twinning.

Introduction

Twinning in a crystalline material results in the formation
of a domain crystal inside a parent crystal, where the two
share some of the same crystal lattice points in a symmetrical
manner and are separated by twin boundaries (TBs).! While
twinning may or may not contribute to plastic deformation
depending on the specific twinning mechanism, it does result
in substantial evolution of microstructures and in the forma-
tion of TBs."? Twins can be classified into growth twins
(formed during crystal growth), annealing twins (induced
by heat treatment, recrystallization), and deformation twins
(generated by mechanical loading), and deformation twinning
contributes to plastic shear deformation. TBs that separate a
twin domain from the parent crystal can effectively strengthen
materials by impeding dislocation motion due to the slip dis-
continuity caused by the mirror symmetry, and increase the
ductility and work-hardening capability of twinned metallic
materials.

For metals that plastically deform via both slip and
twinning, three types of twins can be generated during
material synthesis, heat treatment, and mechanical defor-
mation. However, for other crystalline materials, such as
ceramics and semiconductors, deformation twinning rarely
occurs. Twins in these materials are mainly formed during
the growth process, such as crystal growth from solution or
recrystallization, leading to growth twins or annealing twins.?

Twinning effects on strength and
plasticity of metallic materials

Jian Wang and Xinghang Zhang, Guest Editors

Twins are domain crystals inside their parent crystals, where they share some of the same
crystal lattice points in a symmetrical manner. The formation and growth of twins result in
substantial evolution of microstructures and properties in a large variety of metallic materials.
Twin boundaries that separate two crystals effectively strengthen the material by impeding
mobile dislocations, and increase the ductility and work-hardening capability of metallic
materials. The articles in this issue of MRS Bulletin overview the synthesis and mechanical
behavior of nanotwinned metallic materials, as well as plasticity dominated by mechanical

For example, fine twin domains with an average thickness of
~3.8nm have been observed in cubic boron nitride (¢cBN),
and the resulting nanotwinned (NT) ¢BN bulk samples have
an extremely high Vickers hardness; in the case of NT ¢BN,
the hardness exceeds 100 GPa—the optimal hardness of syn-
thetic diamond.* Because of the mirror symmetry associated
with twinning, the formation of twin boundaries has been
used to tailor the morphologies of crystalline nanowires
and nanorods, such as zigzag SiC nanorods and nanowires,’
Y-shape branched nanorods,® and kinked Ge-Si semiconduc-
tor nanowires.”

This issue of MRS Bulletin includes six articles that
highlight current active research on twins and twinning in
metals, including the synthesis and mechanical behavior of
NT metallic materials, plasticity induced by mechanical twin-
ning in hexagonal-close-packed (hcp) metals, and twinning-
induced plasticity in steels. The articles identify outstanding
scientific issues and provide suggestions for future research
directions.

Formation of twins in nanotwinned metals

Growth twins can be introduced into crystalline materials via
several techniques. The article by Bufford et al. in this issue
highlights several examples in which nanotwins are intro-
duced into monolithic metals via pulsed electrodeposition
(PED) or magnetron sputtering techniques, the latter being a
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physical vapor deposition method. PED can be used to tailor
the texture, grain size, and twin spacing in NT Cu, Ni, and
their alloys,® ' where this process can be controlled according
to the current density and the pulse-on and -off time. One of
the major advantages of the PED technique is its high deposi-
tion rate (10-100 nm/s) that makes it possible to fabricate
NT metal sheets with thicknesses of several hundred pm to
a few mm. Magnetron sputtering, in turn, has been used to
introduce growth twins in Cu, Ni, Ag, 330 stainless steels, and
alloys.'*?* Key parameters for the generation of nanotwins
produced via sputtering include deposition rate, substrate ori-
entation, and deposition temperature.

