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Abstract We investigated the morphological and crystallographic features of o’
martensite variants in Ti-25 at% Hf and Ti-50 at% Hf alloys by transmission Kikuchi
diffraction and transmission electron microscopy. On the basis of the results, we also
discussed the formation process of variants and the self-accommodation. Both alloys,
after solution-treatment and quenching in ice water, consisted of o' martensite with a
hexagonal close-packed structure. The a' martensite exhibited a larger plate-like
morphology several micrometers in length, along with a finer morphology with a width
of tens of nanometers. The formation of {1011}, twins was induced within a larger
correspondence variant (CV) as a lattice-invariant shear (LIS), and {1011}, twins were
also the boundaries bounded two neighboring CVs. In formation process of the martensite
variants of Ti—Hf alloys, a larger CV with a plate-like morphology is first formed with a
{1011} twin as an LIS in a f parent phase; finer CVs are subsequently generated from
the step-like boundary with the {1011}, twin plane, followed by the formation of a pair
of CVs with the twin plane to relax the transformation strain.

Keywords Ti-Hf alloy, Thermoelastic martensitic transformation, Self-
accommodation, twin, Transmission Kikuchi diffraction, Transmission electron

microscopy



Introduction

Thermoelastic martensitic transformation plays an important role in shape-memory
effects and superelasticity [1]. The microstructure of thermoelastic martensite is
characterized by the combination of multiple variants, which reduce the elastic strain
energy via transformation; this phenomenon is known as self-accommodation. The self-
accommodation mechanism of various alloys has been extensively studied [2-5]. For
example, the self-accommodation morphologies of near-equiatomic TiNi alloys, which
undergo the thermoelastic martensitic transformation from the B2 parent phase to the B19'
structure, have been reported [6,7]. Because of the V-shaped minimum unit consisting of
two habit plane variants (HPVs) connected to form a {11 1}gie Type I variant
accommodation twin, the hexangular morphology consisting of six HPVs is ideally suited
for self-accommodation. Among binary Ti-based alloys that undergo a thermoelastic
martensitic transformation, Ti—-Mo [8,9], Ti—Nb [10,11], and Ti—V [12,13] alloys consist
of a disordered body-centered cubic (bcc) structure as the parent phase. Ti—Zr alloys,
which are composed of two elements of the same group in the periodic table, have been
reported to exhibit shape-memory effects [14]. These alloys undergo a thermoelastic
martensitic transformation from the £ (bcc) structure to the a’ (hexagonal close-packed,
hep) structure and have larger striped-like martensitic plates along with finer twin
structures [9,14]. Their interface of martensitic variants is also composed of a {1011},
twin. In the Ti—Hf alloys, which also consisting of elements of the same periodic group,
Ti and Hf form a complete solid-solution according to the Ti—Hf binary phase diagram
[15]. The mechanical properties of Ti—Hf alloys have been investigated [16-18]. In
addition, as-cast and furnace-cooled Ti—Hf alloys undergo a diffusional transformation
from the S (bcc) and a (hep) phases, whereas o’ martensite with a hep structure is formed
via rapid quenching [19-21]. However, as far as we know, the martensite variants, internal
defects, lattice invariant shear (LIS), and the self-accommodation mechanism of Ti—Hf
alloys have not been clarified. Understanding the thermoelastic martensitic
transformation by clarifying the LIS and self-accommodation is important because it will
lead to the improvement of shape-memory properties and the development of new shape-
memory alloys.

In the present study, we investigated the morphological and crystallographic features
of o' martensite variants in the Ti-25 at% Hf alloy, which has a lower f transus at ~1073
K in the binary Ti—Hf phase diagram, and Ti-50 at% Hf alloy by transmission Kikuchi
diffraction (TKD) [22] and transmission electron microscopy (TEM). The formation
process of a' martensite and the self-accommodation are discussed on the basis of the

results.



