Twinning in Nano-metals Research Summary

Deformation Twinning in Bulk
Nanocrystalline Metals:
Observations
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Experimental

Deformation twins have been ob-
served in nanocrystalline (nc) fecc
metals with medium-to-high stacking
fault energies such as aluminum, cop-
per, and nickel. These metals in their
coarse-grained states rarely deform by
twining at room temperature and low
strain rates. Several twinning mech-
anisms have been reported that are
unique to nc metals. This paper reviews
experimental evidences on deformation
twinning and partial dislocation emis-
sions from grain boundaries, twinning
mechanisms, and twins with zero-mac-
ro-strain. Factors that affect the twin-
ning propensity and recent analytical
models on the critical grain sizes for
twinning are also discussed. The cur-
rent issues on deformation twinning in
nanocrystalline metals are listed.

INTRODUCTION

Nanocrystalline (nc) materials can
be defined as solids with grain sizes
in the range of 1-100 nm." Nanocrys-
talline and nanostructured (with struc-
tural features less than 100 nm) mate-
rials have been reported to have supe-
rior mechanical properties such as high
strength, which could coexist with very
good ductility.>* These superior me-
chanical properties are attributed to
their unique deformation mechanisms,
which are fundamentally different from
those in their coarse-grained (CG)
counterparts.”® Particularly, deforma-
tion twins have been used to increase
the ductility of nanostructured metals.'
Some deformation mechanisms (e.g.,
partial dislocation emission from grain
boundaries [GBs], nucleation of twins
inside a grain interior, twin nucleation
on GBs, and twin lamellae formed via
the splitting and migration of GBs) have
been predicted to operate in nc face-
centered-cubic (fcc) metals by molecu-
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How would you...

...describe the overall significance
of this paper?

This paper reviews experimental
observations of seven mechanisms
for deformation twin nucleation
and growth in nanocrystalline
face-centered cubic metals. Factors
that affect the twinning propensity
and recent analytical models on the
critical grain sizes for twinning are
also discussed. Current issues on
the deformation twinning are listed.

...describe this work to a
materials science and engineering
professional with no experience in
your technical specialty?

Nanocrystalline materials

have been found to deform via
mechanisms not accessible to their
coarse-grained counterpart. For
example, deformation twinning
usually does not happen in fcc
metals (e.g., aluminum, copper,
and nickel) with medium-to-high
stacking fault energy in their
coarse-grained state, but may occur
readily in their nanocrystalline
state. The seven twinning
mechanisms presented in this paper
will help with the understanding

of the mechanical behaviors of
nanocrystalline materials.

...describe this work to a
layperson?

Materials are made of small
building blocks named grains in a
similar way as a stone wall is made
of stones. Nanocrystalline materials
have very small grain sizes in

the range of 1-100 nanometers.
Such materials usually have very
high strength, which makes them
attractive for applications such

as medical devices and aerospace
structures. This paper presents
seven ways that a nanomaterial
might deform under a load, and
provides some scientific knowledge
for engineers and scientists to
design nanomaterials for desired
high strength and high toughness.

lar-dynamics (MD) simulations>’811-13
and experimentally observed.!*!8 In ad-
dition, a few twinning phenomena not
predicted by MD simulations have also
been observed experimentally.'*2! This
paper reviews the experimental obser-
vations of deformation twins in nc fcc
metals, their formation mechanisms
and unique features, and remaining is-
sues that need to be investigated.

EXPERIMENTAL
OBSERVATIONS

For fcc metals and alloys with grains
in the range of several tens of nanome-
ters, partial dislocation emission from
GBs is predicted to be a dominant de-
formation mechanism.®*'" The activa-
tion of partial dislocations provides
a critical precondition for the forma-
tion of deformation twins. Figure 1 is
a high-resolution electron microscopy
(HREM) micrograph that shows direct
evidence of partial dislocation emis-
sion from GBs in nc copper processed
by high-pressure torsion (HPT)."” As
shown, there are high densities of mi-
cro-twins and stacking faults (SFs) at
the lower part of domain II. These mi-
cro-twins and stacking faults do not
pass across the whole grain but stop
in the grain interior with partial dislo-
cations located at the fronts of the mi-
cro-twins and stacking faults. It is obvi-
ous that these twins and stacking faults
were formed by partial dislocations
emitted from the lower GB segment.

