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ABSTRACT

Heterogeneous precipitation and hence the distribution of o and 8 phase in o+ titanium alloys can
impact strongly on alloy mechanical properties. The 8 phase is commonly observed to precipitate het-
erogeneously at boundaries between o’ martensite plates and dislocations inside the martensite, espe-
cially in the additively manufactured o+ titanium alloys, with a Burgers orientation relationship with
the surrounding matrix phase. Here, we report an interesting phenomenon in a Ti-4wt%Mo alloy where
the B phase precipitates heterogeneously on Mo-segregated {1011} fully coherent twin boundaries (CTBs)
within o’ martensite, with an unusual Potter orientation relationship with «’. We find that the CTB has
a structure resembling that of the 8 phase and that Mo segregation in the CTB leads to an unusual out-
of-plane shift of the segregated atomic columns that makes the local structure almost identical to the S
structure, hence serving as a template for 8 precipitation with the unique orientation relationship. Our
findings reveal a novel mechanism via which the distribution of 8 precipitates can be manipulated ef-
fectively for better mechanical properties and could be extended to a group of Ti alloys including the

current workhorse alloy Ti-6Al-4V and more broadly to other engineering alloys.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Titanium and its alloys have received considerable attention
in the past few decades due to their widespread applications in
aerospace, chemical and marine industries [1-3]. Most titanium
alloys used in the aerospace industry are comprised of o and S
phases, known as o+ titanium alloys. These alloys usually have
poor comprehensive mechanical properties in as-quenched con-
dition due to the formation of martensite during quenching. De-
sirable mechanical properties are usually achieved through the
decomposition of martensite in subsequent heat treatment pro-
cesses [4,5]. The products of martensite decomposition are o and
B phases. By adjusting the morphology, spatial distribution and
volume fraction of the two phases, the a+8 alloys offer a range
of combinations of strength, toughness, and high temperature per-
formance [6-13]. In order to precisely control the formation of o
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and B phases in the o+ titanium alloys and thus tailor the me-
chanical properties of the alloys, it is essential to understand the
phase transformation mechanisms from the martensite to & and 8
phases.

o’ (hexagonal, space group P63/mmc, a=0.293 nm, c=0.467 nm
[14]) is one of the most common martensite in the quenched o+f
titanium alloys and it has a lenticular or plate shape and con-
tains a high density of crystallographic defects such as twin bound-
aries, stacking faults and dislocations [3,15]. The formation of B
(body-centered cubic, space group Im3m, a=0.331nm [26]) dur-
ing a’ martensite decomposition has been studied since the 1970s
[16] and is receiving increasing attention in the past 5-10 years
due to the rapid development of additively manufactured o+f ti-
tanium alloys [4,17-25]. The as-built alloys are usually comprised
of o’ martensite and have relatively poor mechanical properties,
and many attempts have been made to investigate the relationship
between «’ martensite decomposition and mechanical properties
[4,17-22]. However, studies on the mechanisms of the martensite
decomposition and B formation mechanism are relatively less, es-
pecially at the atomic scale, even though the atomistic understand-


https://doi.org/10.1016/j.actamat.2022.118466
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2022.118466&domain=pdf
mailto:msong@csu.edu.cn
mailto:jianfeng.nie@monash.edu
https://doi.org/10.1016/j.actamat.2022.118466

C. Liu, X. Hu, L. Qi et al.

ing of the B formation mechanism is critical to further improve-
ment in the distribution of 8 and hence mechanical properties.

The previous studies [4,19-25] revealed that the spatial distri-
bution and morphology of B phases formed during o’ martensite
decomposition vary with the ageing temperature and time. The
orientation relationship (OR) between the 8 phase and o’ marten-
site is such that Burgers orientation OR, i.e., [111]z // [1210], and
(101)g [ (0001),, [16], which is also widely accepted to exist be-
tween B and « in all titanium alloys [2,3,7]. Note that «’ has al-
most the same lattice structure and lattice parameters as « (hexag-
onal, space group P63/mmc, a=0.295nm, c=0.468 nm) [14,26]. o’
can be actually regarded as the supersaturated ¢, and the decom-
position of &’ into « and B can be considered as precipitation of 8
from the supersaturated o matrix. A recent study [27,28] reported
that the formation of B phase inside o’ or o matrix is mediated
by an intermediate structure. In contrast to the intra-granular pre-
cipitation of B, the inter-granular precipitation, e.g., precipitation
at twin boundaries, is more representative of heterogeneous phase
transformations that is vital to the distribution of precipitates and
then the mechanical properties of the metallic alloys. Such as the
heterogeneous precipitation of precipitates on dense twin bound-
aries lead to the change of the morphology and distribution of
precipitates, resulting in a noticeable improvement in mechanical
properties in magnesium alloys [29]. An exciting paper [30] re-
ported the possibility of forming a massive amount of nanotwins
and hence twin boundaries in hexagonal Ti. Therefore, if the 8
phase could heterogeneously precipitate on the twin boundaries in
the o/ martensite, its distribution would be dramatically changed
by introducing dense nanotwins. However, the 8 has only been ob-
served to heterogeneously precipitate on the interfaces between
martensite plates and at dislocations inside martensite [2,16,21].
Whether its heterogeneous precipitation occurs on twin bound-
aries and the underlying mechanism remain unclear.

