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We investigate the structure and substructure of the solution-treated martensitic Nisg 3Tizg7Hf29 high-
temperature shape memory alloy (SMA) by transmission electron microscopy and precession electron diffrac-
tion (PED). Most martensite plates contain high-density internal (0 0 1) compound twins. Four martensite var-
iants (i.e., A, B, C, and D) were observed using PED. The orientation relationships were determined to be (1 1
0.64) Type II twins between A and B, and (1 1 1) Type I twins between C and D. B and C are divided by junction

planes, in which (1 1 1) in C is parallel to (1 1 0.64) in B. These orientation relationships are rarely observed in
other NiTi or NiTiHf SMAs, which offers new insight to understand the phase transformation behavior in
Niso.3Tize.7Hf20 SMAs. Several low-angle grain boundaries were observed near the variant interfaces, which may
explain the difficulty of martensite reorientation and detwinning in NiTiHf SMAs.

Shape memory alloys (SMA) are important class of engineering
materials due to their ability to exhibit large reversible shape changes as
a result of the thermoelastic martensitic transformation. Thus, SMAs are
notably used in the automotive, aerospace, and medical industries. NiTi
alloys are the most popular SMAs due to their superior shape memory
properties, large superelastic strain, and corrosion resistance [1].
However, the operating temperatures of binary NiTi SMAs are below
100 °C, limiting its wider application at high temperatures. Alloying
with a ternary element is often used to increase the transformation
temperatures (TTs) of NiTi and improve the dimensional stability under
actuation loading [2-4]. Compared with other ternary elements leading
to higher TTs (e.g., Pd, Pt, Au), the NiTiHf SMAs has a lower cost and
higher work output at high temperatures [5]. In NiTiHf SMAs, the TTs
increase almost linearly with the Hf content when it ranges from 10 at.%
to 30 at.% [6-8]. In addition, TTs are very sensitive to the Ni content
beyond 50 at.%, which drop rapidly when the Ni content increases [6,9].

Martensite variant reorientation and detwinning are critical mech-
anisms that dictate the nature and extent of martensitic transformation
and play a significant role in the reversibility of the shape recovery in
SMAs. Therefore, it is imperative to understand the characteristics of
twinning and inter-twin interfaces in the martensite phase in SMAs. For
example, Madangopal et al. and Nishida et al. found these following
twin modes in Ni5gTiso: <01 1> Type II twins, [10] Type I twins, (1 0 0)
and (0 0 1) compound twins, and {0 1 1} Type I twins, in which the <01
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1> Type II twin was predominant [11-13]. For NiggsTizesHf15 (a
Ni-lean SMA), Han et al. observed (0 0 1) compound twins in martensite
variants, which is attributed to the lattice invariant shear transformation
[14]. In addition, the two “junction planes” between B19’ martensite
variants were determined as (0 1 1) and (1 -1 0.64) [14]. For
Ni4gTigeHf15 (also a Ni-lean SMA), Zheng et al. observed (0 1 1) Type I,
<01 1> Typell,and (1-1 1) Type I twinning [15]. The differences in the
twin modes reported by Han et al. and Zheng et al. may be attributed to
the slight compositional differences and the processing methods [14,
15]. We realized that most martensite characterization of NiTiHf ternary
systems has largely focused on the solution-treated Ni-lean samples
[15-17] and precipitate bearing Ni-rich samples [10,18-20]. There is a
lack of detailed investigations of the martensite characterization of
Ni-rich NiTiHf SMAs, especially in the solution-treated condition.
Moreover, experimental evidence revealed that NiTiHf SMAs generally
exhibit lower transformation strain than NiTi [20-28], in contrast to the
theoretical prediction [29]. Hence, it is important to study the
martensite structure and substructure to identify which characteristic
differences can explain the lower transformation strain in NiTiHf.

