0.2 at.% Mn at 0.5 at.% Zn. The theory
thus predicts that the addition of Zn at 0.5 at.% is broadly
useful for enhancing the ductility across a range of alloys. Zn
is not necessary for ductility, but its addition may be bene-
ficial for other reasons such as its effects on the (a)
dislocations.

Figure 3b shows predictions for the ductility limit y =1
for various Al-Li—-X quaternary alloys, for X=Mn, K, Sr.
The lines in the figure correspond to the boundary between
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Fig. 3 a Ductility index y for a range of Mg-Zn-X ternary alloys.
2> 1 corresponds to predictions of good ductility, while <O
corresponds to predictions of poor ductility. A wide range of
composition space, at very low alloying concentrations, is predicted
to enable ductility in these ternary alloys. b Ductility index y for a range

> 1 (right) and y < 1 (left), for each concentration of X
indicated. For instance, in the Mg—Al-Li-Mn quaternary,
ductility (y > 1) can be achieved at 2.0 at.% Al, 1.0 at.% Li
with the addition of 0.1 at.% Mn. Many other examples are
provided in similar graphical form in the related publication
[17].

Discussion

The theory makes predictions for a wide range of alloying
elements and compositions that can lead to high ductility.
This wide space thus enables possible optimization of
other important alloy properties (e.g. yield strength,
toughness, corrosion resistance, and bio-compatibility) that
are needed for using Mg alloys in various applications.
Related to strengthening, we note that precipitation
removes solutes from the matrix. If the residual total solute
concentrations in the matrix are too low, the matrix
composition may drop below the conditions predicted for
ductility. The strengthening that accompanies precipitation
may then lead to a significant reduction in ductility. The
identification here of a wide range of ductilizing alloying
elements at low concentrations opens, however, the pos-
sibility that alloys can be developed with elements that
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of Mg—Al-Li quaternary alloys. y > 1 corresponds to predictions of
good ductility, while y <0 corresponds to predictions of poor ductility.
A wide range of composition space, at very low alloying concentra-
tions, is predicted to enable ductility in these quaternary alloys.
Adapted from Ref. [17], and reprinted with permission from Elsevier

form desirable precipitates and other elements that remain
in solution such that the matrix remains ductile after pre-
cipitation, thus achieving both strength and ductility. Pur-
suing such concepts requires combining the present
analysis of ductility with thermodynamic calculations of
phase diagrams and solution limits of alloying elements in
complex alloys.
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