In this paper, we use atomic-resolution high-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM) and first-principles calculations to study this issue in a
model titanium alloy containing 4 wt% molybdenum (Mo) (Mo is
a typical B stabilizing element). We find that the 8 phase pre-
cipitates heterogeneously on Mo-segregated {1011} fully coherent
twin boundaries (CTBs) within o’ martensite, with an unusual Pot-
ter OR with «’. We also find that the CTB has a structure resem-
bling that of the 8 phase and that Mo segregation in the CTB leads
to an unusual out-of-plane shift of the segregated atomic columns
that makes the local structure almost identical to the 8 structure.
Hence, the solute segregated CTB serve as a template for 8 precip-
itation with the unique OR.

2. Experimental procedures and computation method

Alloy with a nominal composition of Ti-4wt%Mo (wt% is used in
the whole paper) was prepared from high-purity Ti and Mo met-
als by vacuum induction melting. Small samples cut from the ingot
were heated to 900 °C (8 phase region) and kept for 1 h to acquire
the complete 8 phase, and then water quenched to room temper-
ature to induce martensitic phase transformation and acquire o’
martensite. After that, the samples were aged at 400 °C for 4 h,
550 °C for 8 h, or 550 °C for 48 h. All specimens for HAADF-STEM
observations were prepared by mechanical polishing to 60-80 um
and then twin-jet electropolishing at —25 °C. The twin-jet solu-
tion is comprised of 60% methanol, 35% butanol, and 5% perchlo-
ric acid. HAADF-STEM and energy-dispersive X-ray spectroscopy
(EDXS) characterizations were carried out in a Cs-corrected FEI Ti-
tan G2 60-300 ChemiSTEM and Spectra 300 (C-FEG) operated at
300KkV and equipped with four windowless silicon-drift X-ray de-
tectors. A 15 mrad convergence semi-angle and an inner-collection
semi-angle of 57 mrad were used for HAADF imaging. The atomic-
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resolution HAADF-STEM images were processed via masking the
diffraction spots in its FFT patterns and then inversely transform-
ing using Gatan Digital Micrograph software package. In addition,
a geometric phase analysis (GPA) plug-in package running in the
Gatan Digital Micrograph was used to show the strain map around
misfit dislocation.

To rationalize the segregation of solute atoms and under-
stand the origin of preferential precipitation of B phase at
{1011} CTB, first-principles calculations were employed, which is
based on density functional theory (DFT) and performed within
the Vienna Ab Initio Simulation Package (VASP) code [31] and
uses the Generalized-Gradient Approximation exchange-correlation
functional of Perdew-Burke-Ernzerhof [32]. Atoms were treated
using projector augmented-wave (PAW) pseudopotentials [33,34].
The cut-off energy was set at 380eV. The convergence accuracy
for the electronic self-consistency was fixed at 10~ eV per cell and
the optimization of the atomic geometry was performed until the
residual forces were less than 10~2 eV/A. The k-point grid was con-
structed using the Monkhorst-Pack scheme [35].

Regarding the calculations of segregation energies of solute
atoms in (1011) CTB, a supercell containing two (1011) CTBs with
a separation distance of 11 (1011) planes was constructed, Fig. 9a.
The supercell was relaxed using the k-point meshes of 9 x 34 x
2. The supercell lattice parameter normal to the CTB was set to
be free to vary, while the other two lattice parameters parallel to
the CTB were fixed to a multiple of bulk HCP Ti lattice constants
to avoid the effect of high number density CTBs that is artificially
introduced in the supercell. The segregation energies (Eseg) of dif-
ferent solute atoms occupying the compression or extension site
were calculated using the following equation:

Eseg = {[Erwin (TiN—me) - Etwin (TiN)]
—M[Epy (Ting—1X) — Epuic (Tim) 1}/m, (1)

where Egin(Tin.mXm) and Eg,i,(Tiy) are the total energies of super-
cells with and without segregated solute atoms in the CTB, respec-
tively, Ep,i(Tip.1X) and Epyp(Tip) are the total energies of matrix
supercell with and without dissolved solute atoms, respectively, N
and M are the numbers of atoms of the supercell containing two
CTBs and the o’ matrix supercell, respectively, m is the number of
solute atom.

To determine the preferential position of the 8 structural unit,
elastic strain energies caused by the B structural unit at different
positions were initially calculated using the supercell in Fig. 11a.
The k-point meshes was set to be 4 x 34 x 2 for the geometrical
relaxation. When the § structural unit was put into the supercell,
all atoms in the B structural unit were fixed during relaxation. The
elastic strain energies caused by the S structural unit was given
by:

Ee = Efinul - Einitials (2)

where Ejyirig and Egpq are the total energies of the supercells be-
fore and after the B structural unit forms. To obtain the prefer-
ential formation position of the B structural unit, the difference
of elastic strain energies (AE) caused by the B structural unit at
different positions was calculated according to the following equa-
tion:

AE =E,_x—E, o, (3)

where E..x and E., are the elastic strain energies caused by the
B structural unit formed at positions near the (1011) CTB and ma-
trix (reference state), respectively. In this study, x could be 1 to 7 in
Fig. 11a. To determine the position of the B structural unit in the
reference state, the elastic strain energies caused by the B struc-
tural unit at different distances from the CTB were calculated, and
when the elastic strain energy hardly changes with the increase in
distance from the CTB, the corresponding position was defined to
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Fig. 1. (a) Bright-field image showing (1011) transformation twins within o’ martensite in an as-quenched sample. Inset is the corresponding selected area electron diffrac-
tion (SAED) pattern. (b) Low-magnification and (c) atomic-resolution HAADF-STEM images showing (1011) CTBs in the as-quenched sample. Letter T represents transforma-

tion twin in o’ martensite. Electron beam is parallel to [1210], zone axis.

be the position of the 8 structural unit formed in reference state,
marked by number O in Fig. 9a.

