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Background and objective

Magnesium (Mg) is an attractive material for many lightweight military, automotive,
aerospace, and consumer applications because of its low density of 1.74 gm/cm’ vs 2.70 gm/cm’
for aluminum [1-4]. However, since Mg has a hexagonal close-packed (HCP) crystal structure,
it has two intrinsic problems in manufacturing and application. Firstly, the room-temperature
ductility is poor [5]. According to the von Mises-Taylor criterion, five independent slip systems
need to be activated for homogeneous plastic deformation in a polycrystalline material without
crack or void formation. For Mg, the prevalent deformation mode at room temperature is slip on
the basal plane along the two <a> directions, resulting in only two independent slip systems, so
the von Mises-Taylor criterion is not satisfied. That is the primary reason for the poor room-
temperature ductility and formability of HCP Mg alloys. Secondly, due to the dominance of
basal slip at room-temperature, grains rotate during deformation, resulting in magnesium alloys
with predominantly basal plane texture and hence strongly anisotropic mechanical properties,
which are often undesirable. As a result, Mg alloy components are manufactured via casting or
elevated-temperature forming to activate other slip systems. The disadvantage of these methods
is slower processing and higher energy consumption, thus raising the manufacturing cost and
limiting market penetration.

Several approaches have been taken to overcome the inherent ductility limitation of Mg.
One is to introduce nanoparticles. For example, de Cicco and co-workers [6] found that
ultrasonic dispersion of 15 wt.% SiC nanoparticles into Mg-4Zn increases the ductility from 5 to
10%. Electron microscopy studies indicated that nanoscale SiC particles suppress the formation
of microscale Mg;Zn3 and Mg,Zn3 precipitates in favor of a nanoscale MgZn, phase. Such re-
distribution of intermetallic phases was cited as the source of ductility improvement. We
speculate that nanoparticle-matrix interfaces may also generate localized strain fields that reduce
the activation barrier for dislocation motion in these Mg alloys. Regardless, one must question if
ultrasonic dispersion of nanoscale particles in molten metals is readily amenable to large-scale
manufacturing.

Another approach is to introduce rare-earth or transition-metal alloying elements. As
early as 1959, it was known that Mg becomes rollable at room-temperature when alloyed with
rare-carth elements [7]. Shear bands at 30-35° angle to the rolling direction were observed and
were suggested to act as softening regions enabling improved formability. Recent investigations
by Sandlobes et al. [8] showed that addition of 3 wt.% yttrium (Y) to Mg increases the room-
temperature ductility from 4% to almost 25% with little loss of strength. Texture and electron
microscopy analysis reveal that Mg-3 wt.%Y exhibits a high activity of twinning and pyramidal
¢ + a slip. Activation of pyramidal slip provides a sufficient number of slip systems to satisfy
the von Mises-Taylor criterion. These additional deformation modes result in much improved
ductility, less pronounced basal texture, and more uniform deformation, thus making the alloy
more amenable to forming operations. Addition of Gd achieves similar levels of ductility [9,10].
The major disadvantage of this approach is cost and strategic availability of rare-earth elements.

In 2001, Kawamura et al. reported a magnesium alloy with a nominal composition of
Mgy7Zn, Y, that exhibited remarkably high tensile yield strength of 610 MPa at 16% elongation
[11]. This strength is coupled with the appearance of novel ternary precipitates exhibiting order
with long periods along the c-axis of the hexagonal close-packed (hcp) Mg matrix [12]. Referred
to as long-period stacking ordered (LPSO) structures, these precipitates and their high strength
have since been observed in a variety of ternary Mg systems [13-21]. However, LPSO systems



typically contain at least 1 at.% rare earth (RE) elements, making such alloys too expensive for
high-volume industrial applications. In addition, most of these alloys were produced by rapid
solidification and powder metallurgy. These manufacturing methods are not readily amenable to
mass production of inexpensive and reliable Mg alloy components.

Another method to improve the room-temperature ductility is formation of very fine-
grained alloy (2-4-micron grain size) by extrusion at elevated temperature (100-300°C) and
addition of solid solution alloying elements [22]. The mechanism of ductility improvement is
attributed by these authors to grain boundary compatibility stress that can operate in the entire
grain volume to strongly promote the activation of basal and non-basal dislocation slips into the
grain interiors.

The main objective of this exploratory project is to investigate the ductilization of Mg
alloys by the formation of nano-sized precipitates or clusters and to develop a ductilization
model with the ultimate goal to create new commercially useful Mg-based alloys with superior
room-temperature ductility and formability that could be produced by conventional methods, and
are formable at room temperature without the use of rare-earth elements.

