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A.bstIllCl-~udo-lwinni nl and mec:hanical twinning have been observed in a transmission electron 
microscopy study of Ti soNi.TFel and Ti .. Ni!, alloys whieh have the B2(CsO) structure, Observation of 
twinning in ordered alloys is rare and Ihis is the first observation of twinning reported in a B2 struaure. 
The twin planes are the {l12} and {l 14} planes. For {l12} pseudo-twins, the composition plane is nol 
the twin plane and the pseudo-twin does not have the B2 structure. For {11 4} mechanical twins. the 
composition plane is the twin plane and the twin does have the B2 structure. It is shown that a shea r 
on thc {114} plane plus a shuffle of the atoms results in the ordered B2 structure in the twinned region. 

R~ulM--Nous avons observe du pseudo-maclage et du maclage mecanique au COUTS d'une etude par 
microscopic electronique d'alliages Ti soNi.,Fel et Ti .. Nil 1 de structure B2 (CsO). Les observations de 
maclage dans Its alliages ordonnes sont ra res et ceci est [a premiere observation de maclage publiee dans 
la struaure B2. Les plans de made sont les plans {112} et {1 14). Pour les pseudo-mades {112}, Ie plan 
de composition n'es1 pas Ie plan de macle ella pseudo-macle ne prisente pas 1a structure B2. Dans Ie 
cas des macJes {1 14}, Ie plan de composition est Ie plan de macle et la macle prescn te la structure 82. 
Nous montrons qu'un cisaillement dans Ie plan {l 14}, plus un rearrangement des atomes. conduit II. la 
structure ordonnte 8.2 dans la region maclee. 

ZusammenfllSSung- In den Legierungen Ti!(lNi.,FeJ und Ti .. Ni l " die die B2(CsCI)-Struktur aufweiscn, 
wurde die Bildung von Pseudozwill ingen und mechanischen ZwiHingcn elektronenmikroskopisch un
tersucht. Die Beobachtung dec Zwillingsbildung ist in geordneten Legierungen sel ten; diese Beo
bachtungen stel1en die ersten fU r eine B2-Struktur dar . Die Zwi1lingsebenen sind {112} und {11 4}. Bei den 
{112)-Pseudozwillingen ist die Ebene der Zusammensetzung nieht die Zwi llingsebene; dec PseudolWiJling 
ha t auch keine B2-Stru le tu r. Bei den mechanischen {l1 4}-Zwillingen entspricht dle Ebene dec Zusammen
sctxung der Zwillingsebene; der Zwilling weist die B2-Struku tr auf. Es wird gezcigt, daU eine Scl\c: rung 
auf der {114}-Ebene und cine Verwerfung der Atome zu einer geordneten B2-Stru letUf im Zwillingsbereich 
ruhn. 

INTRODUCTION 

It is known tha t b .c .c. meta ls may mecha nically twin 
o n {112} planes by a simple shear mechanism [1] . 
H owever if the same twinning mechan ism is appl ied 
to materials wi th the 8 2 (CsCI) structure the st ructu re 
is not re prod uced because the 8 2 o rdering is de
stroyed [2). The result is a new crysta l st ruct ure, 
which is a lso not a mecha nical twin since there is no 
mirror symmetry between the sheared a nd u nsheared 
regions. As a consequence, mechanical twin ning is 
expected to be di fficult in ordered alloys. Some 
a uthors have argued tha t such a shear in a n o rdered 
alloy is more accura tely described as a stress-induced 
martensitic tra nsforma tion rather than mechanical 
twin ning since a new phase is created [2, 3]. H o wever 
the new p hase is created by deformation in response 
to a shear stress and would not be created by a 
change in temperatu re, pressure o r composition. If 
only atom ic si tes are consid ered a nd the atomic type 
is neglected there is mirror symmetry between the 
sheared and unshea red region . It has been su ggested 
tha t such a twin be referred to as a "pseudo-twin" [4J. 
A crystal is pseudo-twinned if the atomic sites of the 

crystal are in a twinned orientation, but not the crystal 
itself. 

