light metals

the next generation of light alloys.

Introduction

Advanced lightweight alloys for structural applications share
a common feature—they are all strengthened by second-phase
particles. The crystal structure (i.e., ordered intermetallic or
solid-solution phases), volume fraction, size and shape, ori-
entation relationship with the matrix phase and habit plane
inclination, coherency state and spatial distribution of these
second-phase particles, collectively called precipitate micro-
structure, determine the deformation behavior and mechani-
cal properties of these alloys. While the crystal structure
and volume fraction are controlled mainly by alloy compo-
sition (i.e., phase equilibria), the remaining microstructural
attributes depend on specific solid-state phase transformation
pathways (TPs) leading to the precipitation of these second-
phase particles during a specific thermal or thermomechanical
treatment. Thus, the major strategy in advanced lightweight
alloy design has been to control the specific TPs for a given
alloy to optimize the previously mentioned microstructure
attributes, regulate microstructure—dislocation interactions
and tailor the microstructure—property relationship.!

This article is an overview of the current understand-
ing of mechanisms of phase transformation, strengthening,
and the role of microalloying elements in Al, Mg, and Ti
alloys. Emphasis is on nucleation and growth of precipitates,
precipitate—dislocation interactions, solute segregation at
precipitate—matrix interfaces and planar defects, and the
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We highlight the current understanding of mechanisms of phase transformation,
strengthening, and the role of alloying elements in aluminum, magnesium, and titanium alloys,
including nucleation and growth of precipitates, precipitate-dislocation interactions, solute
segregation at precipitate-matrix interfaces and planar defects, and the development of
strengthening models that account for the real particle shape. Future directions such as
atomic-scale elemental mapping and computation, and the influence of particle shape on
mechanical properties are discussed. With the combination of advanced characterization
and computational tools, it is anticipated that much less time will be needed to develop

development of strengthening models that account for the real
(as opposed to an assumed spherical) particle shape in light
alloys. We will show that emerging modeling and advanced
characterization tools are not only adding a new understanding,
but opening up new pathways for alloy design.

Aluminum alloys

Roles of microalloying elements

The key strengthening precipitate phase in binary Al-Cu alloys
is 0’, which forms as a {001}, plate, with (001),.//{001} , as its
broad surface. The (001),,//{001}, interface was traditionally
thought to have a mixture of Cu and Al, but recent Z-contrast
scanning transmission electron microscopy (STEM) imaging?
indicated that it actually contains 100% Cu. First-principles
density functional theory (DFT) calculations revealed that the
presence of excessive Cu (i.e., Cu segregation) in this inter-
face reduced the interfacial energy.

Additions of 0.3 wt% Mg and 0.4 wt% Ag to Al-4 wt%
Cu alloy fully replace 0’ by the Q phase that forms as thin
plates on {111}, with an aspect ratio larger than 0'. The resultant
Al-Cu-Mg-Ag alloys exhibit a tensile yield strength above
500 MPa. While it is known that Mg or Ag alone cannot
facilitate Q precipitation, their precise roles in Q nucleation
and growth are not fully understood. Atom probe tomography
and Z-contrast STEM indicated that Q evolved from preex-
isting Mg-Ag clusters that formed in the very early stage of
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decomposition, and that the Mg and Ag atoms segregated to
the broad Q/0—Al interface during Q growth.> Recent obser-
vations using aberration-corrected Z-contrast STEM revealed
that the Ag atoms segregated into a single layer adjacent to
the a-Al matrix, where the Ag atoms had a graphene-like hex-
agonal arrangement.’ While Mg atoms were proposed to be
at the center of individual hexagons, there is no experimental
evidence supporting this notion. If segregation of Ag and Mg
were to reduce the interfacial energy of the interface, it would
then facilitate Q nucleation and increase the Q aspect ratio.
The enlarged aspect ratio of the Q plates could reduce effective
interparticle spacing and enhance the alloy yield strength.