Material and methods

Ti-25 at% Hf and Ti-50 at% Hf alloys (hereinafter referred as 25Hf and SOHf,
respectively) were prepared from 99.97 mass% Ti and 99.9 mass% Hf by arc melting
under an Ar atmosphere. The 25Hf and 50Hf ingots were homogenized under an Ar
atmosphere at 1273 K or 1473 K, respectively, for 36 ks. The samples with a prescribed
shape were subsequently encapsulated in quartz ampoules under an Ar atmosphere and
solution-treated at 1123 K, 1223 K, 1323 K, and 1523 K (above the f transus of each
alloy) for 3.6 ks; after the solution treatment, the samples were quenched in ice water by
breaking the ampoule and quenched by cooling in the furnace (hereinafter referred as
water-quenched (WQ) and furnace-cooled (FC) samples, respectively).

The constituent phases of the alloys were examined by X-ray diffraction (XRD) using
a Rigaku Ultima IV system equipped with a Cu Ka radiation source operated at 40 kV
and 40 mA; samples were scanned at a step size of 0.02° and a scan speed of 1°/min. The
lattice parameters of the o phase and o’ martensite were refined on the basis of the XRD
measurements; the refinement was conducted by the Pawley method [23] using the
Rigaku PDXL.2.4 software. The crystal orientation was determined by scanning electron
microscopy (SEM) using an instrument (HITACHI High Tech. SU5000) equipped with a
TKD detector and operated at an acceleration voltage of 20 kV. For TKD and TEM studies,
3 mm-diameter disks were spark-cut from the solution-treated specimens. These disks
were electropolished at ~243 K using a twin-jet method in an electrolyte solution
consisting of 20% H>SO4 and 80% CH3OH by volume. In addition, martensite variants
were analyzed by TKD on the basis of the lattice correspondence between the bee and the
hep structures; that is, they were analyzed using the Burgers orientation relations (OR)
{110} // (0001),, <111>4 // <1120>, [24]. TEM observations were carried out with a
JEM-2100PLUS microscope (JEOL, Tokyo) operated at an accelerating voltage of 200
kV. In addition, martensite variants were analyzed by an automated crystal lattice
orientation mapping (ACOM) method [25, 26] with a JEM-2800 microscope (JEOL,
Tokyo).

Results

Crystal Structures and Lattice Parameters



Figure 1 shows the room-temperature XRD patterns of the 25Hf alloys solution-treated
at 1223 K followed by furnace cooling and water quenching. These alloys consisted of
the a and a' (hcp) phases (space group: P63/mmc). The S0Hf alloys solution-treated at
1523 K followed by furnace cooling and water quenching were also composed of a and
o' phases. Here, the a and a' phases can be identified on the basis of the TKD and TEM
analyses described later. No peak of the f phase or precipitate was present in the XRD
patterns of the 25Hf alloy samples solution-treated at 1223 K. This lack of a § phase or
precipitate indicates complete solid-solution formation according to the Ti—Hf binary
phase diagram [15]. The lattice parameters and reliability of the fitting results for the a
and a' phase for each specimen, which were refined using the Pawley method [23], are
listed in Table 1. These results are in good agreement with data reported previously
[27,28]. The lattice parameters of the SOHf alloy are slightly larger than those of the 25Hf
alloy because of the larger atomic radius of Hf compared with that of Ti [29].

Microstructure of FC and WC Ti—Hf Alloys

We conducted TEM observations to investigate the microstructure of the FC and WC Ti—
Hf alloys. Figure 2(a) and (b) show the bright-field images of the FC 25Hf alloy solution-
treated at 1223 K and the FC 50Hf alloy solution-treated at 1523 K, respectively. These
samples consisted of granular o phase with a grain size of several micrometers, consistent
with the results of a previous investigation [21]. Notably, no twins or fine plates were
observed inside the grain of either alloy, suggesting that the a phase of the FC Ti—Hf
alloys formed via a diffusion process. Figure 2(c) and (d) show the bright-field images of
the WQ 25Hf alloy solution-treated at 1223 K and the WQ 50Hf alloy solution-treated at
1523 K, respectively. Numerous variants with fine plate-like morphology were observed.
Therefore, the WQ Ti-Hf alloys are composed of the o’ phase formed by martensitic
transformation.