It was pointed out by Laves [5J that, in general, a 
simple shear of an ordered a lloy does no t result in a 
mechan ical twin . H e also noted that it may be 
possible fo r a simple shear plus a shuffle in an ordered 
a lloy to result in a mechanical twin where the sheared 
and shuffled region has mirror symmetry with respei:t 
to the unsheared region. Following Lilves, a twinning 
mechanism which requires a shear and a shuffle is a 
complex twinning mechanism, fJIId one which requires 
only a shear is a simple twinning mechanism. 

Pseudo-twinning has been observed by optical 
m icroscopy and La ue diffraction patterns in FeJAl , 
which has the DOj structure, when the long ra nge 
o rder pa rameter (S) is less than 0.5 [2). Pseudo
twinning and detwinning has also been reported [61 in 
FejBe which a lso has the DOl structure. Ho wever this 
was based on o bservations of surface relief in the 
optica l microscope a nd therefo re it is possible tha t 
the observations a re o f stress-ind uced martensite 
ra ther tha n twinning. M echanical twinning has never 
been reported in the 82 structure. 

T his paper reports the di rect observation of 
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pseudo-twinning and mechanical twinning in TiNi 
alloys with the 8 2 structure. Simple and complex 
twinning mechanisms by which mechanical twinning 
may occur in the 82 structure are presented. 

EX PERI MEJ'Irr,'TAL 

(I) Alloy preparation 

Alloys with nominal composition of TiIONi.nFeJ 
and Ti.."Nis1 were used. The cast ingots were hoI 
swaged and then rolled into sheets 0.6 mm thick. 
Tensile samples were stamped from the sheet, an
nealed at 850°C and air cooled. The dimensions orthe 
gage region are approximately 0.6 mm x 6 mm x 
SOmm. 

TiNi alloys undergo a martensitic transformation 
from the B2 structure to a monoclinic or distorted 
B 19 structure [7). The reversibility of this martensitic 
transformation is responsi ble for their shape-memory 
properties. M" the temperature at which martensite 
starts to form on cooling, was found to be - 140°C 
fo r the Ti IONi., Fe, alloy and -40~C fo r Ti.9Ni,l . 

(/I) Mechanical de/ormation 

The alloys were plastically deformed using two 
methods, by isothermal simple tension and by ther
mally cycling through the martensitic transformation 
while under a constant load . 

(A) Tensile teSl. A TilONiuFej tensile sample was 
deformed to 10"10 strain and a Ti.."Nin sample was 
defo rmed to 8% strain with a strain ra te of 
2.2 x IO-' S- I at 150°C. This temperature is well 
above the temperature at which martensite may be 
stress-induced in either alloy indicating that the sam
ples had undergone a large plastic strain. 

(B) Thermal cycling under a load. The original 

purpose of these experiments was to determine the 
microstructure of an alloy that had been thermally 
cycled under a high load. A TilONiuFe) sample was 
placed under a tensi le stress of 500 MPa. and cycled 
in temperature fro m 1250 to - 190"C and back to 
125°C. A T i.9Nis, sample was thermally cycled be
tween the same temperatures as the TijlNi.I1Fe) 
sample except with a tensile stress of 400 MPa. The 
samples were thus cycled through the martensite 
transformation while under a load . 

( /ll) TruTlSmission electran microscopy 

Transmission electron microscopy (TEM) speci
mens were prepared by sparkcutling 3 mm discs from 
the gage region of the deformed samples, mechani
cally thinning the discs to 100 microns using 400 grit 
SiC paper and electropolishing in a 8% perchloric 
acid-92% acetic acid electrolyte at room tem
perature and 25 volts. The TEM experiments were 
performed in a Philips EM400 using a double-tilt 
stage. 

