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Shape memory effect in nickel-titanium (NiTi) alloys depends on phase transformation between two
phases and growth of twin variants in martensite called detwinning. An outstanding issue regarding
detwinning in NiTi has been the lack of fundamental understanding of its mechanism at the
atomistic level. The present article resolves this issue via first-principles energetics calculations of
twin nucleation and growth. Our results based on ion relaxation and valence charge distribution
point to a distinct energy barrier during detwinning process and the mechanism is mediated by a
complex conjunction of shear and shuffle. © 2011 American Institute of Physics.

[doi:10.1063/1.3574775]

The near equiatomic shape memory alloy nickel-
titanium NiTi has attracted considerable attention.' The prin-
ciple of shape memory effect relies on, (i) transformation
between two phases of NiTi-high temperature austenite and
low temperature martensite and (ii) the detwinning process
observed in martensite during deformation. Austenite has a
cubic lattice (B2) which transforms into multiple variants of
monoclinic (B19') martensite structure upon cooling. These
particular variants are self-accommodating, and under defor-
mation, reach a single variant state. This deformation process
is different from dislocation mediated plastic deformation. In
this work, we investigate the detwinning mechanism at the
atomistic level by first-principles calculations and provide
the energy barrier associated with the variant growth. Using
density functional theory in NiTi martensite, we examine the
bonding characteristics associated with detwinning and sub-
stantiate our findings with detailed energetics and valence
charge redistribution.

Current understanding of the transformation twin sys-
tems is based on the phenomenological theory of martensite
transformation proposed by Wechsler, Lieberman, and
Read.” Detailed calculations indicate that nearly five types of
transformation twin modes are possible. The experimental
evidence shows that the most commonly observed transfor-
mation twins are Type II-1 type for solutionized NiTi.*”’
Classical crystallographic theory suggests an irrational twin
plane for Type II-1 twinning.8 High resolution transmission
electron microscopy investigations in NiTi confirmed that the
irrational plane in type II-1 is comprised of rational ledges
and stfzg)9 %ructures which reduce the total interfacial strain
energy.”  The interface of type II-1 twin between two vari-
ants A and B is shown in Fig. 1(a). During detwinning, type
II-1 twin undergoes a collective movement of ledges and
steps3’10 and the variant A volume fraction increases [Fig.
1(b)].

The interplanar energy functional in a twinned system is
termed the generalized planar fault energy (GPFE) curve.'?
A GPEFE calculation requires shearing of consecutive elastic
twin planes along the twinning shear direction relative to the
pre-existing stacking fault or twin. However, a twinning
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shear alone may not be sufficient to generate a reflection
twin and additional shuffles may be required8 [Fig. 1(b)].

At the atomic level, the formation of a rational type II-1
twin in a martensite is accomplished by shear of Ni and Ti
atoms in (111) planes in [011] direction.”” In NiTi B19’, Ni,
and Ti atoms cluster around a lattice point and create a motif
unit. The twinning shear displaces the motif units to the twin
position and an additional shuffle among the Ni atoms near
the motif point completes the twin structure. Figure 1(b) il-
lustrates the shear and shuffle mechanism during formation
of a twin in martensite. To achieve a mirror reflection about
[011] direction, additional shuffles are required for Ni atoms
[shown with colored arrows in Fig. 1(b)]. The details of the
simulation procedure are provided as a supplementary
material."?

The predicted energy landscape for a five layer twin for-
mation in NiTi martensite is plotted in Fig. 2(a). Unlike in

(@) -
)_' Vanant A
PUVPYLPLP

1

1 Vanant B
271

[011]

(b)

FIG. 1. (Color online) (a) Type II-1 twinning in NiTi corresponding to
(111)[011] twin mode, the irrational twin plane and the step rational twin
plane (b) Application of shear (2b) and shuffle in (205) direction during twin
growth in (111)[011] mode.

© 2011 American Institute of Physics

Downloaded 05 Apr 2011 to 130.126.178.198. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.3574775
http://dx.doi.org/10.1063/1.3574775

141906-2 T. Ezaz and H. Sehitoglu

(a) — 1 r T T T T 1 7

8001 GPF |
500 -

Ng 400 7W=14mlmz X-
‘E; 200" Detwinning 7]
200 -
—
100 -
0 | U R R _——

00 10 20 30 40 50
Normalized distance, 1, /b b = £;—[01 1]

(b)o2F | S
Twin
0.1 Layer
<
> o0
€ 01
Iy q
03k  Ti-Ti , ; -
Py OUr
04k L =
p q r

~
O

~—
—

o

(P(N)-p, (1) eVIA®

~
Q

N

w

o

'
(o2}

(P(N-p(1) eVIA®
&

-9

q
Normalized distance, &

FIG. 2. (Color online) (a) GPFE for NiTi martensite in (111)[011] system

versus normalized shear displacement on successive (111) plane; charge
density difference between deformed and undeformed, (b) Ti-Ti atoms, (c)
Ni-Ni, and (d) Ni-Ti under twinning shear 0.280 40 along path p-g-r.

fcc metals, the u,/b=1 is not a metastable position; hence,
an intrinsic stacking fault is not possible in this system. Here,

u, and b correspond to the applied displacement and the total
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TABLE I. Deformation systems, fault energies and shear magnitudes.