3. Results
3.1. Characterizations of Mo segregation and B precipitation

Fig. 1a shows a bright-field (BF) image of an internally twinned
o’ martensite plate viewed along the [1210]a/ zone axis in an as-
quenched Ti-4Mo alloy. Many (1011) transformation twins with
a width of 5-30nm are visible within the martensite plate. This
is similar to those observed in some as-quenched or as-additive-
manufactured o+ titanium alloys [17,36,37]. Fig. 1b shows a low-
magnification HAADF-STEM image of a (1011) twin within the
martensite plate. Its width is ~20nm, and its two CTBs are very
straight and strictly parallel to each other, which is different from
deformation twins that usually have a lenticular shape and con-
tain many steps on the otherwise fully coherent TBs [38,39]. Ac-
cording to the atomic-resolution HAADF-STEM image of one of the
CTBs, Fig. 1c, the CTB has a similar brightness as the twin and the
martensite, indicating the apparent absence of Mo segregation in
the CTB in the as-quenched condition, since the brightness of a
HAADF-STEM image is approximately proportional to the square of
atomic number and Mo (42) has a much higher atomic number
than Ti (22).

Fig. 2a shows a low-magnification HAADF-STEM image of a
(1011) twin in a sample at a very early stage of ageing. Obvi-
ously, the two CTBs have a much higher brightness than the «’
martensite, suggesting that Mo segregation has occurred in these
two CTBs. The Mo segregation is further supported by the EDXS
analysis, Fig. 2b. Fig. 2c shows an atomic-resolution HAADF-STEM
image of one of the two CTBs. The Mo-rich columns are distributed
periodically in the CTB. Fig. 2d shows a hard-sphere model of a
(1011) CTB. Extension and compression sites are distributed alter-
nately in the CTB. Careful comparison of atomic arrangements sur-
rounding the Mo-rich columns, Fig. 2¢, and those surrounding the
compression and extension sites, Fig. 2d, reveals that the Mo atoms
segregate to the compression sites.

Fig. 3a shows a low-magnification HAADF-STEM image of a
(1011) twin in a sample at a subsequent stage of ageing. Many
precipitates are detected on (1011) CTBs. They have an elliptical
shape with their major axis parallel to the CTB. Fig. 3b shows the
atomic resolution HAADF-STEM image of a small precipitate. Ac-
cording to its corresponding fast-Fourier transform (FFT) pattern,
Fig. 3c, the precipitate is determined to be 8 phase. This is un-
expected as the heterogeneous precipitation of 8 phase was tra-
ditionally considered to occur on interfaces between martensite

plates or on dislocations inside the martensite plates [2,16]. Care-
ful analysis of the FFT reveals that the OR between the f precip-
itate and the o’ martensite and its transformation twin is such
that (011)g // (1011),,7 and [111]g [/ [1210],/, also known as
the Potter OR, which is clearly different from the traditionally re-
ported Burgers OR that is in the form of {101} // {0001}, and
(I11)g |/ (2110), [3,16,37]. The stereographic projection of the
Potter OR, shown in Fig. 4, indicates that the angle between the
{101} and (0001 )a//T in this OR is ~1.4°. In addition, the 8 phase
have a higher brightness than the martensite, implying that they
have a higher Mo concentration. The Mo concentration in the B
phase was measured to be approximately 19.5 £2.5 at.%, based on
the quantitative EDXS analyses of 10 particles. This is reasonable
since Mo is a typical B stabilizing element and it has a strong ten-
dency to partition to the 8 phase. Above and under the precipitate
in Fig. 3b, (1011) CTBs are still detectable, but Mo segregation has
disappeared. This is expected since the formation of the 8 precip-
itate would attract Mo atoms, resulting in a Mo-depletion region
surrounding the precipitate. Connecting the (1011) CTBs above and
under this precipitate, there is a straight line, as indicated by the
purple dashed line in the middle of the precipitate, which proves
that the 8 precipitate forms exactly on the coherent region of the
(1011) twin boundary, i.e., (1011) CTB.

Fig. 3d shows an enlarged HAADF-STEM image of the top
trigeminal boundary of the 8 phase, &’ martensite and its trans-
formation twin, as marked by yellow dashed frame 1 in Fig. 3b.
Yellow dashed lines represent the boundaries between the 8 phase
and the o//twin. Across the boundaries, the 8 phase and «’/twin is
coherent and the misfit between the (011)4 and (1011), planes
is measured to be about 2.5%, assuming that a=0.293 nm for the
o martensite [26]. The (1011) CTB is parallel to (011)4, and the
atomic arrangement in the CTB and the (Oﬁ)ﬁ plane is atomi-