Although the sputtering technique has a much lower depo-
sition rate than the PED technique, it can produce micron-thick
NT metal films on Si substrates, which may see applications
in the electronics industry.'® Figure 1a shows a focused ion
beam (FIB) microscopy micrograph of deformed NT Cu, where
nanotwins are parallel to the substrate surface, also referred

to as parallel growth twins, with an average twin spacing of
25 nm.” By using different substrates, inclined growth twins
have been synthesized in sputtered epitaxial NT Ag (110) films
on a Si (110) substrate with ~40 nm average twin spacing
(Figure 1b).?° By comparison, the average twin thickness in
sputtered NT Ag (111) films is ~10 nm at the same deposition
rate and temperature.?

The average twin spacing can also be tailored by control-
ling the orientation of growth twins by sputtering. Extending
the applicability of NT microstructures to metals with high
stacking-fault energy (SFE) or non-face-centered-cubic (fcc)
structures remains a challenge, as it is energetically more difficult
to introduce TBs in these materials. In this sense, the discovery
of high-density growth twins in epitaxial Al comes as a surprise
(Figure 1¢).%*" The formation of growth twins in Al is assisted by
a buffer layer with low SFE, and the epitaxial relation between
the buffer and Al.?® Similarly, high-density nanotwins have been
introduced in other nanolayered materials,?® 3 including a NT
Cu/Fe nanolayer®' (Figure 1d), where Fe has a

AUV A

Mixed TB

2.nm

fec structure and grows epitaxially with Cu.

Deformation in nanotwinned
materials

Regardless of the growth technique used, TBs in
NT fce materials, including the {111} coherent
twin boundary (CTB) and the {112} incoherent
twin boundary (ITB),*? have been frequently
observed (Figure 1). Understanding deforma-
tion mechanisms of NT metals has been a fer-
tile research ground, where a principal focus
has been understanding the role of TBs on
mechanical properties of NT materials. The
article by Sansoz et al. summarizes some of the
major accomplishments in this area, and high-
light work-hardening mechanisms enabled by
CTBs in metallic nanowires.*

CTBs act as strong barriers to the transmis-
sion of dislocations due to slip discontinuity
in association with the mirror symmetry, and
strain hardening can be promoted by tailoring
grain size, twin thickness, and temperature.'®*
Meanwhile, TBs are sinks for dislocations, as
revealed by accumulation of high-density dislo-
cations in NT metals (Figure 2a).>* N. Li et al.
reported the pinning of mobile ITBs due to
residual dislocations that were produced by
transmission of glide dislocations across an ITB

in Cu,* and the formation of steps at CTBs due
to dislocation-CTB interactions (Figure 2b).%’
Bufford et al. explored work hardening due
to ITBs in NT Al (Figure 2¢).*® Experiments
showed that smaller twin spacing leads to greater
strength, higher strain-rate sensitivity, enhanced
work-hardening rate, and higher density of
mobile dislocations at TBs in NT metals.*!#21.23

Figure 1. Microstructure of nanotwinned (NT) metals. (a) Focused ion beam microscopy
micrograph showing a cross-sectional view of compressed NT Cu with an average
twin spacing of 25 nm. Reprinted with permission from Reference 25. © 2012 Elsevier.
Arrow indicates truncated twin column. (b) Cross-sectional transmission electron
micrograph (TEM) of NT Ag (110) with inclined growth twins deposited on a Si (110) substrate.
The average twin spacing is ~40 nm.2° (c) Coherent twin boundary (CTB), stacking fault (SF),
and incoherent twin boundary (ITB; mixed TB) in sputtered Al films.2 (d) Sputtered fully
coherent Cu/Fe 0.75 nm multilayers containing a high density of nanotwins. Fe has a face-
centered-cubic structure in the multilayer.®' Insets show selected-area diffraction patterns.
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Figure 2. Strengthening and work hardening of nanotwinned (NT) metals. (a) Cross-
sectional TEM of electrodeposited NT Cu subjected to a compressive strain of 5%.
Twin boundaries (TBs) are decorated with dislocations.®® Inset shows a selected-area
diffraction pattern of the material. (b) A high-resolution TEM snapshot from in situ
nanoindentation of sputtered NT Cu. The interaction of a glide dislocation (indicated
by “b”) with a coherent twin boundary (CTB) leads to steps at the CTB. Note:
Numbers indicate atomic layers.%” b, represents the Burgers vector of a Frank partial
dislocation. (c) A TEM capturing the formation of steps due to dislocation pileups
along an incoherent twin boundary (ITB) in NT Al during in situ nanoindentation.®®

