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a b s t r a c t

The antiphase boundary (APB)-like structure of both 9R and B19 martensites in the Ti–Pd–Fe alloy was
investigated by means of transmission electron microscopy. Some APB-like structures with curved and
wide contrasts along the (001)9R basal plane are observed in 9R martensitic plates. The atomic displace-
ment on the APB-like structure reflects the atomic movement stemming from the microdomains formed
as a pre-martensitic transformation. The displacement vector of the APB-like structure in the B19 mar-
tensite can be expressed as R = h1/30�1/2iB19. The density of APB-like contrasts increases by the substi-
tution of Fe for Pd in Ti–Pd–Fe alloy.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Near equiatomic Ti–Ni and Ti–Pd alloys undergo thermoelastic
martensitic transformation from the B2 to B190 (monoclinic) and
B19 (orthorhombic) structures upon cooling, respectively. The for-
mer alloy is a technologically important material with superior
shape memory effect and superelasticity [1]. The latter alloy is a
candidate for high-temperature shape memory material because
its transformation temperature is about 800 K [2]. We have discov-
ered an antiphase boundary (APB)-like contrast of the martensite
in Ti–Ni and Ti–Pd shape memory alloys so far [3,4]. We character-
ized those APB-like structures as a kind of stacking fault with an
APB-like morphology that is induced by the martensitic transfor-
mation. Recently, Inamura et al. discovered an APB-like contrast
in a00 (orthorhombic)-martensite in a Ti–Nb–Al alloy [5]. We also
analyzed an APB-like contrast of the B190 martensite via an R-
phase transformation in a Ti–Ni–Fe alloy [6]. It is concluded that
the atomic displacement on such contrasts within martensitic vari-
ants reflects to the atomic movements stemming from the pre-
existing athermal x-phase and R-phase transformations. All these
reports provide the characterization of the APB-like structure in
the martensite consisting of simple 2H structures. However, APB-
like structure in martensite with long period stacking order (LPSO)
structures has not been clarified.

The effect of the substitution of Fe for Pd on the martensitic
transformation temperature and structure in Ti–Pd–Fe alloy has
been extensively studied [7–12]. The structures of martensite are
dependent on Fe content, they are regarded as LPSO structures
with common basal planes, that is, 2H, 9R, 4H and their modified
structures with incommensutate periodicities. The aim of the
investigation reported here is to clarify the crystallography and
morphology of the APB-like structure of the 9R martensite, which
is one of the LPSO structures in Ti–Pd–Fe alloy, by means of
conventional transmission electron microscopy (CTEM) and
high-resolution transmission electron microscopy (HRTEM).
Furthermore, high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) is applied to analyze the inter-
face structure at the atomic level, by which the relatively heavy
atom positions are identified by bright contrast in the image due
to atomic number (Z) contrast [13,14]. The effect of substitution
of Fe on the APB-like structure in Ti–Pd–Fe alloy is also discussed
on the basis of these observations.

2. Experimental procedure

Ti50Pd46Fe4 and Ti50Pd43Fe7 alloys were prepared from 99.7% Ti, 99.8% Pd, and
99.5% Fe (mass%) by arc melting in an argon atmosphere. A Ti50Pd50 alloy was also
fabricated as a specimen for comparison. The samples were solution treated in an
argon atmosphere at 1273 K for 3.6 ks and then quenched in ice water. The trans-
formation temperature to the martensite (Ms) of Ti50Pd46Fe4 and Ti50Pd43Fe7 alloys
measured by differential scanning calorimetry were about 690 K and 513 K, respec-
tively, which are in good agreement with those reported previously [8]. The TEM
specimens were electropolished to perforation in a Tenupol-3 operated at 12 V,
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0.03 A, and 273 K in an electrolyte solution consisting of glacial acetic acid; 72%,
methanol; 12%, ethylene glycol; 8% and perchloric acid; 8% by volume. CTEM and
HRTEM observations were carried out with JEM-2000FX and FEI-Tecnai20F micro-
scopes, respectively, which were both operated at 200 kV. The HAADF-STEM obser-
vation was performed by JEM-ARM200F (Cs-corrected 200 kV STEM). The electron
probe size and current were 0.10 nm and approximately 20 pA, respectively. For
the HAADF-STEM images, the annular detector was set to collect electrons scattered
at angles between 90 and 170 mrad. The relationship between B2, B19, and 9R are
illustrated schematically in Fig. 1 [8]. The following lattice parameters were used
for the analysis of the B19 martensite: aB19 = 0.489 nm, bB19 = 0.281 nm and
cB19 = 0.456 nm [15], and the 9R martensite: a9R = 0.467 nm, b9R = 0.286 nm,
c9R = 2.053 nm, and b = 85.6� [8], respectively.