cally flat. At both sides of the CTB, atoms in the (1011)01, planes
have a wave-like arrangement, as shown by the red and white dots
at the left and right sides of the CTB. Careful inspection indicates
that three atomic columns near the CTB, marked by red arrows
in Fig. 3d, are displaced slightly from their original positions in
the (1011)0/ planes to the corresponding positions in the (Oli)ﬁ
plane. Fig. 3e shows an enlarged HAADF-STEM image of the in-
terphase boundary between the f phase and the transformation
twin, as marked by the yellow dashed frame 2 in Fig. 3b. This in-
terface is also coherent and the lattice misfit between the (101)g
and (0001); planes is measured to be ~1.6%. Careful measurements
indicate that the (101)g plane is 1.4° away from the (0001)r plane,
which is consistent with the Potter OR, Fig. 4. Fig. 3f shows an
enlarged HAADF-STEM image of the interphase boundary between
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Fig. 2. (a) Low-magnification HAADF-STEM images showing (1011) CTBs in a sam-
ple aged at 400 °C for 4 h. (b) EDXS-STEM map of the right (1011) CTB in (a)
showing higher Mo concentration at the CTB. (c) Atomic-resolution HAADF-STEM
image showing the periodic distribution of Mo-rich columns in the CTB. Inset in (c)
shows the enlarged image around the Mo-rich column marked by yellow arrow in
(c). Electron beam is parallel to [1210], zone axis. (d) Schematic diagram showing
structural model of (1011) CTB in o’ lattice. Dashed purple and blue circles repre-
sent periodic atomic sites in «’ martensite and its transformation twin, respectively.
Letters E and C represent extension and compression sites in the CTB, respectively.

the B phase and the martensite, as marked by the yellow dashed
frame 3 in Fig. 3b. The interfacial structure and OR between the
B phase and the twin are identical to those between the 8 phase
and the martensite.

Although there is a small misfit between (101)g and (0001),,,
this misfit can still cause large misfit strain over long range in the
interface, which leads an array of misfit dislocation to be generated
to accommodate the strain. Fig. 5a shows a large B phase formed
on a (1011) CTB. It also has a Potter OR with the martensite and
the twin. Careful inspection indicates that there are two misfit dis-
locations distributed in the SB/twin interface and two misfit dislo-
cations distributed in the B/matrix interface. The half atomic plane
of one of misfit dislocations in the B/twin interface, as marked by
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the yellow dashed frame in Fig. 5a, is shown clearly in its cor-
responding inverse fast-Fourier transform (IFFT) image in Fig. 5b.
The compressive and tensile strain regions caused by the misfit
dislocations are shown in Fig. 5c. According to our measurements,
the separation distances of misfit dislocations in the 8/twin inter-
face and B/matrix interface are 98 d(0002) and 79 d(0002), re-
spectively. The difference of their separation distances is probably
caused by the difference of local Mo concentration in the 8 phase,
since solution of Mo in 8 phase can lead to a decreased lattice pa-
rameter, and the more Mo solute atoms dissolve into the 8 phase,
the lower its lattice parameter is.

Since the Potter OR is a kind of unusual OR between the 8 and
the o’ martensite, it is necessary to investigate if it would be re-
placed by the Burgers OR, with the extension of the ageing time,
as the Burgers OR has been frequently reported to form in tita-
nium alloys [2,3,7]. Fig. 6 shows two larger S precipitates formed
on (1011) CTBs in a sample that is aged to a later stage. The S
precipitate, marked by the red arrow in Fig. 6a, has a length of
~90nm, and its major axis is parallel to the CTBs. The length of
the B precipitate, marked by the orange arrow in Fig. 6d, is ap-
proximately 120nm, and its major axis deviates slightly from the
CTBs. According to our observations, the S precipitate in Fig. 6a is
still on the CTB, while the § precipitate in Fig. 6d is a retained one,
around which the twin and CTB have disappeared after the long-
time ageing. Even so, these two 8 precipitates still have the Potter
OR with the martensite, as shown in Fig. 6b, ¢, e and f. This sug-
gests that the Potter OR between the 8 and the martensite is rela-
tively stable, and it remains during growth or coarsening of the 8
precipitates, even when the CTB has disappeared after a long pe-
riod of ageing. Note that the B phases formed directly from the
martensite and those formed at dislocation within the martensite
and at the interface between two martensite plates all have the
Burgers OR with the martensite, as shown in Figs. 7 and 8.

3.2. Rationlizations of Mo segregation and f8 precipitation

From the point of view of elastic strain minimization, the Mo
segregation at compression site in {1011} CTBs seems to be ex-
pected because Mo atom (atomic radius: 0.136 nm [40]) is smaller
than Ti atom (atomic radius: 0.147 nm [40]). Since it has been re-
ported in a recent study [41] that chemical bonding can also be the
major factor for the occurrence of solute segregation in CTBs, it is
necessary to examine the segregation energies of Mo segregated to
the compression or extension sites in the CTB to rationalize the Mo
segregation phenomenon. Fig. 9a shows a supercell used to calcu-
late segregation energies of Mo at compression or extension site
in a (1011) CTB. Different Mo occupancies in a single column of
extension or compression is considered in this study, as in some
cases solute occupancy can significantly affect the solute segrega-
tion behavior at CTB [41]. The first-principles calculation results,
Fig. 9b, show that segregation energy values are negative when Mo
segregates to the compression sites, and that the minimum segre-
gation energy is reached when the Mo occupancy in a single com-
pressed column is 100%. These results indicate that it is energet-
ically favored for Mo to segregate to compression sites, and that
Mo tends to occupy all of the Ti sites in each of the compressed
columns.