Figure 3(a) and (b) respectively show the image quality (IQ) map and an inverse pole
figure (IPF) with a confidence index (CI) value greater than 0.1 for the o' phase in the
WQ 25Hf alloy solution-treated at 1123 K, as obtained by TKD. The a' phase consisted
of both a larger variant with a plate-like morphology several micrometers in length and
the finer variants a few hundred nanometers in width. According to the lattice
correspondence between the Burgers OR and considering the existence of two
crystallographic equivalent variants of <111>4 directions for each {110}; plane, the S
parent phase is composed of 12 identifiable CVs denoted as CV1 to CV12 (Table 2).
Figure 3(c) shows a variant map and (d) the area fraction of each CV based on the lattice

correspondence, respectively. The results indicate that the larger plate-like variant



consisted of CV11-CV4 and that the finer variants were composed of coupling pairs of
CVs with approximately equal volume fractions, such as CV6—CV8 and CV1-CV10, as
indicated by the white arrows in Fig. 3(c). Trace analysis using the pole figures recorded
on the {1011}, plane in the red rectangular-shaped area in Fig. 3(c) indicates that the
variant interfaces (I) between CV11 and CV4 were composed of the {1011}, plane,
meaning the {1011}, twin plane [19], as shown in Fig. 3(e). On the basis of these
observations, the morphological and crystallographic features of the microstructure of
WQ 25Hf alloy demonstrate that the ' phase can be characterized as the variants induced
by the martensitic transformation. Figure 3(f) shows the grain reference orientation
deviation (GROD) map corresponding to Fig. 3(c), providing the strain distribution [30].
This map indicates that the remarkable strain distribution was not observed at the interface
between CVs or inside a single CV. The mechanism of strain relaxation during the
martensitic transformation is discussed later.

In the bright-field image of the WQ 25Hf alloy solution-treated at 1123 K (Fig. 4(a)),
the larger plate-like CV several micrometers in length and the finer CVs a few hundred
nanometers in width are observed. The selected-area diffraction pattern (SADP) in Fig.
4(b), which corresponds to boundary B in Fig. 4(a), consists of two sets of reflections that
are mirror-symmetrical with respect to the (1101)cvi// (1101)cvio plane viewed from the
[1213]cvi and [2113]cvio directions of the o' martensite. This result indicates that the
boundary was a {1011}, twin interface. Also, boundary C in Fig. 4(a) was a {1011}
twin interface, as shown in the SADP in Fig. 4(c). Therefore, a pair of fine CVs were
bounded by a {1011}, twin plane. Notably, the interface in the larger plate-like variant
consists of step-like boundaries, as indicated by the white arrows in Fig. 4(a). The SADP
in Fig. 4(d), which corresponds to area D in Fig. 4(a), was composed of {1011}, twin
planes. This step-like boundary is described in the Discussion.

TEM-ACOM analysis was performed to investigate the finer plate-like CV in the WQ
S50Hf alloy solution-treated at 1523 K in detail. Figure 5(a) and (b) shows the IQ map and
IPF with a CI value greater than 0.1 for the o’ phase, respectively, as acquired using TEM-
ACOM analysis. The o' martensite variants consisted of a larger plate-like morphology
several micrometers in length and finer ones tens of nanometers in width. Figure 5(c)
shows a variant map and (d) the area fraction of each CV on the basis of the lattice
correspondence in Table 2, respectively. These results indicate that the larger plate-like
variant was composed of CV5—CV7 and that the finer variants were composed mainly of
CV2-CV3 and CVI-CVS5 coupling pairs, as indicated by the white arrows in Fig. 5(c).
The strain distribution interface between each CV and inside a single CV was not large,
as shown in the GROD map in Fig. 5(e).