In this work, the martensite structure and substructure of the
solution-treated Nisg 3Tizg7Hf20 were investigated. Nisg sTizg 7Hf2 (a
Ni-rich ternary SMA) has the ability to form nano-precipitates which
help manipulate the TTs, strengthen the material, and enhance the
reversibility of phase transformation and dimensional stability upon
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cyclic actuation [26,30-33]. Our microstructure characterization on the
solution-treated samples serves as a baseline for future studies on the
precipitate-bearing Nisg 3Tizg 7Hfog SMAs and for a better comparison
with NiTi SMAs in order to reveal the mechanistic difference between
martensitic variant reorientation and detwinning. We used an advanced
characterization technique - precession electron diffraction (PED), for
the first time for SMAs, to identify the orientation relationships, espe-
cially twin planes or junction planes between the adjacent martensite
variants.

Bulk Nisg 3Tizg 7Hf29 SMA samples were produced via arc melting of
high-purity (99.98% Ni, 99.95% Ti, 99.9% Hf) powders, then solution
treated at 900 °C for 1 h. Transmission electron microscopy (TEM)
specimens were mechanically polished to ~100 um, using 400-grid to
1200-grid SiC paper, then punched into 3 mm discs. The discs were twin-
jet electropolished using a Tenupol-5 polishing system with a solution of
30% nitric acid in ethanol at —30 °C. TEM images were acquired near
the perforations using an FEI TECNAI G2 F20 ST FE-TEM at 200 keV.
Orientation information was generated using precession electron
diffraction (PED, the NanoMEGAS ASTAR system) by recording and
analyzing the diffraction pattern at each pixel with a 20 nm step size and
a 0.3° precession angle. The diffraction indexing was based on the B19’
martensite lattice parameters reported by Evirgen et al. [34]. When
presenting the diffraction results in this work, the patterns were not
rotated to offset the magnetic rotation of the instrument.

The TEM bright-field image in Fig. la shows the representative
microstructure of the solution-treated Nisg 3Tizg7Hfyo sample. The
sample is fully martensitic at room temperature and many martensite
plates are parallel to each other. The corresponding selected-area
diffraction pattern (SADP) is provided in Fig. 1b, showing several sets
of diffraction spots overlapping. Note that the conventional SADP can
help elucidate the overall crystallographic information of the martensite
plates. However, the selected area usually contains multiple martensite
variants, making revealing the local orientation relationship of the
neighboring martensite grains challenging. It is also interesting to note
that all martensite plates contain high-density planar defects, as man-
ifested by the unidirectional stripe-like features in each martensite plate.
The nature of these planar defects will be discussed shortly. To check
whether the samples were fully annealed and solution heat-treated,
high-angle annular dark-field scanning transmission electron micro-
scopy (HAADF-STEM) images and diffraction patterns were taken.
Neither Z-contrast nano-scale particles nor additional diffraction spots
were observed, which ensures the lack of precipitates in these samples.
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To reveal the crystallographic information of the internal planar
defects and between the martensite plates, PED was employed. In PED,
the diffraction pattern of each pixel is recorded. This allows for the
correlation of microstructure and diffraction as well as the analysis of
orientation relationships [35-38]. Fig. 2a shows the virtual bright-field
(VBF) image of an area that contains six parallel martensite plates. (VBF
images are constructed based on the intensity of the direct beam in the
PED data.) Analysis of the diffraction patterns in the map shows there
are four martensite variants. The variants are manually colored in red,
blue, yellow, and green, corresponding to variants A, B, C, and D,
respectively. In the selected area, these martensite plates have the
ABCBCD stacking sequence when examined from top to bottom, sepa-
rated by solid black lines. From this, one can infer that the martensite
variants display strict crystallographic orientation relationships with the
twin boundaries or junction planes separating AB, BC, and CD
martensite plates. Note that the colored orientation map (Fig. 2b) does
not perfectly correspond to the VBF (Fig. 2a). Even within the same
martensite plates, there appear to have interfaces either parallel or at an
angle to the twin boundaries or junction planes, leading to different
contrasts. A closer inspection of the PED data revealed they are
low-angle grain boundaries, which were labeled as the dashed lines in
Fig. 2b. These low-angle grain boundaries may result from the relaxation
of elastic energy stored adjacent to the boundaries between martensite
plates. They also may act as a barrier to twin boundary and junction
plane migration during the detwinning process.