In order to understand the formation mechanism of 8 structure
on the (1011) CTB, the relaxed structure of a (1011) CTB without
Mo segregation is firstly inspected along [1210]0,,, Fig. 10a. To ex-
amine the relationship between the (1011) CTB and the B struc-
tures, a relaxed B structural unit is shown in Fig. 10b. Note that
20 at.% Mo atoms were randomly put into the g structure dur-
ing its geometrical relaxation since the Mo concentration in the 8
phase was measured to be approximately 20 at.%. Careful inspec-
tion reveals that the atomic arrangement surrounding the com-
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Fig. 3. (a) Low-magnification HAADF-STEM image showing B precipitates formed on (1011) CTBs in a sample aged at 550 °C for 8 h. (b) A small 8 phase formed on a
(1011) CTB in the sample and (c) its corresponding FFT pattern. (d—f) Enlarged HAADF-STEM images of regions marked by yellow dashed frames 1 to 3 respectively in (b)
showing the interfacial structures between the B phase, «’ martensite and transformation twin. Red and white dots indicate positions of atomic columns in different layers
in the martensite and the twin along the viewed direction, and yellow, blue and sky-blue dots indicate positions of atomic columns in 8 precipitate in different layers along
the viewed direction. Three red arrows in (d) indicate three columns that has transformed from the martensite and twin lattices into § lattice. Yellow dashed lines in (d-f)

represent interphase boundaries. Electron beam is parallel to [1210]0,/[111],;.

pression site in the (1011) CTB is similar to that of the 8 struc-
tural unit, i.e., the surrounding six atoms of the compression site
in the (1011) CTB and those of the central atom in the 8 structural
unit are both distributed alternately in two different planes, three
in the same plane and constituting a triangle, Fig. 10a and b. Thus,
it is reasonable to speculate that the structure surrounding each of
the compression sites in the (1011) CTB could potentially serve as
a template for the formation of the § structural unit and hence in-
duce the B precipitation if the atoms located in the compression
site could be further changed to the positions of the g structure.
As Mo segregation at the compression sites occurs before 8 nu-
cleation, Fig. 2, it is necessary to investigate the impact of Mo seg-
regation on the structure of the (1011) CTB. Fig. 10c shows the
relaxed structure along [121010/ where all Ti atoms in the com-
pressed columns are substituted by Mo atoms. By comparing the
surrounding structure of a compression site in the CTB without and
with Mo segregation, Fig. 10a and c, it is found that the Mo segre-
gation slightly changes the atomic bond lengths in the two trian-
gles surrounding the compression site. For the atomic bond lengths
in the triangle constituted by the orange atoms, they are changed
from 4.81, 4.68 and 4.68A to 4.45, 4.46 and 4.46 A, respectively.

The changed bond lengths are obviously closer to that (4.54A) of
atoms in the equilateral triangle constituted by the green atoms
in the B structural unit. For the atomic bond lengths in the trian-
gle constituted by the yellow atoms, one of the three bond lengths
decreases from 4.20 to 4.13 A, which is a little further away from
the atomic bond length of 4.54A in the 8 structural unit, but the
other two bond lengths are increased from 4.32 to 4.40 A, closer to
that of the edge length of the equilateral triangle. Thus, the over-
all change of atomic bond lengths in this triangle could also be
regarded as being slightly closer to those of the triangle consti-
tuted by the sky-blue atoms in the B structural unit. Therefore,
the Mo segregation at the compression sites could result in the
bond lengths of its surrounding atoms in the two different planes
(normal to [1210]0/) closer to those of atoms in the S structural
unit.

To demonstrate the impact of Mo segregation on the atomic
column shift within the (1011) CTB, Fig. 10d and e show the
atomic arrangements within the (1011) CTB without Mo segre-
gation and the (Oli)ﬂ plane, respectively. As atoms within the
(1011) CTB are at two different planes along [1210] and atoms
within the (Oli)ﬁ are located at three different planes along
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(110)4(10
(1010),

Fig. 4. Stereographic projection showing the Potter orientation relationship be-
tween B phase, o’ martensite and twin. (101)g is at 1.4° to (0001),s and (110) is
at 1.4° to (0001),.

Fig. 5. (a) HAADF-STEM image showing a relatively large S phase formed on a
(1011) CTB in a sample aged at 550 °C for 8 h. (b) IFFT image of the area marked by
yellow dashed frame in (a) showing a misfit dislocation in B/twin interface. Inset
in (b) is the corresponding FFT pattern of the area. (c¢) GPA strain map calculated
in the direction normal to (0001); plane showing the compressive and tensile strain
regions of the interfacial dislocation in (b). Symbol L represents a misfit dislocation.
Electron beam is parallel to [1210],,.

[111]4, the transformation from (1011) CTB to (011)g plane in-
evitably involves an atomic displacement or shuffle (~0.70 A) along
[1210] direction for atoms in compression columns in Fig. 10d.
When Mo atoms segregate to the compressed columns and sub-
stitute for all Ti atoms, an out-of-plane shift of the segregated Mo
atoms in each column occurs after relaxation, as indicated by the
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red arrows in Fig. 10f. Interestingly, this shift moves the segre-
gated Mo atoms to almost the middle plane of its left and right
atoms along [1210]0/ direction. As a result, the atomic shift that
is needed for the formation of the (011)g plane is dramatically

decreased from 0.70 A down to 0.04 A, indicating that the Mo seg-
regation makes the atomic arrangement on the (1011) CTB much
closer to that on the (Oli)ﬁ. Fig. 10g-j show the overlapped struc-
tures of the B structural unit and the (1011) CTB without and
with Mo segregation. While the atoms located in the six columns
surrounding the compression site column (marked by letter C) are
closer to the positions corresponding to the 8 structural unit, with
the Mo segregation in the compression site column, the most strik-
ing change caused by the Mo segregation is the shift of atoms lo-
cated in the compression site column to the positions almost cor-
responding to those of the B structural unit, as marked by the blue
arrows in Fig. 10h and j. This finding further demonstrates that the
occurrence of Mo segregation in the (1011) CTB can adjust the CTB
structure almost to the structure of 8. Note that Mo segregation in
the CTB also leads to high Mo concentration in local regions. This
provides the chemical environment needed for the 8 precipitation.
Therefore, Mo segregation is structurally and chemically beneficial
for the formation of B8 and hence its precipitation.