(d) Comparison of hardness for NT and polycrystalline Ag versus characteristic dimension.
Data compiled from several studies.??2%4>-%¢ Note: d, average grain size; t, average twin
thickness; L., effective dimension considering both d and t (defined in text). The Hall-
Petch slope for NT Ag calculated based on t alone is very different from the slope for
polycrystalline Ag. When L is used, the Hall-Petch slope for NT Ag is similar to that of
polycrystalline Ag.*

LLIC MATERIALS

dashed line) is comparable to the H-P slope for
polycrystalline Ag (blue dashed line). The gen-
eral implication of this methodology needs fur-
ther validation in other NT metallic materials.

Numerous molecular dynamics (MD) sim-
ulations have been performed to investigate
deformation mechanisms of NT metals, and
these have provided insights into TB-dictated
plasticity at the atomic level. Mechanisms and
mechanics of dislocation transmission across
CTBs are dependent on the characteristics of
the incoming dislocations and the applied stress.
In slip transmission, an edge or mixed dislo-
cation will transmit into the adjacent crystal
across the CTB,*»° while a screw dislocation
often cross-slips on the CTB.*! Using in situ
transmission electron microscopy (TEM) and
MD simulations, N. Li et al. identified a novel
dislocation multiplication mechanism when
a mixed dislocation interacts with CTBs in Cu
(Figure 2b), leading to steps with thicknesses
of several atomic layers on the CTB.*” The
softening in electrodeposited NT Cu has been
ascribed to abundant sources for dislocation
nucleation when the twin spacing reduces
to several nm.*' For NT metallic nanowires,
Sansoz et al. showed that strain softening
occurs in metals with medium-to-high SFE,
such as Al, whereas considerable work harden-
ing occurs in metals with lower SFE (e.g., Ag
and Au).»

Twinning effects on mechanical

In addition, softening in electrodeposited NT Cu occurs when
twin spacing reduces to a few nm.**#!

A compiled Hall-Petch (H-P) plot showing strength as
a function of grain size for NT and polycrystalline Ag
(Figure 2d)*>234248 suggests that the usage of average twin
spacing alone may be insufficient to estimate size-dependent
strengthening. For instance, the slope of the H-P plot for NT
Ag (derived from the maroon dashed line in Figure 2d) based
primarily on twin spacing (¢) is much lower than the H-P slope
for polycrystalline Ag with varying grain size (d) due to grain
boundary (GB)-induced strengthening (blue dashed line in
Figure 2d). In NT Ag, as both GBs and TBs contribute to
strengthening, Bufford et al. derived the effective domain size
(L.q) as a characteristic dimension in the H-P plot, where L

2
t

42

isdefinedas: L ; =d

1-Ly
d

Interestingly, such a parameter converts the scattered data
(shown by half-open symbols in Figure 2d) for NT Ag to much
more converged data points (represented by solid symbols). The
H-P slope based on these converged data (shown by the red
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properties

The article by X. Li et al. focuses on fatigue, fracture, creep,
and detwinning of NT metals. The majority of materials fail
by fatigue or creep, hence it is important to investigate the
mechanical response of NT metals under cyclic loading or
constant stresses. Fatigue studies show that NT metals have
enhanced fatigue resistance as compared with coarse-grained
metals over a small number of cycles. However, the fatigue
resistance of NT metals quickly decays over higher numbers
of cycles.