In Al-Cu-Li alloys, the predominant strengthening pre-
cipitate phase is T, that forms as ultrathin plates on {111},.
T, has a much larger aspect ratio than Q. Although T, is fully
coherent with the a-Al matrix, its nucleation is difficult in
Al-Cu-Li ternary alloys. Consequently, 0.3 wt% Mg and
0.4 wt% Ag are added to facilitate T, nucleation. The resultant
Al-Cu-Li-Mg-Ag alloys exhibit an ultrahigh tensile yield
strength exceeding 700 MPa, which makes them competitive
with high-strength low-alloy steels on the basis of strength
alone. Again, the precise roles of Mg and Ag in T, precipita-
tion are speculative.

Studies using atom probe tomography®’ revealed the for-
mation of pre-precipitate clusters of Mg atoms during early
stages of aging, and the segregation of Mg and Ag to the
T, broad face at later stages of aging. But it is unclear how
the Mg-Ag co-clusters assist T, nucleation. Recent work on
aberration-corrected Z-contrast STEM®? sug-

change, phase-field simulated distributions of precipitates
are shown in Figure la—c. With an increase in 4, the number
density per unit area increases, and critical resolved shear stress
(ACRSS) increases. When 4 changes from 1:1 to 20:1 or 40:1,
the ACRSS value increases from 40 MPa to 95 or 170 MPa,
respectively.'”

For 0', Q or T, plates, coherency strain exists in the
direction normal to the broad surface. This strain interacts
with the stress field of a dislocation when it approaches the
plate (Figure 1d), and it may affect ACRSS. However, a
recent phase-field simulation indicated that the coherency
strain contributes little to strengthening.!® The trivial effect of
coherency strain on ACRSS is illustrated in Figure le—f. The
dislocation configurations, with and without the consideration
of coherency strain, are almost the same, after a dislocation
has passed through the entire precipitate forest. The ACRSS
values change from 77 MPa to only 80 MPa when coherency
strain is considered.”

Many particle-strengthening models' assume that the
maximum strength achieved during isothermal aging corre-
sponds to a critical particle size, above which a transition from
dislocation shearing to looping occurs. For precipitate plates,
the critical dimension was assumed to correspond to the plate
thickness, which essentially ignored the particle shape effect
on strengthening. It has been reported' that there unlikely
exists a simple critical thickness for precipitate plates. For
example, T, plates are sheared in both peak-aged and overaged
conditions after tensile fracture of Al-Cu-Li 2090 alloy.!*

gested that Ag atoms segregated into a single
layer that is adjacent to the a-Al matrix phase,
similar to that observed in the Q/0—Al interface.
Once again, the distribution of Mg atoms in the
interface is unknown due to the limitation of
the Z-contrast STEM imaging technique. In the
future, it will be necessary to employ atomic-
resolution spectroscopy mapping techniques
such as energy-dispersive x-ray spectroscopy
(EDS) STEM to accurately locate Ag and Mg
atoms in the precipitate—matrix interface.

Microstructure design for higher
strength

Design of Al alloys for higher strength requires
an improved understanding of precipitate—
dislocation interactions. Existing strengthening
models often assume a spherical shape for pre-
cipitates, and this assumption inevitably under-
or overestimates the strengthening effect of
plate-shaped particles. The traditional approach

100 nm

of alloy design emphasizes higher nucleation
rates for a denser distribution of the precipitate.
An alternative approach is to increase the plate
aspect ratio (4). Assuming that the volume of
each particle remains unchanged during shape

Figure 1. Phase-field-simulated distributions of 0’ precipitates with an aspect ratio of
(@) 1:1, (b) 20:1, and (c) 40:1. The volume fraction and number density per unit volume of 6’ are
the same in the simulations. (d) Interaction energy of stress fields of 6’ (black frame) and
gliding dislocation. (e, f) Dislocation configurations with (e) and without (f) the influence
of coherency strain of 6’ (4 = 15:1)."° The scale is the same in (e) and (f).
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In the case of Al-Cu-Sn alloys that are strengthened
exclusively by 6, the Orowan equation that was modified in
consideration of precipitate shape, accounts well for the age-
hardening curve, with the maximum hardness correspond-
ing to the minimum effective interprecipitate spacing.'* This
agreement between calculations and experimental data dem-
onstrates that it is unnecessary to invoke a transition from pre-
cipitate shearing to Orowan looping to model the form of the
hardness curve as a function of aging.