To compare the difficulty of 8 nucleation in regions of the o’
martensite away from the (1011) CTB, first-principles calculations
were made to compare the elastic strain energies caused by the
formation of a 8 structure unit at different positions on a CTB or
away from the CTB in the martensite. Fig. 11a shows a (1011) CTB
supercell with Mo segregation. Seven different positions are chosen
around the CTB for the formation of 8 structural unit, and each po-
sition is consisted of seven atoms, one of them being at the center
and surrounded by the other six atoms. To simplify the following
descriptions, the central atoms of the seven different positions are
marked by numbers 1 to 7, Fig. 11a, and these positions are la-
beled by numbers 1 to 7, respectively. Considering that the § phase
formed on the (1011) CTB has a Potter OR with «/-martensite/twin
and the B phase formed within the martensite has a Burgers OR
[16], the calculations of the elastic strain energy caused by the S
structural unit, Fig. 11b, at different positions were made by taking
the change of OR into account. When the § structural unit forms
at the (1011) CTB, i.e., positions 1 and 2, the OR is set to be the
Potter OR. When the g structural unit forms within the marten-
site, i.e., positions 0, 5 to 7, the OR is set to be the Burgers OR.
As for the positions 3 and 4, both ORs are considered because they
are immediately adjacent to the CTB. Moreover, as the Mo segrega-
tion at the CTB provides a high Mo concentration, the 8 structural
units located at positions 1 to 4 are set to include 20 at.% Mo so-
lute, while those located at positions 0, 5 to 7 are not. According
to the calculated results, Fig. 11c, the elastic strain energy caused
by the B structural unit is the lowest when it forms at position 1,
which suggests that the formation of the 8 structural unit at posi-
tion 1, i.e., from the structure surrounding the compression site on
the CTB, is most energetically favorable. Note that the initial struc-
ture of B at the very early stage of its formation (e.g., the saddle
point configuration) may deviate from the perfect body-centered
cubic (BCC) crystal lattice according to the non-classical nucleation
theory. The calculated results may not quantitatively represent the
real energy change induced by the formation of 8 structural unit,
but qualitatively represent the difference of the elastic strain en-
ergies caused by the formation of a B structure unit at different
positions.

4. Discussion

The present paper demonstrates the occurrence of Mo segrega-
tion in the {1011} CTB in o’ martensite in a Ti-4Mo alloy at the
very early stage of ageing. While it is experimentally difficult to
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Fig. 6. (a, d) Low-magnification HAADF-STEM images showing 8 precipitates formed (1011) CTBs in samples aged at 550 °C for 48 h. The B precipitate marked by the
red arrow in (a) is a large one that is still on the CTB, while the B precipitate marked by the orange arrow in (d) is a retained one, around which the twin and CTB have
disappeared after long-time ageing. (b, e) Atomic-resolution HAADF-STEM images and (c, f) corresponding FFT patterns showing the Potter orientation relationship between
the 8 marked by the red arrow in (a) and the o’ martensite and between the S marked by the orange arrow in (d) and the o’ martensite.

Fig. 7. (a) Low-magnification HAADF-STEM image showing B precipitates in a sample aged at 500 °C for 8 h. (b) Atomic resolution HAADF-STEM image and (c) corresponding
FFT pattern of § at dislocation showing the Burgers orientation relationship between the 8 and o’ martensite. Green arrows in (a) mark dislocations. Electron beam is parallel
to [0001], . Note that the B precipitates formed directly from the martensite matrix is very similar to these formed at the dislocations.
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Fig. 8. HAADF-STEM images showing (a) a martensite boundary in an as-quenched sample, (b) B precipitate formed at a martensite boundary in a sample aged at 500 °C for
8 h, and (c) interfacial structure between the 8 in (b) and o’ martensite. Inset in (c) is the corresponding FFT pattern showing the Burgers orientation relationship between

the B and o’ martensite. Electron beam is parallel to [1210],.
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Fig. 9. (a) Supercell used to calculate segregation energies of Mo solute at com-
pression or extension site in (1011) CTB. Letters E and C represent extension and
compression sites in the CTB, respectively. (b) First-principles calculated segrega-
tion energies of Mo with different occupancies in a single extended or compressed
column in the (1011) CTB.