The primary strategy of this work is based on the work of J. Weertman [23,24], who
showed that the coherency strain at the precipitate (cluster)-matrix interface produces a torque on
nearby screw dislocations, thereby improving ductility through locally reducing the Peierls
stress, resulting in increased dislocation mobility and hence more available slip systems. We
demonstrated the occurrence of this phenomenon by significantly enhancing the low-temperature
fracture properties of steels by the formation of nanometer-sized precipitates (clusters) in the
steel matrix [25]. We are extending this concept to the design of Mg alloys. Two alloys were
studied in this exploratory project: Mg-Li and Mg-Ca-Zn.

Summary of the most important results
MgLi Alloys

Improvement of mechanical properties and room-temperature ductility of magnesium
alloy with an addition of lithium is well known[26-30]. To understand the reason why it happens,
a study of tensile properties of Mg-Li single crystals with Li from 1.5 to 15 at. % were performed
at Northwestern University [31]. These single crystals were produced by the Bridgman technique
and then cut into tensile specimens in the specific crystallographic direction using back reflection
Laue method.

Tensile tests demonstrated that the addition of lithium to magnesium alloys increased the
critical resolved shear stress (CRSS) in the basal plane but softened the alloy with respect to
glide in prismatic and pyramidal planes. For example, the addition of 6.0 at. %-Li at 300°K
increased the CRSS for basal slip by a factor of five (Figure 1). This behavior was corroborated
by Han et al. who used density functional theory to calculate generalized stacking fault energies
in the basal plane [32]. In the pyramidal plane, for example, the addition of 7.5 at. %-Li at
300°K decreased the CRSS by a factor of two (Figure 2). Therefore, addition of Li to Mg results
in alloy strengthening and in the same time increased ductility by activating pyramidal slip.
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Figure 2. Decrease in CRSS of pyramidal <c+a> slip with increased Li concentration as a
function of temperature

We used 3D Atom Probe Tomography to analyze Mg-Li single crystal alloys of varying
compositions from 1.4 to 11.4 at. % Li. Figure 3 is a 3-D reconstruction of a Mg-11.4 at. % Li
alloy sample, with only the lithium atoms shown for clarity. From visual inspection, lithium
appears to be evenly dispersed throughout the sample. All other Mg-Li samples exhibited lithium
distributions qualitatively similar to the one shown in Figure 3.

Detailed pair correlation distribution analysis of the above 3DAP data was performed,
showing that lithium solute atoms are nearly randomly distributed. This suggests that the solid-
solution hardening and softening in different crystallographic planes is a local effect stemming
from distortions induced by single or small clusters of lithium atoms in the HCP magnesium
crystal structure. Basal plane hardening can be attributed to normal solid solution hardening,
while solid solution softening in the pyramidal plane can be attributed to lithium dislocation
motion as proposed by Weertman [23,24] and described below.



10 nm

Figure 3. 3-DAP image of Mg-11.4 at. % Li alloy. Lithium atoms are shown as black dots, and
magnesium atoms are not shown for clarity

MgCaZn Alloy

We previously discovered that under-aged Mg-0.37 at. % Ca-0.34 at. % Zn alloy is very
ductile. This section describes the mechanical and microstructural properties of this alloy.

Thermodynamic modeling of Mg-Ca-Zn performed at Northwestern University indicates
binary and ternary intermetallic precipitates can be formed by solution treatment of alloy above
470°C followed by water quenching and aging, as shown in the polythermal section of the phase
diagram at a constant Ca content of 0.6 wt.% (0.37 at.%) in Figure 4.

The alloy was melted in an inert atmosphere and then cast into 100-mm wide, 12-mm
thick, 150-mm high mold by Sophisticated Alloys, Inc. The cast was cut into slices,
homogenized in an argon atmosphere for 4 hrs at 470°C and then water-quenched (WQ). The
microstructure of the alloy in as-WQ condition is shown in Figure 5. The alloy is coarse-grained.

The alloy was aged at 150, 180 and 200°C in air. It is obvious that this alloy age-hardens
significantly (Figure 6). The micro-hardness increased from about 55 Vickers to approximately
75 Vickers at the peak hardness, indicating formation of precipitates (clusters).