Examination of fatigue-tested NT metals (Figure 3a) shows
a decrease in the number of TBs, implying that detwinning
occurs.” Detwinning has also been observed in NT metals sub-
jected to high-pressure torsion (Figure 3b).>* Furthermore, using
in situ nanoindentation in a TEM, Wang et al. revealed that
detwinning is accomplished by the migration of ITBs in NT Cu
(Figure 3¢).*? They further demonstrated that ITBs move via the
migration of phase boundaries (considering an ITB is composed
of a finite wide phase and two tilt GBs) in metals with low-to-
intermediate SFE (Cu and Ni), while the migration of ITBs
occurs via interface-disconnection glide mechanisms in Al
with high SFE.5 The stress required to migrate ITBs in Al
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Figure 3. Detwinning in nanotwinned (NT) metals under various deformation modes. (a) Detwinning in NT Cu subjected to a high-cycle fatigue
test to 1.3 million cycles (a severely deformed region near crack edges).*® (b) Partially detwinned NT Cu subjected to high-pressure torsion
under a compressive stress of 3 GPa. Reprinted with permission from Reference 54. © 2011 Elsevier. (c) In situ nanoindentation study
revealing the migration of incoherent twin boundaries (ITBs) in NT Cu. Transmission electron micrographs (c—-e) illustrate the evolution
of ITB migration; (f) shows the migration distance plotted versus time.?
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is very high,* as compared to that for ITB migration of fine
twins in Cu.*®

Nanomechanical testing of nanotwinned
materials

Various mechanical testing techniques have been applied to
investigate the deformation mechanisms of NT metals. Among
these, in situ nanomechanical testing has proven to be unique.
N. Li et al. highlight several of these studies in their article.
In particular, they summarize in situ nanoindentation studies
in fcc Cu, Ni, and Al in order of increasing SFE.

In situ nanoindentation studies of Cu show that the interac-
tion of dislocations with ITBs can lead to sessile dislocations that
may pin the migration of ITBs.*® Alternatively, dislocations can
interact with {111} CTBs, causing the multiplication of disloca-
tions at TBs.>” The stress for migration of ITBs in NT Cu is very
low, ~100 MPa, which is much lower than the yield strength of
NT Cu.*>% The same technique also reveals substantial work
hardening in NT Ni due to the formation of sessile dislocations
at CTBs, where the CTBs effectively block the transmission of
dislocations.’”® In situ nanoindentation studies of NT Al also
show that ITBs provide strong barriers to the pileup of disloca-
tions, which results in significant work hardening in NT metals
in Al.*® They also highlight the finding of deformation twins in
body-centered-cubic (bcc) metals such as W.*°

Deformation twinning in hexagonal materials
Deformation twinning is another important plastic deformation
mode in crystalline materials. In general, high strain rates,
low SFE, and low temperatures facilitate deformation twinning.
Among the three common crystalline structures (bcc, fce, and
hcp), metals with hep structure are most likely to form defor-
mation twins when strained, because they rarely have a suf-
ficient number of slip systems for an arbitrary shape change.
Deformation twinning in hcp materials is directional, with a
unique sense of shear, and results in the formation of a sheared
domain, contributing to plastic deformation along the c-axis.
The article by Liao et al. highlights several of these studies
with a focus on the twinning system {1012}(1011) which is
commonly activated in most hcp materials. The authors point
out several technical challenges associated with deformation
twinning in hcp materials.

Twin nucleation in hcp materials is driven by local stress
states and local atomistic configurations at GBs. A twin
nucleus must be comprised of multiple atomic layers for it to
be stable,*’ and nucleation occurs by a pure-shuffle mechanism,
the so-called prismatic-basal (PB) transformation.®' This
mechanism deviates from the classic dislocation-based nucle-
ation mechanisms. Thus, a twin nucleus is surrounded by the
PB interfaces instead of conventional CTBs. The discovery of
PB interfaces has inspired research to revisit the topic of twin
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propagation and growth. High-resolution TEM analyses and
atomistic simulations of TBs in hcp materials show that TBs
are serrated and composed of both CTBs and PB/basal-prism
(BP) boundaries.®*** Under some circumstances, the migration
of BP/PBs can dominate twin growth, resulting in significant
deviations of the TB away from the {1012} plane.®