Figure 6(a) and (b) shows the IQ map and IPF with a CI value greater than 0.1 for o’



martensite, as obtained by TEM-ACOM analysis of another area of the WQ 50Hf alloy.
This analysis shows the triangular-like morphology with a combination of CV plates
several hundred nanometers in width. CV coupling pairs such as CV4-CV7 and CV1-
CV11 were also observed, as indicated by the variant map and the area fraction of each
CV in Fig. 6(c) and (d), respectively. The GROD map in Fig. 6(e) indicates that the strain
distribution interface between each CV and inside a single CV was not large except for
the area where each variant should collide, as indicated by the white arrows.

Figure 7(a) shows a bright-field image of the microstructure of the WQ 50HT alloy
solution-treated at 1323 K. Variants with a triangle-like morphology were observed, and
few lattice defects were observed inside these variants. Figure 7(b) and (c) shows the
SADPs of boundaries B and C in Fig. 7(a), respectively. These results indicate that the
boundaries consisted of {1011}, twins. Notably, step-like boundaries similar to the
boundaries of the larger CV in Fig. 4(a) were observed, as indicated by the yellow arrows
in Fig. 7(a). Also, fine variants existed inside one large variant, as indicated by the yellow
arrow in Fig. 7(d). The SADP in Fig. 7(e), which corresponds to area E in Fig. 7(d),
indicates a {1011}, twin pattern. Judging from the morphologies and crystallographic
features of these twins, they should be an LIS. Also, {1341}, twins existed at the
boundaries of CVs, as shown in the bright-field image and SADP corresponding to
boundary G in Fig. 7(f).

Discussion

On the basis of the present observation results, the morphological and crystallographic
features of WQ 25Hf and WQ 50Hf alloys are almost the same. Therefore, we first discuss
the lattice strain accompanying the martensitic transformation. The lattice distortion was
calculated using the lattice parameters for each structure of both alloys. Here, the lattice
parameters for the f parent phase should be strictly estimated from XRD measurements
conducted at temperatures greater than the reverse martensitic transformation point.
However, the Hf in the alloys tended to oxidize and easily form Hf-oxide. Therefore, we
used reference values to estimate the lattice parameters of each f parent phase on the basis
of Vegard's law [31] for a complete solid solution between Ti [32] and Hf [33] elements
and that of TiHf alloy [28]. The lattice distortion was calculated on the basis of the Pitsch—
Schrader orientation relationship [34, 35], as follows. For the WQ 25Hf alloy,

0 = chep ! V2apee =1.018 =1

2= V3ane | V2anee=1.120> 1

B3 = ancp / avec =0.914 < 1



where avcc s the lattice parameter of the £ phase and ancp and cnep are the lattice parameters
of the a' phase. For the WQ 50Hf alloy,

n=1016=1
n=1.114> 1
7 =0.910< 1

No substantial difference was observed between the lattice distortion of each alloy.
Therefore, we concluded that the fundamental features of CVs for each alloy are nearly
identical.