To quickly determine if alloy is ductile or brittle after different heat-treatments,
approximately 1 mm-thick slices were cut from the alloy blocks and hand-bent around a rod (5
mm diameter). Some specimens broke in a brittle manner, while others were quite ductile,
bending without crack formation. Optical and scanning electron microscopy of fracture surfaces
clearly indicated grain boundary oxidation in the brittle specimens. Oxidation of the original
alloy ingot is clearly a problem. The material was reordered, but the new ingot had the same
oxidation problem. The project was continued with the received material.
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Figure 4. Calculated polythermal section of Mg-Ca-Zn system at a constant Ca-content
of 0.6 wt.% (0.37 at.%)

Figure 5. Optical micrograph of Mg-Ca-Zn alloy in WQ condition
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Figure 6. Age-hardening of Mg-0.37at.% Ca-0.34 at.% Zn alloy after WQ from 470°C

We found that the alloy is very ductile after WQ (Figure 7a). When the alloy was aged at
200°C for more than 10 minutes, it became brittle. Figure 7b shows the fractured specimen aged
at 200°C for 1 hr.

a b
Figure 7. Bent MgCaZn specimens: a — alloy homogenized at 470°C for 4 hrs and WQ;
b - alloy homogenized at 470°C for 4 hrs, WQ and aged for 1 hr at 200°C

Tensile testing was performed on alloy homogenized at 470°C for 4 hrs and WQ. Due to
the inhomogeneity of the alloy, we could not tell in advance if specimens will be machined from
“good” (less oxidized) or “bad” (oxidized) sections of the material. When tested, oxidized
samples fractured during the elastic deformation, while less oxidized samples exhibited plastic
deformation and failed at around 4%, well below expected values. The tensile curve for the
second specimen is shown in Figure 8.
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Figure 8. Tensile curve for MgCaZn alloy homogenized at 470°C for 4 hrs and WQ

Figure 9 shows an SEM image of the fractured surface of the second tensile specimen. It
is obvious that the failure is mixed; while there is some cleavage and ductile fracture, the
specimen failed mostly due to intergranular fracture. It appears that weak grain boundary
cohesion resulted from poor alloy production, due most likely to grain boundary oxidation.

Figure 9. SEM of the fractured in tensile test MgCaZn alloy homogenized
at 470°C for 4 hrs and WQ



3D Atom Probe Tomography (APT) of MgCaZn alloy was performed to follow
precipitation processes that can significantly affect the mechanical properties. One sample was
homogenized at 470°C for 4 hrs and water quenched (ductile) and the second sample was heat-
treated as first and then aged for 1 hr at 200°C (brittle). It is obvious that nano-sized precipitates
or GP zones enriched in Zn and Ca have formed on water quenching (Figure 10a) with a very
high number density. When alloy is aged (Figure 10b), precipitates coarsen. It seems that
precipitates with aging time have a tendency to elongate and align with specific crystallographic
orientations of the matrix.

Figure 10. 3D APT of nano-sized Mg-Ca-Zn-rich precipitates in (a) an alloy that was
homogenized at 470°C for 4 hrs and water quenched, and (b) in an alloy that was homogenized
followed by aging for 1 hr at 200°C

A concentration profile across a precipitate in the alloy aged for 1 hr at 200°C is shown
in Figure 11. The maximum elemental concentrations observed in this profile are 9.4 at.% Ca
and 7.2 at.% Zn.

In the past some 3D APT of similar MgCaZn alloys was performed, but no formation of
the rounded nano-sized precipitates was reported [33]. The MgCaZn GP zones (plates) were
formed as seen in Figure 12 for this alloy aged at 200°C for very long time, 60,000 sec (16.7 hrs).

It seems that the transition from ductile to brittle failure in MgCaZn alloy occurs due to
the coarsening of the nano-sized precipitates and alignment of larger precipitates along specific
crystallographic planes. More detailed 3D APT and TEM studies are needed

10
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Figure 11. Concentration profile of a nano-sized Mg-Ca-Zn precipitate in an alloy that was
homogenized followed by aging for 1 hr at 200°C

Figure 12. 3DAP maps of Mg, Ca, and Zn for Mg-0.3at.%Ca-0.3at.%Zn alloy aged for 60 ks at
200°C [33]

Ductilization of Mg alloys (interaction of misfit centers with dislocations)