Crystal plasticity-based approaches for modeling the con-
stitutive behavior of hep alloys have proliferated over the past
decade. The crux of the problem has involved correctly account-
ing for the behavior of twinning and detwinning mechanisms
in twin nucleation and propagation. MD simulations and
microscopy characterizations indicate that nucleation of twins
is preferred at low-angle GBs because of the available GB
dislocations. Inspired by MD simulations, a breakthrough in
mesoscale models was to introduce a twin nucleus through a
stochastic process that is correlated to statistical distributions
of GB dislocations and statistical perturbations of local stresses
along GBs.* Propagation/growth of twins is described through
twin growth, twin shrinkage, and retwinning, while consider-
ing the stress relaxation associated with twin initiation and
propagation.®

radius of solute atoms along CTB, but varies considerably
with stresses on PBs.®

Twinning-induced plasticity steels
The twinning-induced plasticity (TWIP) effect enables the
design of austenitic Fe-Mn-based steels that deform by a
large amount of mechanical twinning accompanied by glide
of dislocations. TWIP steels have outstanding mechanical
properties at room temperature, as shown by a combination of
high strength and ductility, and high work-hardening capacity.”
The high strain-hardening coefficients are attributed to com-
plex dislocation substructures and mechanical twinning that
introduces TBs, refines the microstructure, and dynamically
reduces the dislocation mean free path. The first TWIP steels
(Fe-Mn-Si-Al steel) reported in 1998 had an ultimate tensile
strength of 800 MPa with a total elongation of 85%.”' Recently,
austenitic Fe-Mn-C-based TWIP steels have been synthesized
with >70% elongation at an ultimate tensile strength >1 GPa.”
TWIP steels typically have a high concentration of Mn
(usually 20 wt% or greater) and small additions of elements

Twin-twin interactions have also been inves-
tigated experimentally.®®®” A twin is unlikely
to transmit into another twin, thus correspond-
ingly, twin—twin junctions are formed. Under
cyclic loading, twinning and detwinning appear
alternatingly. Figure 4a shows variation of twin
volume fraction as a function of the number of
loading cycles; the optical micrographs show
twins at tensile and compression peak strains
in the 40th, 400th, and 1610th loading cycles.
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After the 10th loading cycle, residual twins
accumulate significantly. Large amounts of
twin—twin interactions are formed in highly
localized areas. These junctions impede con-
tinuous twinning due to the back stress and

Twin Volume Fraction

-0.2

WA

04—

Cycle 40 co

W
mp peak

detwinning caused by the low-energy twin—TBs,
leading to twinning-induced work hardening.®
Figure 4b shows the stress-plastic strain hyster-
esis loops from the first to the 1610th loading
cycle, revealing that the plastic strain contrib-
uted by twinning and detwinning gradually
decreases with increasing loading cycles. At the
same time, the critical stresses associated with
twinning and detwinning gradually increase with
increasing loading cycles (Figure 4c).

The pinning effect of solute atoms on TBs
has recently attracted considerable attention.
Periodic segregation of solute atoms at CTBs
and PBs has been identified using scanning
TEM.® Density function theory (DFT) calcula-
tions provide further insights for understanding
solute solubility along CTB and PB/BP bound-
aries. Specifically, DFT calculations show that
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Figure 4. Cyclic hardening of a [0001]-oriented Mg single crystal subjected to fully
reversed tension-compression at a strain amplitude of 0.5%. (a) Variation of twin volume
fraction with respect to the loading cycles (red curve) together with optical micrographs
showing twinning at tensile and compressive peak strains in the 40th, 400th, and 1610th
loading cycles.®” (b) Evolution of stress-plastic strain hysteresis loops from the first to the
1610th loading cycle. (c) Variation of the resolved shear stresses associated with twinning and
detwinning, and their corresponding plastic moduli with the number of loading cycles.®®
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solute solubility has little dependence on the
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such as C (<1 wt%), Si (<3 wt%), or Al (<3 wt%). The high
concentration of Mn is crucial to preserve the austenitic
structure’ and control the SFE of the Fe-based alloys.” TWIP
steels typically have low SFE (between 20 and 40 mJ/m?) at
room temperature. SFE in the steels can be tuned by adjust-
ing alloy composition.” The close connection between alloy
thermodynamics and substructure kinetics renders these steels
an ideal model alloy family accessible to theory-based materi-
als design. The article by Raabe et al. in this issue discusses
and demonstrates the concept of theory-based design of TWIP
steels.