RFSUL TS AND DISCUSSION 

(I) General ObSerVaLions 

Twins with {1I 2} and {1I4] twin planes were 
observed in both alloys whether deformed in a tensile 
test or by thermal cycling under a constant load. The 
crystallographic observations fro m both alloys are 
similar and are analyzed together. Approximately 
50"10 of the volume of the thermally cycled samples 
was twinned while there was less than 10''10 of 
the volume twinned in the samples pulled under 
tension, despite the fact that the maximum stress and 
strain wert lower in the case of thermal cycling. 
T herefore more of the observations are from the 
therma!1y cycled samples. Figure 1 shows the twinned 

Fig. 1. Bright field image of twinned microstructure from a TilllNi.,Fe) alloy lhennally cycled under a 
stress of 400 MPa. 
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Fig. 2. Strain vs temperature for Ti.I9Nill sample thermally 
cycled under a stress of 500 MPa. 

microstructure of the thermally cycled Ti5(lNi47FeJ 

alloy. The extremely fine dimensions of the structure 
are evident and electron diffraction indicates that 
there is no martensite present. 

Analyses of 10 separate observations of {ll2} 
pseudo-twins were made and in only one case was the 
composition plane the same as the twin plane. The 
composition plane is the plane of contact between the 
twinned regions. In four cases the composition plane 
was a {112} plane but a different {112} plane from the 
twin plane. Finally in the other five cases of {112} 
twinning the composition planes were found to vary 
among a wide range of planes. Six observations of 

• 

{114} twins were analyzed and in all six cases the 
composition plane was the twin plane. It is not clear 
as to why the composition plane differs from the twin 
plane for {1I2} twins. 

Figure 2 shows the strain as a function of tem
perature for the Ti.9Ni l1 alloy thermally cycled under 
a constant load. Upon cooling there is a large strain 
as the austenite transfonns to martensite under a 
load. This large strain is accommodated by the 
austenite to martensite transformation because of the 
different shape of the martensite unit cell. Upon 
heating 6.3% strain is not recovered during the 
reversion to austenite and must therefore be accom
modated by twinning and slip. The martensite may 
transform to austenite and then twin or the mar
tensite may transform directly to a twinned austenite 
microstructure. It is not clear at present as to the 
actual sequence of events. However the observation 
that samples deformed in simple tension have a much 
lower twin density indicates that the martensite trans
forms directly to a twinned austenite microstructure 
upon heating under a load. 

(II) {1I2} twinning 

The structure of {1 12} pseudo-twins in a B2 struc
ture has been theoretically analyzed by Cahn and 
Coli [2]. They pointed out that a simple shear on 
{112} planes wi ll produce a new structure which is 
tetragonal with a = b = flam and c = alJ"l. where aEl. 
is the B21attice parameter. The ratio of A8, AA and 
BB nearest neighbors for this new structure is exactly 
that for a disordered alloy. In the [I TO] projection 
shown in Fig. 3 the {1l2} pseudo-twin is seen where 
K, =(i12), 11 1 = [iTl ], Kl = (111), III = [111]. The 

o 
• 

o 

Fig. 3. [I TO) projection of {112} pseudo-twin in the B2 structure. The circles and squares refer to different 
types of atoms. The open symbols are atoms oul of the plane and the filled symbols are atoms in the plane. 
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Fig. 4. Unit cell of st ructure created by {l 12} pseudo
twinning shown in Fig. 2. 

magnitude of the twinning shear is 0.707 and is 
identical to that for h.c.c. twinning. Figure 4 is a 
perspective drawing of the tetragonal unit cell of the 
structure formed by a simple shear on a {Ill} plane 
as shown in Fig. 3. The 8 2 structure is not preserved 
in the sheared region. 

Figure 5 is a [I TO) projection where the twinning 
shear is twice as large and in the opposite direction 
to the shear in Fig. 3. This resul ts in a sheared region 
with the 82 structure. Therefore this is a simple 
mechanism fo r mechanical twinning in a 8 2 struc
ture. Treating the atoms as hard spheres the shear 
shown in Fig. 5 would be more difficult than the shear 
shown in Fig. 3 because the distance of closest 
approach is smaller. 