Seven mechanisms for twin nucle-
ation and growth were recently ob-
served in nc aluminum,”!*1522 copper, !’
and paladium'® by HREM. Three of
these mechanisms were first predicted
by MD simulations,® including coin-
cidental overlapping of wide stacking
fault ribbons, successive emission of
partials from a GB, and twinning by
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Figure 1. A [011] HRTEM image of
micro-twins and stacking faults. The
lower part of domain Il has numerous
micro-twins and stacking faults with one
end stopping within the grain.'”

GB splitting and migration. The other
four mechanisms were experimentally
observed and proposed, including over-
lapping of a dissociated dislocation
with a stacking fault from GB,? ran-
dom activation of partials from GB,*
self-propagation via cross-slip,?! and
sequential twinning to produce multi-
fold twins."” The last mechanism was
later confirmed using MD simula-
tion.?

Coincidental Overlapping of
Wide Stacking Fault Ribbons

Figure 2 shows a deformation twin
with a thickness of two atomic planes
in the interior of a grain. It was formed
by the dynamic overlapping of two ex-
tended partial dislocations with stack-
ing faults on adjacent slip planes. As
shown, the two stacking faults are
only partially overlapped. The twin
can grow thicker by adding more SFs
on either side of the twin. However, no
deformation twins of this type that are
thicker than two layers have been re-
ported. Therefore, this twinning mech-
anism does not play a significant role
in the deformation of nc materials. This
is because of the lack of a continuous
mechanism for it to grow. It depends
on the incidental overlapping of other
slipping dissociated dislocations with
stacking fault ribbons to grow.

Successive Emission of Partials
from the GBs

Figure 3 shows a deformation twin,
T,, which has a curved twin bound-
ary with the matrix, T,, in nc nickel

deformed by surface mechanical at-
trition treatment (SMAT).2® This twin
was formed by successive emission
of Shockley partials from the GB on
the left. However, the partials did not
reach the other side of the grain, and the
stopped front of these partials formed a
curved twin boundary (see the broken
white line). This mechanism has been
recently verified by in-situ HREM ob-
servation.?”’

Twinning by GB Splitting and
Migration

Figure 4 is an HREM image of a twin
formed by GB splitting and migration
in nc aluminum deformed by ball mill-
ing. Some segments of the boundary are
straight, coherent (1 Tl) twin boundar-
ies as indicated by white arrows. These
segments, which are connected by non-
crystallographic segments, form a zig-
zag boundary between the two twinning
areas. Such a twin has been observed
in the MD simulation.'> This type of
twin was first proposed by M.F. Ashby
and E. Harper® in 1967, but was ex-
perimentally observed only recently."
Specifically, a GB segment was disso-
ciated into a twin boundary and a new
GB."? A twin lamella was formed via
the migration of the new twin bound-
ary. The boundaries of twin lamellae
formed at different time frames joined
together to form the zigzag boundary.
The non-crystallographic segments ob-
served here were actually the new twin
boundaries in this mechanism.

Overlapping of a Dissociated
Dislocation with a Stacking Fault
from GB

Shown in the right side of Figure 5 is
a two-layer twin nucleus near a GB.»
Close to the GB, the two-layer twin
nucleus turned into a stacking fault.
This suggests that a stacking fault was
first formed from the GB and extended
toward the grain interior. A dissociated
dislocation with a wide stacking fault
slipped toward the GB on the adjacent
slip plane and then incidentally over-
lapped with the stacking fault, form-
ing a two-layer twin nucleus. Note
that if the leading partial of the slip-
ping stacking fault reaches the GB, the
twin nucleus will become identical to a
normal twin nucleus formed by emis-
sion of two Shockley partials from GB.