We here discuss the formation process of martensite variants and self-accommodation
to relax the transformation strain. In the early stage of martensitic transformation, a larger
CV with a plate-like morphology is formed, introducing the {1011}, twin as an LIS. The
interface of a larger CV consisted of step-like morphologies (Fig. 4). These step-like
boundaries have a {1011}, twin relationship for other CVs. Concerning the OR and
combination of CVs, each (0001) - basal plane of CV1 and CV2 is common for the (110)g
plane of the f phase, and each ag-axis has a rotational relationship. In addition, CV1(2)
has a {1011}, twin relationship for (a) CV3(4), (b) CV5(6), (c) CV9(10), and (d)
CV11(12), respectively, whereas a {1012}, twin relationship exists between CV1(2) and
CV7(8), as shown in the gray-hatched area of Fig. 8. Formation of the {1012}, twin is
frequently induced by deformation in pure Ti and Ti-based alloys [36,37]. However, no
{1012}, twin is induced in the present Ti-Hf alloys; that is, no combination of CVs
bounded by an {1012}, twin was observed in the Ti—-Hf alloys. The origin of this behavior
can be explained on the basis of twinning shear S. The magnitude of S ofa {1011}, twin
is smaller than that of a {1012}, twin, as deduced from the c/a ratio of the lattice
parameters [38,39], indicating that a {1011}, twin is more likely to form than a {1012}’
twin (Table 3). However, the {1341}, twin shown in Fig. 7(g,h) was observed even
though the magnitude of S for the {1341}, twin is larger than that of {1012}, twin.
Therefore, an alternative origin of twin formation is related to martensitic transformation
in the bce-based alloy. It is well known that {110}scc planes shear in the <110>pe
directions [1]. That is, the {0001}, basal plane becomes a shear plane, suggesting that
the transformation strain would accumulate on the {0001}y basal plane. In the case of a
{1012} twin, for example, the basal plane of CV1(2) is orthogonal to that of CV7(8).
Thus, a combination of CVs with the {1012}, twin relationship could not easily relax the
transformation strain accompanying the shear during the martensitic transformation.
Therefore, pairs of CVs bounded by a {1011}, twin are more common in the present Ti—
Hf alloys. In addition, these observations are in agreement with the slight strain
distribution at the interface between CVs, as shown in the results of Fig. 3(f) and Fig. 5(e).
Consequently, the finer CVs would be generated from the interfaces of the larger CV with



a step-like boundary to relax the transformation strain; that is, the step-like boundary is
considered to not be an impinged CV interface but the formation site of a CV. Similarly,
the triangular-shaped CVs bounded by a {1011}, twin would first form and the finer
twins would be generated from the step-like boundaries, as indicated by the yellow arrows
in Fig. 7(a). Here, no twin exists within each finer CV, including the triangular-shaped
one. According to the phenomenological theory of martensite crystallography, under the
conditions where #1 is approximately 1 and #> and #3 are greater than and less than 1,
respectively, no transformation twin within one CV is required to relax the strain during
martensitic transformation [40,41]. Therefore, the finer CVs smaller than approximately
1 pm, including the triangular-shaped CVs, would not have an LIS except for the larger
CV several micrometers in length. This finding suggests that the finer CVs accommodate
the transformation strain by forming a pair of CVs bounded by a {1011}, twin.
Consequently, in the formation process of martensite variants shown in Fig. 9, a larger
CV with a plate-like morphology is first formed with a {1011}, twin (i) as an LIS in a 8
parent phase; the finer twins (ii) bounded by a {1011}, twin are then generated from the
step-like boundary, followed by the formation of twin (iii) to relax the transformation
strain as a CV pair with twin (ii). The volume fraction and distribution of the larger and
triangular-like CVs likely depend on the grain size of the bce parent phase and the heat-

treatment conditions [42], which our group is currently studying.

Summary

We investigated the morphological and crystallographic features of o’ martensite variants
in Ti-25 at% Hf and Ti-50 at% Hf alloys by TKD and TEM. The formation process of o'
martensite and the self-accommodation were also discussed on the basis of the results,
which are summarized as follows:

1. Ti-25 at% Hf and Ti-50 at% Hf alloys solution-treated and then cooled in the furnace
were composed of granular a (hcp) phase grains of several micrometers, formed by a
diffusion process. Both solution-treated alloys, after quenching in ice water, consisted of
o' martensite. Their lattice parameters were refined as follows:

Ti-25 at% Hf alloy; a: @ =0.303 nm, ¢ = 0.478 nm, " a = 0.304 nm, ¢ = 0.480 nm
Ti-50 at% Hf alloy: a: @ =0.310 nm, ¢ = 0.490 nm, a": a = 0.311 nm, ¢ = 0.490 nm

2. The o' martensite was composed of a larger plate-like morphology several micrometers
in length and a finer one tens of nanometers in width. The formation of {1011}, twins
was induced within a CV as an LIS. The {1011}, twins were also the boundaries bounded
by two neighboring CVs.