Other properties of nanotwinned materials

A few other important topics relating to NT materials are not
covered in this issue (Figure 5). TBs result in unique thermal
stability of NT metals. With few exceptions, nanocrystalline
metals generally have poor thermal stability, whereas, in con-
trast, NT metals have superior thermal stability.”>””’ The TB
energy is normally an order of magnitude lower than that of a
high-angle GB, and hence the driving force for coarsening of
twins is significantly lower than that for grain coarsening in
nanocrystalline metals. Consequently, after annealing at high

temperatures, NT metals remain strong, while nanocrystalline
metals soften significantly (Figure 5a).”>#!

A model was developed to understand the formation of
nanoscale growth twins in sputtered Cu.® A recent study
of NT Ag shows that texture can also tailor the formation
of twins.?® Besides good thermal stability, certain NT metals
(such as Cu) also have high electrical conductivity and high
strength (Figure 5b).%1416.83-90

The electron scattering coefficient at CTBs is an order of
magnitude lower than that at GBs; CTBs provide a unique way
of enhancing strength with little loss of electrical conductivity.

Recently, it has been shown that NT metals such as Cu and
Ag also show excellent radiation resistance (Figure 5¢—d).”"*
Although stacking-fault tetrahedra (SFTs) are frequently gen-
erated in NT metals, CTBs and ITBs can effectively engage
and eliminate SFTs. Therefore, they significantly reduce the
density of defect clusters in heavy ion-irradiated NT metals.”'%?

Conclusion

The aim of the articles in this issue of MRS Bulletin is to sum-
marize and highlight prior studies as well as our current under-
standing of twinning, and to outline the significant scientific and
technological challenges in front of us. Although
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Figure 5. Other characteristics of nanotwinned (NT) metals. (a) NT metals are

more stable than nanocrystalline and ultrafine-grained metals at higher temperature
(as indicated by retention of high hardness after annealing) because coherent twin
boundaries (CTBs) store much lower energy than high-angle grain boundaries.”>®"

T/T,, is the normalized annealing temperature. T, is the melting temperature of metals.
(b) NT Cu has higher hardness and higher electrical conductivity than nanocrystalline
Cu. 814168390 (c) In sjtu Kr ion irradiation studies (inside a transmission electron microscope)
show that CTBs in NT Ag destruct stacking-fault tetrahedra (SFT).°" Yellow lines outline
the truncated SFTs. (d) The density of SFTs decreases with decreasing average twin
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of deformation twinning in hcp materials and
TWIP steels, such as nucleation, propagation/
growth, dislocation—twin, and twin—twin inter-
actions, is also essential.

The methodologies that integrate the alloy
design (first-principle calculation) approach
into multiscale plasticity modeling may pro-
vide effective routes to discover novel twinned
metallic materials and to understand the
influence of twinning and nanotwins on their
mechanical properties.
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@ Rigeatcss  DENTIFICATION OF AN UNKNOWN
coargmnenoion  SLUDGE BY BENCHTOP XRD

X-ray diffraction (XRD) is an excellent analysis technique for identifying unknown solid materials. The XRD pattern can act as a fingerprint to identify
unknown materials in crystalline and semi-crystalline samples.

Figure 1is a picture of a sludge presented from a deteriorated water pump. The X-ray diffraction pattern of this material (Figure 2), acquired using a Rigaku
MiniFlex benchtop diffractometer, reveals that this sample contains both crystalline and amorphous components. The broad humps in the pattern come
from the amorphous component(s) while the sharp peaks come from the crystalline portion. By determining the location and intensity of the crystalline
diffraction peaks and matching to a known database of crystalline materials, it is possible to identify the crystalline component of the sample.
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Figure 1: Sludge sample from water Figure 2: Phase ID of dried sludge sample
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