This twin nucleation mechanism could
be significant in nc materials with non-
equilibrium GBs. A high density of dis-
sociated partials with one end pinned
on the GBs has been observed in nc
nickel with non-equilibrium GBs?® that
provides a high probability for such a
mechanism to operate.

Random Activation of Partials
from GB

Macroscopic strain was hitherto con-
sidered a necessary corollary of defor-
mation twinning in coarse-grained met-
als. Coarse-grained metals are believed
to twin via conventional mechanisms
including the pole,” prismatic glide,*
faulted dipole,! and other mecha-
nisms.”>* These deformation twins
are formed by the glide of partials with
the same Burgers vector on successive
(111) planes. This collectively produc-
es a net macroscopic strain, and inevi-
tably changes the shape of the twinned
grain as illustrated in Figure 6a. Twins
with accompanying grain shape change
were indeed observed in nc metals.?

However, recent experimental re-
sults surprisingly revealed that a vast
majority of deformation twins in nc
aluminum, nickel, and copper, contrary
to popular belief, yield zero net mac-
roscopic strain. Specifically, the shape

Figure 2. A deformation twin formed
by the overlapping of two extended
dislocations on adjacent slip planes in
the interior of a grain of nc aluminum
deformed by ball milling.™

Figure 3. A deformation twin (T,) formed
by successive emission of partials on
adjacent slip planes from a GB on the
left in nc nickel deformed by surface
mechanical attrition treatment.?
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Figure 4. A deformation twin formed
by GB splitting and migration in nc
aluminum deformed by ball milling.'®

of the twinned grain does not change,
as illustrated in Figure 6a. For exam-
ple, Figure 6b shows a typical HREM
image of deformation twins in nc nick-
el. As shown, GB segments are smooth
even at locations where they intersect
the twin boundaries. Thus, unlike the
classical picture of deformation twin-
ning illustrated in Figure 6a, the de-
formation twins shown in Figure 6b
did not change the morphology of the
grains. This is a characteristic signature
of zero macroscopic strain.

The twin in Figure 6b that gener-
ated zero macrostrain was formed via
a twinning mechanism named random
activation of partials (RAP). The RAP
mechanism can be explained using Fig-
ure 6¢. Consider a Shockley partial dis-
location loop on a (111) plane with the

Burgers vector b, =%[112]. Figure

6c illustrates such a dislocation loop
emitted from a GB triple junction and
deposited on other GB segments of a
hexagonal grain. Part of the dislocation
line segments parallel to grain edges
AB and DE has pure screw character
and can easily cross-slip in the GB to
the next slip plane. On the next slip
plane, b, can slip by itself under appro-
priate stress or produce other disloca-
tions via the following two reactions:

2[im2] = 2211+ 2 101] ()
(i) = 3[n21]+ J[om] @
Defining b, = %[211] and

b, = %[TZT] , it is easy to see that b,

+b, + b, =0. In other words, although
each partial produces a strain of mag-
nitude a/~+/6, the sum of the total

strains produced by the three partials
is approximately zero if the numbers
of three partials are about the same. It
is possible to randomly emit the three
Shockley partials, b, b, and b3, on suc-
cessive (111) slip planes, which will
produce a deformation twin with zero
net macrostrain. It has been observed
that in nc nickel, a majority of twins are
formed by the RAP mechanism.

Self-propagation via Cross-slip

Recently, a self-propagation, cross-
slip mechanism has been proposed and
observed in coarse-grained Cu-Ge al-
loys.?! A salient feature of this mecha-
nism is that once the first Shockley par-
tial is emitted from a GB and cross slips
onto another <111> plane, a deforma-
tion twin could nucleate and grow in
both the primary and cross-slip planes
without requiring the nucleation of ad-
ditional Shockley partials from the GB.
In addition, high stress is required for
this mechanism to operate, and the high
flow stress of nc materials helps with the
activation of this mechanism. Shown in
Figure 7 is a pair of cross-slip twins, T1
and T2, in nc nickel deformed by cryo-
rolling in liquid nitrogen. The details of
this twinning mechanism can be found
in References 21 and 35.