We notice that the diffraction patterns from martensite variants A
and B contain the diffraction information from more than one crystal, as
shown in Fig. 2¢ (greyscale diffraction patterns). This indicates that the
Ewald sphere intersects with the rel-rods from both the matrix and the
twin, which are indicated by the blue and red parallelograms in the
diffraction patterns. The twins were indexed as the (0 0 1) compound
twin in both variants. The (0 0 1) compound twins were also commonly
reported in other NiTi and NiTiHf SMAs [10,14,16,17,19] (also see
Table 1).

We further investigate the orientation relationship between the
variants, as illustrated in Fig. 2d (colored diffraction patterns). In this
diffraction condition, both variants A and B were tilted to the [1 -1 0]
zone axis. The corresponding diffractions exhibit mirror symmetry but
do not share a common reflection. This observation indicates that they
have a twin relationship but do not have a well-defined low-index twin
plane. Combining the diffraction patterns in Fig. 2d and the atomic
model Fig. 3a, the twin plane between variants A and B was identified to

Fig. 1. (a) A bright-field TEM image showing the martensite plate morphology in the solution-treated Ni50.3Ti29.7Hf20 high-temperature shape memory alloy. Note
that all martensite plates are highly twinned, (b) the corresponding selected-area diffraction pattern (SADP) from the area shown in (a).
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Fig. 2. (a) Virtual bright-field image containing a number of martensite variants in the solution heat-treated Ni50.3Ti29.7Hf20 high temperature shape memory
alloy. (b) Corresponding colored map with each orientation assigned with a unique color. The dashed lines are low-angle grain boundaries within the martensite
plates. (c) Diffraction patterns for variants A and B show the internal compound twins, highlighted by the blue and red parallelograms. (d) Colored diffraction
patterns of four martensite variants A, B, C, and D to elucidate the orientation relationship. Black arrows indicate g-vectors, whereas the white arrows only show the
directions with no diffract spot excited. (e)-(h) correspond to (a)-(d) but in a different area of the specimen to highlight the consistency and repeatability of the

orientation relationship between the martensite plates.

Table 1

Twin modes reported in NiTi and NiTi-based shape memory alloys from this work and the literature. The (O* sign indicates the predominant twin mode.

Material Ref (001) Compound (1 0 0) Compound {011} Typel {11-1} Typel (1-11) Typel <01 1> Type Il (1 -1 0.64) Type II
Nisg.3Tige 7Hf29 Present work O O O
NisiTig (SHT)  [10] 0) 0]

Nis; Tiso (Aged) [10] o

NisoTiso [11] O O O O o*

NisoTiso [12] O O O O

Nigg 5Tize.sHf1s [13] O* O O
NigoTizeHf1s [14] O O O

Niso.5Tis1.5Hf10 [16] O~ O O

Niso.3Tizo.7Hf20 [17, 20] O~

Niso,3Tizs7Hf15 [18] O O O

Nis 3Tiz0.7Hf20 [19] O O

NigTiseHfisCus  [39] O* O* 0] 0]

Fig. 3. Atomic models for twins inside and between martensite variants of (a) A and B, (b) B and C, and (c) C and D, presented in Fig. 2.
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be either (1 1 0.64) or (1 1 -1.35). These two directions were marked as
white arrows in Fig. 2d. (The g-vectors pointing to specific reflections
were marked by black arrows.) Considering the internal (0 0 1) com-
pound twins in each variant, there are matrices and twins in both A and
B variants. The twin planes separating A and B are indexed as (1 1 -1.35)
for both twinned regions and (1 1 0.64) for both matrix regions (also see
Fig. 3a). Note the matrix in A does not have a twin relationship with the
twin in B, and vice versa. This type of twin was not commonly observed
in NiTi and NiTiHf SMAs [10-12,15,17-19] and was only reported in a
Ni-lean Nigg sTiz7 sHf;5 SMA [16] (refer to Table 1).