Since most precipitation-hardened Al alloys are multi-
phase, there are invariably two or more precipitate phases
contributing to the maximum strength. The contribution of
precipitates to the alloy yield strength is traditionally defined
by simple addition of the individual contributions of the rel-
evant phases,'' but there is some evidence'? that it is the mean
spacing between precipitates that influences the strengthening
effect. Attempts to develop a predictive strengthening model
for alloys containing a multiphase dispersion of precipitates
are currently restricted by a lack of understanding of inter-
actions between precipitates and dislocations and appropri-
ate versions of particle strengthening equations that take into
account the geometry of a mixed distribution of precipitate
morphologies.

Magnesium alloys
Solute clusters and heterogeneous nucleation

A technologically important group of Mg alloys are those
based on the Mg-rare-earth (RE) system. These alloys exhibit
an excellent age-hardening response and creep resistance.
Precipitation in these alloys always involves formation of
intermediate metastable phases such as [3,. While the crystal
structures, morphologies, and orientations of these phas-
es are now relatively well understood, solute clusters or
aggregates formed in the early stages of precipitation are
still only poorly understood. Recent observa-
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and compression in the adjacent matrix along some specific
directions.'®!” If there is an extrinsic supply of rationally
oriented atomic pillars of larger solute atoms to the dilated
regions, or smaller solute atoms into the compressed regions,
then the strain energy associated with plate formation will be
relieved, leading to an enhanced nucleation rate of the precipi-
tate. The crystallographic orientation of such solute clusters
may well determine the identity of the preferred (metastable)
precipitate phase in a given trace-modified alloy.

Solute segregation

RE-free alloys based on the Mg-Sn system have received
some interest for developing high-strength alloys. The age-
hardening response of binary Mg-Sn alloys is weak, as the
key strengthening precipitate phase f-Mg,Sn is energetically
difficult to nucleate. Ternary additions of 1 wt% Zn to Mg-Sn
alloys remarkably refine 3 distribution and enhance the age-
hardening response.'®!” A recent study conducted by EDS-
STEM mapping® indicated that Zn segregated strongly to the
B—matrix interface, irrespective of the interfacial structure and
orientation of the interface and the orientation relationship of
B. The segregation layers were quite thin, and their accurate
structure is unknown. Hence, it was difficult to deduce why
Zn atoms segregated to the interface and whether this seg-
regation reduced the interfacial energy to such a level that
ultimately led to a significantly enhanced nucleation rate of f3.
Again, the use of atomic-resolution EDS-STEM may pro-
vide a vital clue to the accurate location of the segregated Zn
atoms in the interface.

Mg has a hexagonal structure with fewer slip systems
than Al. To readily form Mg products, the activation of twin-
ning modes for plastic deformation is required. The control of
deformation twinning during thermomechanical processes
is a major technical barrier. For this reason, the nucleation,

tions by atomic-resolution Z-contrast STEM
revealed that solute atoms tend to form short-
range ordered clusters.” These clusters form
as single- or multicolumn pillars along specific
crystallographic directions (Figure 2a), rather
than develop a cloudlike shape, which is a
widely accepted notion in the literature. DFT
calculations indicated that the formation of such
rationally oriented, short-range ordered solute
clusters is driven by the minimization of elastic
strain energy associated with individual solute
atoms (Figure 2b)."