quantitatively acquire the Mo concentration in the {1011} CTBs be-
cause the Mo atoms are located in the single plane of the CTB, our
DFT calculation results suggest that it is energetically favored for
Mo to segregate to compression sites, and that Mo tends to occupy
all of the compressed columns, Fig. 9b. Therefore, theoretically the
maximum Mo concentration in the CTBs prior to 8 precipitation is
50 at.%. Mo segregation does not occur in the as-quenched sample,
Fig. 1b and ¢, which suggests that the Mo content in the CTB in the
as-quenched sample should be equal or similar to the Mo content
in the alloy, i.e., 4wt% (~2 at.%). However, the Mo concentration
in a CTB is expected to be in the range 2-50 at.% after ageing.
The Mo segregation phenomenon is similar to the periodic seg-
regation of solute atoms in CTBs in other hexagonal structures such
as magnesium alloys [41-43]. While the Mo segregation at com-
pression site changes the bond lengths of atoms surrounding the
compression atoms, Fig. 10c, a surprising change caused by the Mo
segregation is an out-of-plane shift of atoms in the whole com-
pression column, Fig. 10f. This is unusual, as solute segregation in
twin boundaries in other hexagonal alloys such as magnesium [41-
43] do not lead to any out-of-plane shift of solute atoms in the
compression or extension column, and it may be caused by the
Jahn-Teller splitting of the degenerated d states of Mo atom [44].
Mo segregation in the {1011} CTB is not a special case in Ti al-
loys, the segregation of solute atoms of other alloying elements in
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Fig. 10. (a) Relaxed structure of (1011) CTB without solute segregation. (b) Relaxed S lattice with 20 at.% Mo solute atoms distributed randomly in the 8. The Mo solutes
are not presented to get a clearer visualization in (b) and the pink regular hexagon marks a 8 structural unit. (c) Relaxed structure of (1011) CTB in which all Ti atoms
at compression sites are substituted by Mo atoms. (d, e) Right side views of the CTB in (a) and (011) plane in (b), respectively. (f) Right side view of the CTB with Mo
segregation in (c). Arrows in (f) represent the atomic out-of-plane shift during relaxation when Mo atoms substitute for all Ti atoms in the compression site columns. (g, i)
Overlapped structures of 8 structural unit in (b) and CTB structures in (a) and (c), respectively. Red dashed line in (g, h) represents the extension trace of (011) plane of the
B structural unit. (h, j) Right side views of the atoms in dashed blue frames in (g) and (i), respectively. Numbers in (g-j) represent the shift distances that the atoms around
the compressive site should make to form a g structural unit when the green atoms in the 8 structural unit and the orange atoms in the CTB are on the same plane. Blue
arrows in (h, j) mark the most striking change after the occurrence of Mo segregation. The units of distances between atoms are all given in A. Miller indices consisted of

three and four numbers are for S and «’, respectively.

the CTB is also expected. Fig. 12 shows the segregation energies of
five commonly used B stabilizing elements (V, Nb, Ta, Cr, Fe) in a
{1011} CTB with 100% occupancy. All these elements have smaller
atomic radius than Ti. The DFT calculation results show that V, Nb,
Cr, Fe may segregate to the compression site, which is consistent
with the minimization of elastic strain. Ta may segregate to the
extension site, which might be due to a strong chemical bonding
between the Ta solute and the surrounding Ti atoms of extension
site. This resembles the unusual segregation of Bi that has a larger
atomic radius than Mg to compression sites of {1011} CTB in mag-
nesium alloys [41]. Moreover, the segregation of these solute atoms
could change the atomic bond lengths surrounding the compres-

sion site in CTB as well, and in addition to Ta and Fe, the segrega-
tion of V, Nb or Cr could also lead to the occurrence of an out-of-
plane shift for the segregated atoms within the CTB, as shown in
Fig. 13, like Mo segregation.

It is also demonstrated in this study that heterogeneous precip-
itation of B phase on Mo-segregated {1011} CTBs in o’ martensite
occurs at the subsequent stage. This is complementary to hetero-
geneous precipitation of 8 phase on interfaces between martensite
plates or on dislocations inside the martensite plates [2,16]. The
precipitation of § is induced by the combined effect of the spe-
cific (1011) CTB structure in o’ and Mo segregation in the CTB.
The specific (1011) CTB structure is an intermediate state between
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site, while Ta tends to segregate to the extension site.

the parent («’, hexagonal) and product (8, BCC) structures, Fig.
10a, which resembles that of the B phase and potentially serves
as a template of the B phase embryos. After the occurrence of Mo
segregation, the intermediate structure becomes almost identical
to the B structure and hence hosting the B precipitation. These
findings represent a major advance in the theory of heterogeneous
nucleation of a precipitate phase at structure-specific twin bound-
aries of a parent phase and sheds light on the formation mech-
anism of precipitate phase in other alloy systems where defor-
mation or annealing twins have been found to server as cradles
of new product phases, such as the {332} coherent twins in BCC
parent phase hosting «” martensitic embryos and the {112} twins
hosting w phase embryos in Ti alloys [45], and {111} twins in the
face-centered cubic (FCC) phase hosting y” (D0,,) phase [46] and
{111} twins in L1, phase hosting embryos of x (D09) or n (D0y4)
embryos in Ni-base superalloys [47-49].

The B phase formed on the (1011) CTB has a Potter OR with
o, e, [111]g /[ [1210],, and (011)4 /| (1011),,, which is clearly
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different from the Burgers OR that has been frequently reported
in the literature for B with martensite o’ or equilibrium phase «
[3,16,37,50,51]. The B phase with the Potter OR is more difficult to
form than the B phase with the Burgers OR, since in the absence
of structure-specific templates the S precipitates usually form with
the Burgers OR. The presence of the (1011) CTB provides a unique
intermediate structure that is similar to that of 8, which induces
the formation of the Potter OR, Fig. 10. In contrast, the disloca-
tions inside martensite, the martensite matrix and the boundaries
between two plates of martensite themselves cannot provide such
a unique structure-template and hence B8 phase with the Potter
OR does not form at these places, Figs. 7 and 8. In addition, the
interfacial structure and orientation relationship between S phase
and martensite are identical to those between 8 phase and twin,
Fig. 3e and f. This is due to the fact that (1011) CTB is the mir-
ror plane of the martensite and its twin, and (Oﬁ)ﬂ plane is the

mirror plane of 8 structure. Since the (1011) CTB is parallel to the
(017) g blane, the interfacial structure and orientation relationship
between the f and martensite are naturally symmetrical, namely,
identical to those between the f phase and the twin. This could
be another reason for the formation of the Potter OR between 8
and martensite and its twin.