Sequential Twinning to Produce
Multifold Twins

This mechanism was proposed
based on the experimental observation
of multifold twins, including fivefold
twins (see Figure 8). In this twinning
mechanism, a regular twofold twin will
be formed first, and then a threefold
twin is formed by the successive in-
teraction of Shockley partials with the
twin boundary. Repetition of this pro-
cess leads to the formation of fourfold
and fivefold twins. More details can be
found in Reference 19.

CRITICAL GRAIN SIZE

For fcc metals with medium-to-high
stacking fault energy such as alumi-
num, nickel, and copper, deformation
twinning usually does not occur in the
coarse-grained state. However, defor-
mation twinning has been readily found
in the nc state. This raises a question of
the critical grain size for twinning. Sev-
eral analytical models have been pub-
lished to determine critical grain size.

Conventional Dislocation
Models

Two similar models were proposed
earlier to explain the formation of de-
formation twins in nc metals.>'¢ In the
model by M.W. Chen et al.,’ the stress
needed to activate a lattice dislocation
is described as T = 2nGb/d, where 1
is a constant, G is the shear modulus,
and b is the magnitude of the Burgers
vector of the lattice dislocation. The
stress to activate a partial dislocation is
described as 1, = 2nGb /d+y/b , where
b, is the magnitude of the Burgers vec-
tor of the partial dislocation and 7y is the
stacking fault energy.

Because b > b1, T, will increase at a
slower rate than T, which means that it
will be easier to activate a partial dislo-
cation than a lattice dislocation when
the grain is below a critical size. These
two models seem very straightforward
in explaining the activation of partial
dislocations, which is a prerequisite of
deformation twinning. They used the
classical dislocation theory for coarse-
grained metals. Unfortunately, experi-
mental data shows that smaller grain
size hinders, not promotes, deforma-
tion twinning in coarse-grained met-
als,’ that directly contradicts these
two models.>'¢ This is because the
models are not based on observed de-
formation physics of nc materials.

In addition, in the application of the
models, the values of physical con-
stants, such as G and v, often have to be
manipulated to yield reasonable criti-
cal grain size. The models also hint-
ed that once the partials are activated,
twinning will happen, which has been
proved wrong.3%40

Figure 5. A twin nucleus formed by over-
lapping of a dissociated dislocation with
a stacking fault from GB in nc nickel.?
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Before g~
Twinning ,

a

Figure 6. (a) Conventional deformation twinning generates macroscopic strain and changes the grain shape. (b) HREM images of typical
deformation twins in nc electro-deposited nickel deformed by cryo-tension. It is evident the deformation twins did not change the shape of
the grains. Twins and matrix are labeled T and M, respectively. (c) An illustration of a possible RAP process. A Shockley dislocation loop
with Burgers vector b, emitted from a GB junction E grows and is deposited on other GBs of a hexagonal grain. Part of the dislocation line
segments parallel to grain edges AB and DE has pure screw character and can cross-slip in the GB to the next slip plane.®

A Recent Model Based on the
Emission of Partial Dislocation
from GBs

A recent analytical dislocation model
by R.J. Asaro et al.*! was based on the
deformation physics and partial dislo-
cation emissions from GB, which was
revealed by MD simulations and exper-
iments. The critical stress needed to
move a lattice dislocation is described
as T, = Gb/d, and the critical stress need-
ed to move a partial dislocation is de-
scribed as T, = Gb/3d+(1-8)y/b, where &
is the ratio of equilibrium stacking fault
width to grain size.