3. In the formation process of martensite variants of the Ti—Hf alloys, a larger CV with a
plate-like morphology is first formed with a {1011}, twin as an LIS in a 8 parent phase
and the finer CVs are generated from the step-like boundary with a {1011}, twin plane,
followed by the formation of a pair of CVs with a {1011}, twin to relax the
transformation strain. This mechanism indicates that the WQ-TiHf alloys have a typical

feature of thermoelastic martensitic transformation.
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Figure Captions

Table 1  Lattice parameters and reliability of the fitting results for the o and o' phase
for the Ti-25 at% Hf and Ti-50 at% Hf alloys solution-treated at 1223 K and 1523 K,
respectively, followed by furnace cooling and water quenching, which were refined using

the Pawley method.
Table 2  Lattice correspondence between the f parent phase and the o’ martensite.

Table 3  Twinning shear of {1011}4, {1012}, and {1341}, twins, based on the c/a
ratio of the lattice parameters.

Fig. 1  Room-temperature XRD patterns of the Ti-25 at% Hf and Ti-50 at% Hf alloys
solution-treated at 1223 K and 1523 K, respectively, followed by furnace cooling and

water quenching.

Fig.2  a, b Bright-field images of the Ti-25 at% Hf and Ti-50 at% Hf alloys solution-
treated at 1223 K and 1523 K, respectively, followed by furnace cooling. ¢, d Bright-field
images of the Ti-25 at% Hf and Ti-50 at% Hf alloys solution-treated at 1223 K and 1523

K, respectively, followed by water quenching.

Fig. 3  a Image quality map and b inverse pole figure with a confidence index value
greater than 0.1 for the a' phase in the Ti-25 at% Hf alloy solution-treated at 1123 K
followed by water quenching, respectively, as obtained by transmission Kikuchi
diffraction. ¢ Variant map and d area fraction of each CV based on the lattice
correspondence, respectively. e Pole figure recorded on the {1011}, plane in the red
rectangular-shaped area in ¢. f Grain reference orientation deviation map corresponding

to c.

Fig. 4  a Bright-field image of the Ti-25 at% Hf alloy solution-treated at 1123 K
followed by water quenching. b, ¢, d Selected-area diffraction patterns corresponding to

boundaries B, C and D in a, respectively.

Fig. 5  a Image quality map and b inverse pole figure with a confidence index value
greater than 0.1 for the o' phase in the Ti-50 at% Hf alloy solution-treated at 1523 K
followed by water quenching, respectively, as acquired using transmission electron

microscopy-automated crystal lattice orientation mapping analysis. ¢ Variant map and d

14



area fraction of each CV based on the lattice correspondence, respectively. e Grain

reference orientation deviation map corresponding to c.

Fig. 6  a Image quality map and b inverse pole figure with a confidence index value
greater than 0.1 for the o' phase in the Ti-50 at% Hf alloy solution-treated at 1523 K
followed by water quenching, respectively, as acquired using transmission electron
microscopy-automated crystal lattice orientation mapping analysis. ¢ Variant map and d
area fraction of each CV based on the lattice correspondence, respectively. e Grain

reference orientation deviation map corresponding to c.
Fig.7  a, d, f Bright-field images of the Ti-50 at% Hf alloy solution-treated at 1323 K
followed by water quenching. b, ¢, e, g Selected-area diffraction patterns corresponding

to boundaries B and C in a, E in d and G in f, respectively.

Fig. 8  Schematic illustration of the orientation relationship between CV1(2) and a
CV3(4), b CV5(6), ¢ CV9(10), d CV11(12), e CV7(8), respectively.