Note that {1011} twins are detectable in many other o+ tita-
nium alloys [52-55], including the workhorse alloy Ti-6Al-4V [19].
Since V, Nb and Cr atoms could also segregate to the compression
site of the {1011} CTB, Fig. 12, and lead to a similar out-of-plane
shift for the segregated atoms within the CTB, Fig. 13, to Mo so-
lute, the heterogenous precipitation of the B8 phase with an un-
usual Potter OR with the martensite is expected to occur in the
o+f titanium alloys containing these elements. As for the a+f
titanium alloys containing solely Ta or Fe, although the segrega-
tion of Ta or Fe in the (1011) CTB may not be as important as Mo
segregation in terms of promoting the formation of 8 structure,
their segregation can provide the chemical environment for 8 pre-
cipitation on the CTB. Thus, the segregation of Ta or Fe may also
facilitate the precipitation of 8 phase on the (1011) CTB to some
extent.

More generally, our findings can be extended to Ti alloys whose
microstructure is dominated by « phase (having essentially the
same crystal structure and lattice parameters as «’ [14,26]) at
room temperature and «+f at elevated temperature. If a massive
amount of {1011} CTBs are introduced in the « phase, which has
been reported to be possible via pre-deformation [56,57], the het-
erogeneous precipitation of a high density of 8 on the {1011} CTBs
would occur. This offers an opportunity to control the distribution
of B and then improve the mechanical properties of the alloys. Ac-
cording to our observations, the 8 precipitates formed on the CTBs
are smaller than those formed elsewhere in the microstructure,
which is reasonable since they have an unusual Potter OR with the
o’ martensite and its transformation twin and are relatively diffi-
cult to grow. This provides an interesting and powerful approach
for engineering ultrafine precipitate microstructures. For example,
a recent research [30] reported the possibility of forming a massive
amount of nanotwins and hence twin boundaries in hexagonal Ti,
which provides a template for achieving an ultrafine distribution of
precipitates by invoking the mechanism we demonstrated in this
study. This ultrafine distribution of precipitate is expected to make
significant contribution to the alloy strength.

In addition to the {1011} CTB, {1012} and {1122} CTBs are other
types of commonly observed twin boundaries in titanium and its
alloys [30,37]. The segregation energies of Mo in these two types of
CTBs are also calculated in the present study using first-principles
calculations. The supercells that include these two types of CTBs
are shown in Figs. 14a and 15a, respectively. The segregation en-
ergy of Mo with 100% occupation at the compression or exten-
sion site in a (1012) CTB is calculated to be —0.49eV or —0.07 eV.
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in the (1012) CTB in (b) and (d), respectively, which indicate that Mo segregation at compression sites in the (1012) CTB does not lead to an out-of-plane shift of the

segregated atomic columns.

As for the {1122} CTB, there are two different types of columns
within the CTB plane, similar to the {1012} CTB. However, the dif-
ference between these two columns, designated A and B in Fig.
15b, is subtle in terms of inter-atomic bond length. The segrega-
tion energy of Mo with 100% occupation at column A or B in a
(1122) CTB is —0.17eV or —0.16eV. The value of segregation en-
ergy of Mo at the compression site in the (1012) CTB and at col-

1

umn A or B in the (1122) CTB are large enough to draw a strong
segregation, since it has been reported that the segregation energy
value of about one to several hundred meV could cause obvious so-
lute enrichment [58]. There is currently a lack of experimental ev-
idence in the literature to verify whether Mo segregation occurs in
such CTBs. However, even if Mo segregation occurred in the (1012)
and (1122) CTBs, this segregation could only provide the chemical
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Fig. 15. (a) Supercell used to calculate segregation energy of Mo in a (1122) CTB. (b, d) Relaxed structure of the (1122) CTB, (b) without and (d) with Mo segregation in the
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in the (1122) CTB in (b) and (d), respectively, which indicate that Mo segregation in the (1122) CTB does not lead to an out-of-plane shift of the segregated atomic columns.

environment for B precipitation, the structures of the (1012) and
(1122) CTBs, without or with Mo segregation, are all far from that
of the B phase, as shown in Figs. 14b-e and 15b-e, This distinct
difference in structure makes it much less unfavorable to the for-
mation of the 8 phase.

5. Conclusions

Heterogeneous precipitation of S phase on Mo-segregated
{1011} CTBs within o’ martensite is observed in a Ti-4wt%Mo al-
loy. The B precipitate formed on the CTB has a Potter orientation
relationship with both martensite and its transformation twin. Its
precipitation is induced by the specific structure surrounding each
of the compression sites in the CTB and the Mo segregation in
the CTB. The specific structure is an intermediate state between
the hexagonal «’ parent and the BCC S product, hence potentially
serves as a host of the 8 phase embryos. The Mo segregation in the
CTB leads to an unusual out-of-plane shift of the segregated atomic
columns, which not only makes the intermediate structure almost
identical to that of the 8 phase, but also provides a high Mo con-
centration needed for 8 phase precipitation. First-principles calcu-
lations results suggest that formation of 8 on the CTB with Mo
segregation is energetically favorable. These findings are potentially
applicable to a group of titanium alloys and even other metallic al-
loys such as those based on zirconium, and they not only advance
the theory of heterogenous nucleation of precipitate on specific
boundary structures, but also provide a novel twin-boundary-based
approach to rationally design ultrafine precipitate microstructures
to achieve potentially unprecedented mechanical properties.
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