This model predicts that below a
certain critical grain size partial dislo-
cations from GBs need a lower stress
to move than lattice dislocations in nc
metals. Most importantly, it predicts
a realistic, low twinning stress that is
obtainable under experimental condi-
tions such as ball milling. However,
the model does not address two criti-
cal issues. First, the emission of a par-
tial dislocation does not guarantee the
nucleation of a deformation twin be-
cause a trailing partial could easily fol-
low to erase the stacking fault formed
by the leading partial. Second, random
emissions of partial dislocations from
a grain boundary would give a defor-
mation twin equal probability to grow
or to shrink, which cannot explain the
deformation twin growth and the ob-
served large deformation twins in nc
aluminum, nickel, and copper.!+8

A New Model Addressing the
Nucleation and Growth of
Deformation Twins

To address the above two issues, the
authors recently developed an analyti-
cal model to describe the nucleation
and growth of deformation twins in nc
aluminum and copper.*®** This model
calculates the stresses that are needed
to slip full dislocations, leading par-
tials, trailing partials, and twinning
partials as a function of grain size. It
predicted both the twin nucleation and
growth stresses as a function of grain
size (see Figure 9), which revealed the
following important points.

First, it takes a high stress to nucle-
ate a twin, but once a twin is nucleated,
it takes much lower stress to grow the
twin. This explains why a large defor-
mation twin could form. Second, the
deformation twin nucleation curves
have a cup and handle geometry. Opti-
mum grain sizes exist for deformation
twin nucleation (the lowest stress point
at cup bottom). Third, when the grain
size becomes very small, the twinning
becomes difficult again. This has been
verified experimentally.*> The predict-
ed optimum grain size for twinning us-
ing this model agrees surprisingly well
with experimental data for nc nickel
and copper.**** However, the model is
only qualitative and should be treated
as such. The good agreement of the
model with experimental results does
not reflect the quantitative accuracy of

the model.

It should be cautioned that this mod-
el has its limitations. First, it does not
consider the stress/energy needed for
the nucleation of partial and full dislo-
cations on the GB, and therefore may

Figure 7. An HREM image showing a
pair of cross-slip twins, T1 and T2, in nc
nickel deformed by cryo-rolling in liquid
nitrogen.*

Y
o

Figure 8. A fivefold twin formed by
the sequential twinning in nc copper
deformed by high-pressure torsion.'®
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underestimate the stress needed for
twinning. However, the model may be
very good for nc materials processed
by severe plastic deformation tech-
niques, because such nc materials often
have non-equilibrium GBs that contain
excess dislocations (non-geometrically
necessary dislocations).*® The non-
equilibrium GB makes it unnecessary
to nucleate new dislocations on the GB.
Second, the model only uses stable
stacking fault energy. It was reported
that unstable stacking fault energies
and unstable twin fault energies also
play a significant role in the twin-
ning.?*?4% These shortcomings need to
be overcome to further improve the
model.

FACTORS AFFECTING
TWINNING

As reported previously,'s#* there are
also several other factors that may af-
fect the twinning tendency. They in-
clude unstable stacking fault and un-
stable twin fault energies, non-equilib-
rium grain boundaries,* stress concen-
trations near a stacking fault and a grain
boundary,'** and favorable orienta-
tions of twin partials.?® High strain rates
are found to promote twinning by both
experimental observations and MD
simulations.?#6

FUTURE STUDY

There are still several issues on de-
formation twinning in nc materials that
need to be investigated. First, modeling
work is needed that incorporates the
stable stacking fault energies, unstable
stacking fault energies, unstable twin
fault energies, full and partial disloca-
tion nucleation, and grain size effects.
Second, investigation on body-centered
cubic (bcc) metals is seldom studied,¥’
and needs to be studied more both ex-
perimentally and theoretically. Third,
hexagonal-closed-packed (hcp) metals
such as titanium and magnesium have
been showing an opposite twinning be-
havior to fcc metals. In other words,
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Figure 9. A deformation map showing
the critical stresses for deformation twin
nucleation and growth in nanocrystalline
aluminum as a function of grain size
for the 60° | and the screw dislocation
systems.3®

coarse-grained hcp metals often deform
by twinning, but nc hcp metals seldom
twins.® The fundamental reason for
such a unique behavior needs to be
studied.
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