Fig. 9  Schematic illustration of the formation process of martensite variants in the Ti-
Hf alloy.
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Table 1  Lattice parameters and reliability of the fitting results for the o and o' phase
for the Ti-25 at% Hf and Ti-50 at% Hf alloys solution-treated at 1223 K and 1523 K,
respectively, followed by furnace cooling and water quenching, which were refined using
the Pawley method.

a(nm) c(nm) Ry, (%) S

Ti-25 at % Hf 1223K_FC 0.303  0.478 436 4.16
alloy 1223K. WQ 0304  0.480 1.65 1.52

Ti-50 at % Hf 1523K FC 0.310  0.490 3.08 1.31
alloy 1523K. WQ 0311  0.490 1.54 1.48
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Table 2  Lattice correspondence between the f parent phase and the o’ martensite.

Correspondence _

variant (0001),- [1120],
Vi (110)g 1113,
V2 (110)g [1T1];
Cv3 (011), [1T1];
cva (011), [111];
Cvs (101); [T11],
Cve (101); [111],
V7 (110), [111],
Cvs (110), [11T],
CV9 (011), [111],
CV10 (011)g 1111,
CVil (101), [111];
Cvi2 (101), [111],
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Table 3  Twinning shear of {1011}4, {1012}, and {1341}, twins, based on the c/a

ratio of the lattice parameters.

(1011} {1012} {1341}

Ti-25 at% Hf alloy 0.0888 0.1854 0.6585

Ti-50 at% Hf alloy 0.0852 0.1897 0.6588
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Fig. 1  Room-temperature XRD patterns of the Ti-25 at% Hf and Ti-50 at% Hf alloys
solution-treated at 1223 K and 1523 K, respectively, followed by furnace cooling and

water quenching.
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Fig.2  a, b Bright-field images of the Ti-25 at% Hf and Ti-50 at% Hf alloys solution-
treated at 1223 K and 1523 K, respectively, followed by furnace cooling. ¢, d Bright-field
images of the Ti-25 at% Hf and Ti-50 at% Hf alloys solution-treated at 1223 K and 1523

K, respectively, followed by water quenching.
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Fig. 3  a Image quality map and b inverse pole figure with a confidence index value
greater than 0.1 for the o’ phase in the Ti-25 at% Hf alloy solution-treated at 1123 K
followed by water quenching, respectively, as obtained by transmission Kikuchi
diffraction. ¢ Variant map and d area fraction of each CV based on the lattice
correspondence, respectively. e Pole figure recorded on the {1011}, plane in the red
rectangular-shaped area in ¢. f Grain reference orientation deviation map corresponding

to c.
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Fig. 4  a Bright-field image of the Ti-25 at% Hf alloy solution-treated at 1123 K
followed by water quenching. b, ¢, d Selected-area diffraction patterns corresponding to

boundaries B, C and D in a, respectively.
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Fig. 5  a Image quality map and b inverse pole figure with a confidence index value
greater than 0.1 for the o' phase in the Ti-50 at% Hf alloy solution-treated at 1523 K
followed by water quenching, respectively, as acquired using transmission electron
microscopy-automated crystal lattice orientation mapping analysis. ¢ Variant map and d
area fraction of each CV based on the lattice correspondence, respectively. e Grain

reference orientation deviation map corresponding to c.
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Fig. 6  a Image quality map and b inverse pole figure with a confidence index value
greater than 0.1 for the o' phase in the Ti-50 at% Hf alloy solution-treated at 1523 K
followed by water quenching, respectively, as acquired using transmission electron
microscopy-automated crystal lattice orientation mapping analysis. ¢ Variant map and d
area fraction of each CV based on the lattice correspondence, respectively. e Grain

reference orientation deviation map corresponding to c.
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Fig.7  a, d, f Bright-field images of the Ti-50 at% Hf alloy solution-treated at 1323 K
followed by water quenching. b, ¢, e, g Selected-area diffraction patterns corresponding

to boundaries B and C in a, E in d and G in f, respectively.
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Fig. 8  Schematic illustration of the orientation relationship between CV1(2) and a
CV3(4), b CV5(6), ¢ CV9(10), d CVI1I1(12), e CV7(8), respectively.
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Fig. 9  Schematic illustration of the formation process of martensite variants in the Ti-
Hf alloy.
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