3. Results and discussion

Fig. 2a and b shows the typical bright-field image and electron
diffraction pattern taken from the area marked B in (a) in Ti50Pd43-

Fe7 alloy, respectively. The pattern in Fig. 2b consists of reflections
along the [010]9R zone axis, which is a low-index zone axis parallel
to the basal plane of martensite with a LPSO structure. We can rec-
ognize easily that there is 9R martensite in the area B, since diffrac-
tion spots at ‘‘1/3’’ position are seen along the row of 00l*

reflections in the pattern, as indicated by the double arrows in
Fig. 2b, which can be indexed consistently with the lattice param-
eter of 9R martensite mentioned above. It is notable that many line
and curved contrasts are observed within the twin plates in Fig. 2a.
In order to analyze these defects CTEM observations were carried
out by using various reflections observed in the [010]9R incidence

of electron. HRTEM observations were also performed along this
zone axis, as described below, because the atomic columns of Ti
and Pd and/or Fe in the 9R structure can easily be distinguished.

Fig. 3a and b shows the bright-field image and corresponding
electron diffraction pattern, respectively, of the [010]9R zone axis.
Some APB-like structures with curved and wide contrasts along the
(001)9R basal plane are observed in martensitic plates of the
Ti50Pd43Fe7 alloy, as indicated by the arrows in Fig. 3a, whereas
APB-like structures with thin linear contrasts along the basal plane
are observed in large martensitic plates of the Ti50Pd50 alloy, as dis-
cussed in our previous report [4]. Fig. 3c and d shows dark-field
images taken using �101�9R and �202�9R reflections, respectively. It
has been widely recognized that p contrast of the APB induced
by order–disorder transformations can be observed using superlat-
tice reflections for the ordered structure, whereas no contrast is
observed using fundamental reflections. The APB-like contrast is
observed when both the �101�9R superlattice and �202�9R fundamen-
tal reflections for the 9R structure are used, as shown in Fig. 3c and
d. Here, present classification for each superlattice and fundamen-
tal reflection in 9R structure follows that proposed by Tadaki et al.
[16]. The APB-like contrasts are also observed using 204* funda-
mental reflections, although the micrographs are not included
here. These facts indicate that the APB-like contrast does not corre-
spond to p contrast; they do, however, correspond to stacking
faults with an APB-like morphology induced by the martensitic
transformation, as expected from the APB-like structure in Ti–Ni
and Ti–Pd alloys [3,4]. It is noteworthy that APB-like contrasts
are faintly observed on using the 009�9R reflection corresponding
to the {110}B2 plane, as indicated by the double arrows of
Fig. 3e, although no contrast is observed when using the 002�B19

reflection corresponding to the {110}B2 plane in the Ti50Pd50 alloy
[4]. This phenomenon will be discussed later.

In order to analyze the APB-like contrast at the atomic level,
HRTEM observations were carried out along the [010]9R zone axis.
Fig. 4a shows the two-dimensional lattice image of the APB-like
structure. We can identify the shift of bright spots along the
(001)9R plane, as shown by the arrows of Fig. 4a. However, it is dif-
ficult to determine the exact location of APB-like boundary by the
shift of bright spots along (100)9R plane because the APB-like
structure in the Ti50Pd43Fe7 alloy does not show any sharp inter-
face structure, as compared with the two-dimensional lattice
image around the APB-like interface in Ti50Pd50 binary alloy of
Fig. 4b. This indicates that the APB-like interface with such a con-
trast in the Ti50Pd43Fe7 alloy is not perpendicular but rather tilted
with respect to the direction normal to the foil. That is to say, the
APB-like contrast in the present Ti50Pd43Fe7 alloy has a displace-
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Fig. 1. (a) Lattice correspondence between the B2 parent phase, the B19 and 9R martensite. Dashed lines indicate the B2 structure, and solid lines show the B19 and 9R
structures, respectively. (b) Schematic illustration of the unit cell of 9R structure.
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Fig. 2. (a) Bright-field image of a Ti50Pd43Fe7 alloy. (b) Electron diffraction pattern
taken from area B in (a).
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