In general, the ductile-to-brittle transition in metals depends on the interplay between
flow stress and fracture stress (Figure 13). In steels and many alloys, the mobility of screw
dislocations and consequently the flow stress depend strongly on temperature and strain rate;
flow stress increases as temperature is decreased. In contrast, the fracture stress is almost
independent of temperature and strain rate (except for some minor temperature dependence of
modulus [34] and its possible effect on fracture stress). At high temperatures (usually above
room temperature) and low strain rates, thermal energy is sufficient to activate the motion of
screw dislocations, resulting in plastic flow at stresses below the fracture stress. However, as one
lowers the temperature, less thermal energy is available, and higher stress is required to activate
the motion of screw dislocations. Therefore, the flow stress increases with decreasing
temperature. Eventually, the flow stress curve intersects the fracture stress at a critical
temperature, below which the metal suffers brittle fracture before yielding. This is the ductile-to-
brittle transition temperature (DBTT) as shown in Figure 13. For Mg and its alloys DBTT is

11



significantly above room temperature because there is only two independent slip system for Mg
and its alloys at room temperature. At elevated temperatures, more slip systems are activated,
thus Mg and alloys become ductile.

\ Fracture strength

Strength \

—_—
_———

Brittle Ductile

DBTT Temperature
Figure 13. Flow stress at constant strain rate vs temperature

The stress (Peierls stress) to move a long dislocation segment from a crystallographic
energy valley in BCC (ferritic steels) and HCP (Mg and alloys) metals is large. J. Weertman
proposed many years ago that a high Peierls energy dislocation likely would move by first
forming a double kink [23] (Figure 14). Subsequently, J. Weertman suggested that a solute atom
or a cluster of solute atoms may act as a misfit center that interacts with a dislocation to help pull
it from its Peierls energy valley [24] (Figure 15) by lowering Peierls stress.

A A A

(a) (b) (c)

Figure 14. Double-kink mechanism for moving a screw dislocation with high Peierls stress from
one energy valley to the next [23]. (a) Original position of screw dislocation parallel to a Peierls
valley. (b) Screw position after a jog is thrown over a Peierls hill into a neighboring valley
(formation of double kink). (c) After expansion under stress of the double kink in (b).

12
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Figure 15. J. Weertman’s mechanism for the local reduction of Peierls stress caused by a nearby
misfit center [24]. (a) Initial position. Formation of jogs (double kinks) at A and C (in the
vicinity of misfit centers) requires less energy than at B, where no misfit centers are present. (b)
After expansion of two double kinks formed at A and C

Urakami and Fine [35] developed a mathematical treatment of the effect of a solute atom
or solute cluster misfit center on a nearby dislocation segment pinned at both ends in the spirit of

Weertman’s idea. Their treatment is presented here in detail, using the geometry shown in Figure
16.

e /
’ Misfit Center
|
T
Screw dislocation : z Y
pinned at two ends |
—— = =@
X
-L L

Figure 16. A screw dislocation segment pinned at both ends in the vicinity of a misfit center
(distance Z, above)

The energy I of the screw dislocation in the presence of a misfit center is expressed as
follows:

0

I:/ [E(y) 1+ (ZIJ;)Z - /yF(x,s)ds] dx 1]

13



where E(y) is the periodic Peierls potential energy per unit length of the screw dislocation, and F
is the force of the misfit center acting on unit length of the screw dislocation. This integral is
minimized when the integrand L (expression inside the square bracket) satisfies the following
Euler—Lagrange equation:

AN o
ox\dp/| Jdy
d
where p=d—y
X

L is a function of x, y(x), and dy/dx). Direct computation reduces the Euler—Lagrange equation
to the following:
dp 1 OE 1
VR ()

7 + Flx,y) =0 [3]

For simplicity, we will assume that the Peierls valleys vary with a period equal to the Burgers
vector b as follows:

E(y) = Ey — Acos (%) 4]

The term F(x, y), the force acting on a unit length of the dislocation resulting from the misfit
center, is expressed as follows:

6ubeVzox
F(x,y) = B A 52 [5]
(2437 +2)
where p is the shear modulus, b is the Burgers vector, ¢ is the misfit strain, V is the volume of
the misfit center, and z,, is the position of the misfit center above the glide plane. To simplify, we

will express everything in dimensionless quantities as follows:
K Y 4

Ap=— S=¢=

Ep = —2
R 2 1b? b’

In addition, we will normalize lengths by the following Burgers vector:

T 2 S )
R=7 XR = b YR = b “R=y
Equation [3] becomes the following:
1 dp . 6SzrXxR
[Eg — Apcos(2nyR)|——=7—-— +———52ndgrsin(2nyr) + =0 [6]
(1 +p2)3/2de (1 +p2)1/2 (x%+y%+zi)5/2

14



Typically, 0.2 <EgR <1.0 and 10 6« AR <10 3. The Peierls stress is 2nuAR

Equation [6] can be solved numerically for given input values of Lg, ER, AR, zR, and S.