It is challenging to unambiguously identify the orientation rela-
tionship and the crystal symmetry information between the variants B
and C. Hence, we call the interface “junction plane” [16]. In this
diffraction condition, variant B is oriented along the [1 -1 0] zone axis,
but variant C [1 0 -1] (Fig. 2d). Note that all martensite plates contain
high-density (0 0 1) compound twins but only one set of diffraction
patterns was revealed in variant C. This suggests that only the matrix
rel-rods intersect with the Ewald sphere, whereas the twin rel-rods do
not. Moreover, no apparent projection of the junction plane was
observed, indicating the interface is aligned close to the electron beam
direction. A closer inspection of the diffraction patterns of variants B and
C do not exhibit mirror symmetry. Combining the diffraction informa-
tion and the atomic model in Fig. 3b, it is evident that the (-1 1 -1) plane
in variant C is parallel to the (1 1 -1.35) twin and (1 1 0.64) matrix in B.
If the junction plane is parallel to the incident electron beam, the
junction plane then can be described based on the crystallographic in-
formation above.

Similar to variant C, variant D has only the matrix reflections excited,
and the twin reflections are not visible. The variant D is also tilted to the
[1 0 -1] zone axis. Variants C and D exhibit clear mirror symmetry and
share the (1 1 1) reflection. Hence the twin type can be identified as the
(1 -11) Type I twin. This orientation relationship is further illustrated by
the atomic model shown in Fig. 3c. Since the common zone axis of
variants C and D is [1 0 -1], the (0 0 1) plane does not undergo Bragg
diffraction, the internal (0 O 1) twins are not shown in the diffraction
patterns in Fig. 2d and the atomic model in Fig. 3c. The (1 -1 1) Type I
twin has been observed in some NiTiHf, and NiTiHfCu alloys [15,39]
(also refer to Table 1).

To ensure our observation is repeatable, we also acquired additional
maps in other areas of the sample and presented one more set of PED
results in Fig. 2e-h. In this example, the martensite stacking sequence is
DCBA. The orientation relationships between AB, BC, and CD are
consistent with the descriptions above.

To compare the martensite variant orientation relationship we un-
covered in this work to other binary and ternary NiTi-based SMAs, we
summarized the twin types in Table 1. In literature, we note that the
predominant twin type is {0 1 1} Type I. The (1 -1 1) Type I and <011>
Type II twins were sometimes observed. The {11-1} Type I twins only
appear in the NiTi binary SMAs and were not reported in ternary and
quaternary SMAs. The (1-1 0.64) Type II twin is the least common. In our
solution-treated Nisg 3Tisg 7Hf2o sample, only the (1 -1 1) Type [ and (1
-1 0.64) Type II twins (also the junction plane between variants B and C)
were observed. None is the predominant type in other SMAs. This is
probably due to the very slight B19’ lattice distortion from the Hf
addition [14] and the absence of precipitates (hence the absence of the
associated elastic stress field around the precipitates).

The uncommon twin and junction plane types as well as the low-
angle grain boundaries observed in Nisg 3Tigg 7Hf59, may explain the
transformation strain differences between NiTiHf and NiTi [20-28]. We
revealed that, in the solution-treated Nisg 3Tiazg 7Hf2g, (1 1 0.64) Type II
twins, a special junction plane, and (1 1 1) Type I twins are present. In
contrast, <011> Type II twins are prevalent in NiTi alloys. Different
twin and interface types are expected to have different mobilities.
Hence, NiTiHf and NiTi should have different detwinning capabilities,
which contributes to different transformation strains. Moreover, the
presence of the low-angle grain boundaries may retard the twin
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boundary and junction plane migration, which could also lead to the
relatively lower transformation strains observed in NiTiHf.

In summary, we performed microstructure and sub-structure char-
acterization of the solutionized Nisg 3Tizg 7Hfo9 SMA and revealed the
orientation relationship within and between the martensite variants.
The key observations can be summarized as follows: (1) the predomi-
nant microstructure is the parallel martensite plates with thickness
varying from 200 nm to 2 um. (2) Low-angle grain boundaries within the
martensite plates were revealed by PED, which may be mistakenly
identified as martensite variant boundaries by regular TEM imaging. (3)
All martensite plates contain high-density (0 0 1) compound twins. (4)
Four martensite variants observed among the parallel martensite plates
are identified as the (1 1 0.64) Type II twin boundaries, a type of
junction planes, and the (1 1 1) Type I twin boundaries. (5) These un-
common twin planes, junction planes, and low-angle grain boundaries
are the possible reasons for lower transformation strains in NiTiHf than
NiTi.
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