Deformation YVas YIm Required shear strain
mechanism System (mJ/m?)  (mJ/m?) (s)

Twin (11D)[011] 530 14 0.2804

Slip (1infott]  620° 1.21

“See Ref. 13.

displacement respectively required for generating a one layer
twin. However, we note that metastable positions are ob-

served at u,/b=2 and at additional number of layers, u,/b
=3,4,5,.... Even though a two layer twin can be the small-
est twin nucleus based upon the first metastable position, the
GPFE illustrates that the twin stacking energy does not con-
verge until the formation of a four layer twin. Consequently,
the formation of type II-1 twin up to four layers can be best
described as a twin nucleation process. The distinction be-
tween twin nucleation and twin growth is noteworthy since
the stress required for twin growth is significantly lower."
During twin nucleation of a pristine variant, the barrier is

530 mJ/m? at u,/b=1.5. The barrier is exceptionally high,
which explains the difficulty of deformation-induced twin
nucleation. The GPFE curve in Fig. 2(a) shows fault energies
remain unchanged with increase in twin thickness after the
4th layer twin. The steady oscillatory energy functional indi-
cates the decoupling of the twin boundary effect. This energy
barrier is termed the twin migration energy and is established
as 14 mJ/m?. This energy barrier is significantly lower than
the twin nucleation barrier. Therefore, the energetics implies
two separate mechanisms—(a) phase transformation induced
twin nucleation and (b) deformation induced twin growth in
martensite.

Twin growth in martensite in certain systems can be as-
sisted by dislocation motion along the twin boundary.15 En-
ergy cost of dislocation motion is, thus, measured by shear-

ing one elastic half space of (111) plane relative to the other
in [011] shear direction (see Ref. 13, Fig. 1). However, no
metastable energy well is observed up to a shear of magni-
tude 1.21; a possible intrinsic fault position. In addition to
the high shear strain, the encountered unstable energy barrier
is 620 mJ/m? (Table I). Because of this high barrier, dislo-
cation glide is not favored in twinned martensite. Disloca-
tions, however, can nucleate during austenite to martensite
phase transformation'® and play a role in compound {001}
X(100) twinning case.

Mechanical coupling in the GPFE curves originates from
the bonding characteristics of Ni and Ti atoms. Electronic
configuration of Ni and Ti is (Ar)3d®4s? and (Ar)3d%4s?,
respectively. Hence, partially occupied valence d bands lead
to a weak directional bond in Ti. In the absence of hybrid-
ization, s-orbital leads to the formation of nondirectional
bonds, which is manifested in Ni atoms.!” The bonding char-
acteristics under twinning shear can be investigated in terms
of the valence charge density along a path p-g-r as shown in
Figs. 2(b) and 2(c). The path is expressed in terms of &
where, ¢ is the measured charge density position (x;) along
the path normalized by the bond distance pg or gr (&
=x;/pq or &=x;/qr). Here, atom ¢ represents an atom in
(111) plane at the growing twin boundary, whereas atom p

and r lie one layer below in another (111) plane. Therefore,

Downloaded 05 Apr 2011 to 130.126.178.198. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



141906-3 T. Ezaz and H. Sehitoglu
the path p-g and g-r represents bonding characteristics of a
boundary atom with its initial nearest neighbor and final
nearest neighbor respectively after twinning shear. Charge
density distributions of Ti—Ti, Ni—Ni, and Ni-Ti are plotted
in terms of the difference between deformed and undeformed
state, [p(r)—p,(r)], for one, four, and five layer thick twins.
The plots exhibit a similar distribution for four/five layer
twin and a distinct anomaly for one layer twin. Complete
charge density isosurfaces of undeformed B19’ and four
layer twin are given in supplementary Fig. 2.1

Under twinning shear, the maximum charge density dis-
tribution difference is observed at the halfway between two
near neighboring Ti ions [Fig. 2(b)]. The distribution indi-
cates that Ti—Ti bonds still maintain a weak directionality
and breaking and reformation of directional bonds contribute
to the overall deformation characteristics. In contrast, charge
density distribution between Ni ions exhibits an accommo-
dation process [Fig. 2(c)] which is observed in other metals
with nondirectional metallic bonds.'® Reverse charge density
difference distribution in layer one and layers four/five plot-
ted in Figs. 2(c) and 2(d) points to the shuffling of Ni atoms.
Ni atoms, having nondirectional bonding between them, can
squeeze like soft spheres and shuffle to a lower energy con-
figuration state. Partial shuffling of Ni atoms is observed at
the twin boundaries which has a significant contribution to
the mechanical coupling between twin layers. Full shuffling
of Ni atoms is observed in twinning after fourth layer growth
of the twin. The direction and magnitude of full shuffle in Ni
atoms are given in Supplementary Table "2 A significant
nondirectional charge density difference is also prominent in
Ni-Ti interactions [see, Fig. 2(d)], where a dissimilar pattern
is also observed in one layer twin. The overall contribution
of weak directional Ti—Ti, nondirectional Ni—-Ni, and nondi-
rectional Ni—Ti bonds results in bulk martensitic B19’ NiTi
alloy exhibiting metallic bond attributes; this contrasts with

Appl. Phys. Lett. 98, 141906 (2011)

austenitic B2 NiTi, which exhibit strong covalent bond
characteristics."”

In this work, the detwinning mechanism of NiTi marten-
site has been addressed utilizing first principal calculations.
The energetics reveal a clear distinction between nucleation
and growth of type II-1 twinning. Shuffle, in addition to the
lattice invariant shear, plays a vital role in the determination
of twin migration energy.
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