To illustrate, we will assume that the dislocation segment is pinned by obstacles spaced 80b apart.
The misfit center is located at 20b above the middle of the dislocation segment. As a reference, S
= 1.0 corresponds approximately to a spherical precipitate with a radius equal to 5b and a misfit
strain of 0.2 pct. ER and AR are set to 0.5 and 5x107, respectively. The result is shown in Figure

16 for S =0.5, 1.0, and 2.0. In the absence of thermal energy and with a given sinusoidal Peierls
potential, the stress to move the dislocation is a maximum at b/4 from the Peierls valley.
Therefore, if the effect of the misfit center is large enough to twist the dislocation locally by b/4,
then the dislocation will move spontaneously to the next valley, forming a kink (Figure 17). For
the previous input conditions, the maximum twisting of the screw dislocation is between 0.07
and 0.22b as S varies from 0.5 to 2.0. This is a significant fraction of b/4. Thus, the Peierls stress
needed for the screw segment to jump spontaneously into the next Peierls valley has been
reduced.

a3
=

Figure 17. Minimum energy configuration of a dislocation segment originally in screw
orientation pinned by obstacles spaced 80b apart in the presence of a spherical misfit center
located at 20b above the center of the dislocation segment (all units in Burgers vectors b). The
input conditions are given in the text.

The previous calculations demonstrate that a nearby misfit center indeed may provide
sufficient twisting of a screw dislocation to reduce the activation energy for plastic flow. In the
MgCaZn alloy studied in this project, the nanoscale precipitates are misfit centers. These
nanoscale precipitates seem to have dual roles; they increase the flow stress at higher
temperature because of precipitation strengthening, but they decrease the flow stress at lower
temperatures because of the interaction between stress fields of these misfit centers with nearby
screw dislocations. As depicted in Figure 18, this interaction leads to a flatter temperature
dependence of flow stress and consequently to a lower DBTT.

15



N \ Fracture strength

—_—— e e — . —— — ——.

Strength

_—
——

- Temperature
DBTT DBTT
--- Alloy without misfit centers

--- Alloy with misfit centers

Figure 18. Misfit centers strengthen the steel at elevated temperatures but reduce the flow stress
at low temperatures, thereby lowering the DBTT

In the case of MgLi alloys, Li solute atoms were assumed to be misfit centers. Higher
lithium content implies smaller average distance between misfit centers and dislocations. Figure
19 shows that higher lithium concentration results in stronger twisting of a nearby dislocation
and hence better ductility, as observed experimentally.
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Figure 19. Twisting of <c+a> screw dislocation with increased lithium concentration

It appears that for MgLi alloys, reduction of CRSS in <c+a> pyramidal slip is a
consequence of reduced distance between misfit center and dislocation line, not an increase of
misfit radius (solute clustering). The Weertman model assumes a spherical strain field due to the
misfit center. This may not be strictly correct for the Mg-Li system. It is known experimentally
that addition of lithium to Mg decreases the c/a ratio from 1.623 to 1.610, suggesting an
anisotropic distortion. This non-uniform contraction of the ¢ and a axis also suggests increased
atomic density in the prismatic plane that could allow for easier dislocation movement in non-
basal planes.
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Therefore, the increased ductility in MgLi systems can be attributed to the activation of
pyramidal <c+a> slip systems by lithium solute atoms, providing enough slip systems for ductile
deformation. In addition, lithium solutes reduce the disparity in CRSS between basal and non-
basal slip systems, promoting isotropy and uniform elongation.

We demonstrate theoretically that coherent and coplanar misfit centers such as nanoscale
precipitates in MgCaZn alloy and single Li atoms in MgLi can provide sufficient twisting of
nearby screw dislocations to enhance their mobility in the absence of insufficient thermal
activation. This mechanism activates additional slip systems leading to significant improvement
of ductility in Mg alloys at room temperature. The aging of the MgCaZn alloy resulting in lower
ductility is likely due to precipitate coarsening and hence loss of coherency. This should be
studied in detail.

The presented ductility improvement model opens a new paradigm for the design of more
ductile Mg alloys by formation of misfit centers (solute atoms/clusters/nano precipitates), as well
as a way to decrease the DBTTs in other bce and hep metals, and related intermetallics.
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