The recognition of rationally oriented and
short-range ordered solute clusters (pillars)
provides an insightful clue to the mechanistic
understanding of the cluster-assisted nucleation
of precipitate plates. The shear displacement

Figure 2. (a) [0001], Z-contrast scanning transmission electron microscopy image
showing clusters (bright columns) of Nd atoms along [0001],, (b) Charge density plot of

a (0001), plane passing through a single substituted Nd atom (O position) within the Mg
lattice. White discs and O, show key positions of Mg atoms in the (0002) layers above or
below. The numbers in the plot indicate the inter-atomic bond lengths.®

associated with formation of the first planar
element of a precipitate platelet, such as 0', Q,
T, and B,, leads to local regions of dilation
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growth, and transmission of deformation twins in polycrys-
talline alloys have been extensively studied.?'* Much less
effort was directed to study interactions between deformation
twins and solute clusters or second-phase particles. There is
increasing experimental evidence demonstrating the solute
segregation in coherent twin boundaries® (Figure 3a) and
tilt boundaries® of solid-solution single-phase alloys that
have been deformed and annealed (Figure 3b). Larger sol-
utes tend to segregate to extension sites of twin bounda-
ries or around the cores of individual dislocations in the tilt
boundary, enabling the reduction of local strains in the twin
or tilt boundary.

Solute segregation also occurs frequently in grain bounda-
ries in thermomechanically processed Mg alloys.?’-*! For sol-
utes such as Zn or Ca, segregation to grain boundaries alone
(Figure 3c—d) does not effectively reduce boundary mobil-
ity.*! However, when they co-segregate to grain boundaries,
much finer recrystallized grains are obtained concomitantly.
It was hypothesized that Zn and Ca co-segregate to high-
energy boundaries of recrystallized grains that would otherwise

grow preferentially.’! The co-segregation may significantly
reduce the boundary mobility by reducing grain-boundary
energy and enhancing the solute dragging effect. A rapidly
evolving understanding of segregation and co-segregation
phenomena is opening up new pathways for alloy design.

Titanium alloys
Phase transformations and microstructure
development
Microstructures of Ti-alloys contain primarily two phases,
o precipitate (hexagonal close-packed [hep]) and [ matrix
(body-centered cubic [bec]), produced by precipitation reaction
during aging treatment.*>* Because of symmetry-breaking
associated with the bee to hep structural transformation
following the Burgers path,** which involves both shear and
shuffle, there are 12 crystallographically equivalent TPs, lead-
ing to 12 crystallographically equivalent structural states of a,
referred to as the correspondence variants, or transforma-
tion or deformation variants.* In addition to the structural
change, long-range atomic diffusion controls the precipita-
tion reaction rate because of strong partitioning

Matrix

Figure 3. Atomic-scale Z-contrast scanning transmission electron microscopy images
showing Gd segregation in (a) twin boundary® and (b) tilt boundary?® in Mg alloys.

(c, d) Energy-dispersive x-ray spectroscopy maps showing segregation of Zn or Ca

to grain boundaries.?'

of different alloying elements in the a and
phases. Thus, the f — a transformation dur-
ing o precipitation is a typical mix-mode (dif-
fusional and displacive) transformation.

The Burgers path is defined in the transfor-
mation strain space and there is a significant
shear component (about 10% for Ti-6Al-4V)
and a volume change (about 2% for Ti-6Al-4V)
associated with it. Because of this, the o precip-
itates have anisotropic shapes (laths or plates)
with well-defined habit planes and complex
defect structures at the o/p interfaces (causing
growth anisotropy), with correlated spatial dis-
tributions (e.g., in the form of Widmanstitten
or basket weave structures). For the same rea-
son, the o precipitates interact strongly with
preexisting stress—strain-carrying defects such
as dislocations*® and, as a consequence, any
plastic deformation prior to heat treatment will
work effectively in altering o precipitation
and the final a + B microstructure.’” Thus,
thermomechanical processes (deformation +
heat treatment) offer an additional degree of
freedom to tailor the a + B microstructure for
broader applications.