• 

• 
• 
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Laves pointed out that if the shear shown in 
Fig. 3 is produced, followed by a shuffle of every 
other (112) plane in the sheared region by the nearest
neighbor distance, a mechanical twin with the 82 
structure is produced [5J. Laves defined a variable Q 
which is a quantitative measure of the complexity of 
the shuffle in a complex twinning mechanism (5). Let 
r be the distance an atom has to shuffle divided by the 
nearest neighbor distance. Then Q is Simply the 
average value of , over all the atoms. For this 
complex mechanism, Q equals 0.5. 

For {l 12} pseudo-twinning in TiNi, the 82 super
la Uice reflections are not observed in the twin 
diffraction pattern indicating a loss of ordering. 
Figure 6(a) is a [I !OJ zone axis declron diffrac tion 
pattern showing {Ill} pseudo-twinning in the 
Ti~Nil' alloy thermally cycled under a constant load. 
Figure 6(b) is a schematic drawing of Fig. 6(a). The 
weak double diffraction spots in Fig. 6(a) have been 
omitted from Fig. 6(b). Figure 6(c) is a dark field 
image from the {I ll} twin reflection. The micro
graphs are correctly orienled with respect to the 
diffraction pattern. In this case it can be seen that the 
habit plane of the {I ll} twin is (110) and that the 82 
superlattice reflections are not twinned by the {I ll} 
twin. 

The twin pattern shown in Fig. 6(a) does not 
correspond to the pattern calculated from the tetra
gonal structure shown in Fig. 4. The tetragonal 
structure, in addition to not producing the 81 super-

o 

o 
• 

• o 

• 

Fig. 5. [I TO) projection of shear on the (112) plane which preserves the B2 structure. 
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Fig. 6. (a) [[ [OJ zone <,xis showing {I [l } Iwin in a Ti .. Ni~1 alloy thermally cycled under a stress of 500 MPa. 

(b) Schemolic drawing of (a) identifying refl ections. (c) Dark field from twin reflection A . 
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Fig. 7. (a) [[ l3] zonc axis electron diffraction pattern showing {I [ l} pseudo-twinning in a Tiso N,""Fe] alloy 
thermally cycled under a stress of 400 MPu. (b) Schematic drawing of (a) ident ifying reflections. (c) Dark 

field from twin reflection A. (d) Dark field from twin reflection 8. 
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lattice reflections. should give rise to reflections. 
which are not observed. at one· half the distance of 
the (110) reflections. Therefore it is not clear which of 
the two possible mechanisms above are operative, or 
whether another mechanism has occurred. 

Figure 7(a) is a (I 13) zone axis electron di ffraction 
pattern showing {11 2} pseudo-twinning in a 
Ti)(lNi01Fe) alloy. Figure 7(b) is a schematic drawing 
of the diffraction pattern shown in Fig. 7(a). The twin 
planes are ( 1 ~1) and (2T!) planes. The (1 21) twin has 
a (2T I) composition plane and the (2T!) twin has a 
(205) composition plane. Dark field images from the 
twin reflections are shown in Fig. 7(c) and 7(d). 

-- .. • 
• • • • • -• • • • • A . , 

• .. 
• ... • 

• 
• .. 

The order parameter of TiNi alloys is not known. 
FeAI alloys in the B2 structure have an order param· 
eter close to unity regardless of temperature from 
which the alloy is quenched (2). We believe that TiNi 
alloys are similar because of the limited stoichiomet· 
ric range of the B2 phase (81. Therefore the mechan· 
ical twi nning observed in TiNi is not believed to be 
due to a lack of long range order. 

(III) {1I4} twinning 

Figure 8 is a [I TO) zone axis electron diffraction 
pattern showing a {114} twin, in the Ti4~Nil' alloy 
thermally cycled under a constant load, and the B2 
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Fig. 8. (a) [l ID] zone uis showing {114} twins. (b) Schematic drawing of (a) identifying reflections. (e) 
Dark field from twin reflection A. (d) Dark field from matrix reflection B . 
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Fig. 9. (ITOJ projection of struclure created by simple shear on Ihe {114} plane. Symbols are defined as 
in Fig. 3. 

superlattice reflections are twinned. In all the obser
vations of {114} twinning the B2 superlauice 
re flections are present in the twin pattern. Therefore 
the {I 14} twinning does resul t in the ordered B2 
structure. 

A simple shear on the {114} plane produces a new 
structure which will be different from the structure 
created by {11 2} pseudo-twinning. Figure 9 is a [iTO] 
projection of a shear in the (11 4) plane, the mag
nitude of the twinning shear being 0.707. Figure iO 
shows the unit cell of the structure created by this 
shear. The nearest-neighbor distance in this structure 
is much closer than that in the B2 structure and 
therefore it is not expected to be stable. If the 
structure in Fig. 10 undergoes the shuffle shown by 
the arrows in Fig. 11 the B2 structure results. The 
required shuffle may be described as a shuffle of every 
other {I IO} plane by a distance one-half of an in the 
( 001 ) direction. It has a component normal to the 
twin interface and can be accommodated at the 

interface by rows of vacancies. The shuffle is expected 
to occur in the direction away from the interface since 
the atoms at the interface a fter the shear are sepa
rated be a distance less than the nearest-neighbor 
distance. A [I TO] projection of the interface after the 
shuffle is shown in Fig. 12. 

The rows of vacancies on alternat ing (110) planes 
at the twin interface shown in Fig. 12 implies rows of 
interstitia Is at the advancing twin interface. This may 
be accommodated by rows of vacancies on the other 
set of alternating (110) planes at the advanci ng twin 
interface. Figure 13 shows such a (11 4) twin platelet 
where the twinned region retains the B2 structure. 
The creation of the (1 14) twin platelet requires a 
slight dilation. Therefore the stress to form twins 
should depend on the hydrostatic pressure. However 
once this platelet is nucleated, growth may occur by 
continuous shear and shuffle or (114) planes. For 
{114} twinning r is zero ror half of the atoms and r 
equals JIj3 or 0.5774 for the other half of the atoms. 

/,/ / ~'1 • . , 
I 

./I;p:/I ./ 1 
i I, ! 

• I 
-

Fig. 10. Unit cell or structure create<! by simple shear on Fig. II. Shuffling required to bring structure in Fig. 10 to 
{1I4} plane. the B2 structure. 
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Fig. 12. (I TO) projection of the (1 14) twin after shuffle. 
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Fig. 13. (I TO] projection of (114) twin platelet. 

Therefore Q equals 0.2887 for the shuffle to create 
{l 14} twins. This is a lower value for Q than the 
shuffle for the (112) twins. Therefore the shuffle to 
create (114) twins is expected to be easier than the 
shuffle for (112) twins. 

It is important to point out that the exact mech
anism by which mechanical twinning on {114} planes 
occurs is not known and the shear and shuffle steps 
mentioned are to illustrate that mechanical twinning 
on {1 14} planes in response to a shear stress can 
result in a twin with the B2 structure. As mentioned 
earlier the twinned 82 structure may be formed 
directly from the martensite structure upon heati ng 
under a load . 

A {l 14} twin orientation may result from double 

twinning on {112} planes [9]. However, since the 
observed composition plane is the twin plane, this is 
not believed to be the case. 

Finally it should be pointed out that the underlying 
reasons fo r these phenomena in TiNi alloys are still 
unknown. Similar observalions have not been re
porled on olher alloys with the 8 2 crystal structure. 
For thermally cycled samples, the possi ble influence 
of the martensitic phase transformation and the 
lattice instability of TiNi cannot be ruled out. 

CONCLUSIONS 

(I) TiNi alloys wi th a B2 structure can deform by 
mechanical twinning and pseudo-twinning. 
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(2) Thermal cycling under a constant load pro
duces a high density or mechanical twins and pseudo
twins. 

(3) Pseudo-twins are observed with {1 12} twin 
planes, wi th the 82 ordering destroyed in twinned 
regions. 

(4) Mechanical twins are observed with {114} twin 
planes where the 82 structure is retained. 
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