In addition to the previously mentioned
conventional TPs (direct and defect-mediated
nucleation and growth), recent studies have
revealed various nonconventional TPs for a
precipitation involving nucleation and growth
mediated by intermediate phases (such as o'
and o'’ martensites and athermal and isother-
mal o phases),*® precursory concentration
modulation within the f matrix produced by
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spinodal decomposition, pseudospinodal decomposition,*
and spinodal decomposition of intermediate o phase obtained
via congruent B — o transformation.*’ Because of these, con-
ventional and nonconventional TPs could coexist and be
intertwined during precipitation in complicated alloys such as
metastable  Ti-alloys. If this is the case, the design space for
microstructural engineering of Ti-alloys simply multiplies.

Effect of parent [3-phase grain structure

Grain size and texture of the parent B phase have (1) direct
impact on mechanical properties of the alloys and (2) pro-
found influence on the B — a transformation (such as het-

MICROSTRUCTURAL DESIGN FOR ADVANCED LIGHT METALS

stress field) associated with precipitation and dissolution of
isothermal o particles, are quantified by computer simula-
tions.*" Based on the detailed quantitative understanding
developed in these simulations studies, specific alloy compo-
sitions and heat treatments can be designed to achieve these
ultrafine and microtexture-free o precipitate microstructures
at different length scales.

Conclusions

Significant progress has been made on microstructural design
for advanced light alloys. This achievement is made by the
application of advanced characterization and computation.

erogeneous nucleation and subsequent growth

at grain boundaries) and hence the final o + 3
microstructure.*’ Furthermore, strong tex-
ture of B grains will cause strong texture of
o precipitates (called transformation texture
or microtexture) through variant selection of
o precipitates during precipitation by [ grain
boundaries*** and local stress states in each 8
grain,* which is detrimental to fatigue life of
Ti-alloy components.

Design of ultrafine and microtexture-
free precipitate microstructures

The complicated TPs in Ti-alloys and the com-
plexity of a +  microstructures produced by
these TPs present a daunting challenge for both
experimental characterization and computer
simulation® of microstructural evolution dur-
ing alloy processing and in service, which is
critical for microstructure design and optimiza-
tion. It has been difficult to produce fine o +
microstructures in Ti-alloy components follow-
ing the conventional transformation pathways.
However, it has been recently demonstrated
that the Integrated Computational Materials
Engineering (ICME) approach* has the poten-
tial to accelerate the realization of new alloy
design ideas by taking full advantage of the
complicated TPs present, and optimization of
processing conditions for precise control of the
TPs in the development of the next generation
of Ti-alloys."

Figure 4 shows examples of ultrafine and
uniform o + B microstructures with little
microtexture, designed by utilizing the pseu-
dospinodal decomposition mechanism* for the
refined o (Figure 4a)* and precursory m-assisted
a precipitation** for the more-refined and
super-refined o (Figure 4b—c). The composi-
tion and temperature windows for the pseudo-
spinodal decomposition mechanism to operate,
and the effects of compositional (e.g., solute
partitioning) and mechanical (e.g., coherency
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Figure 4. Various scales of ultrafine o +  microstructures. (a) Refined o + B (~5 ppts/um?)

via pseudospinodal mechanism, where ppts is precipitates;*® (b) more-refined o +

(~20 ppts/um?) via indirect w-assisted a nucleation;*® (c) super-refined a + B (~40 ppts/um?)

via direct o-assisted o nucleation.*®® The colors (randomly picked) in MIPAR (http://www.
mipar.us)-processed images (on the right) represent different o precipitates.
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With the advent of atomic-scale elemental mapping and com-
putation tools for alloys having multiple alloying elements,
it is expected that many uncharted territories in alloy micro-
structure design space will be effectively explored.
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