








(the pure shear of b-a00 transformation) has a perfect lattice
correspondence for promoting the b-a–o transformation,
which will be explained further below. Furthermore, a–o plays
a role in accommodating a00 martensitic twins as manifested by a
pair of remaining planar strain feature on both sides of the a–o
layers (Fig. 3b). Hence, a new complexion/second-phase accom-
modation mechanism is identified in martensitically transforming
materials: the interfacial stress of b-a00 is accommodated by
triggering the formation of planar complexion through b-a–o
transformation.

Reversibility of the a00 CT and a–x planar complexion. The
results of the in-situ heating/cooling SXRD experiments shown in
Fig. 4 provide another direct evidence for the co-existence and the
reversibility of a00 CT and a–o complexion. Figure 4a shows three
segments of the 1D SXRD patterns integrated from the 2D SXRD
patterns. Some representative 2D SXRD patterns are shown in
Fig. 4b–g. In Fig. 4a, gradual disappearance of the o and
a00 reflections within 2y ranges of 3.8� to 4.6� and 7.8� to 8.6�
during heating, and their restoration after cooling to 25 �C prove
the reversibility of b-a–o and b-a00 transformations during
heating/cooling. Another broad peak within the 2y range of 12.3�
to 12.7� consists of (240)a00, (0003)o, (222)b and (204)a00 reflec-
tions. During heating, the overlapping peaks become narrower at
200 �C, indicating full reversion of a–o to b around 200 �C, as
one a–o peak is located at higher 2y. This is also revealed more
clearly in the analysis of 2D SXRD patterns, presented in the
following section. When the temperature is further increased, the
peak becomes even smaller at 245 �C, which is the reverse
transformation finishing temperature of a00-b. Hence, at 245 �C,
a single b-phase is achieved, which gains even more solid proof
through the 2D SXRD pattern captured at 245 �C (Fig. 4e).

Next, the 2D SXRD patterns in Fig. 4b–g are further analysed,
to provide more insights on the transformation kinetics and
overall sequence of a00T-b, a–o-b and a00M-b transitions.
Based on the grain identification performed on the 2D SXRD
pattern at 245 �C (single b-phase), as presented in the
Supplementary Fig. 4, diffraction intensities in the current
in-situ SXRD pattern originated mainly from three grains: two
of them are [0–11]b and the other one is [012]b. In the following,
we focus on the diffraction pattern of one [0–11]b grain with near
on-pole condition, with its diffraction pattern outlined in green in
Supplementary Fig. 4.

In Fig. 4b, a 2D SXRD pattern obtained at 25 �C (before
heating) is shown and the primary diffraction spots are linked by
red lines to indicate that the grain is mainly in a00 martensite state.

Additional to the primary spots, extra spots at 1/2{211}b and
1/3{211}b locations are also found. Based on the SADP analysis
shown in Fig. 2d, two sets of {� 220}a00 CT diffraction spots from
the [001]a00//[0–11]b zone axis are identified as marked in cyan
and magenta, which is consistent with the SEM-BSE image in
Fig. 2b. The (020)a00 twin spots of each CT are indicated by cyan
and magenta arrows (pointing to the o1114b shear direction of
b-a00 transformation), respectively; in contrast, {1–10}a00 spots
caused by {0–11}o0114b shuffling associated with the a00

transformation are encircled (red). One noticeable difference
between the diffraction patterns of TEM (Fig. 2d) and SXRD
(Fig. 4b) is the absence of (1–100)o and (2–200)o spots in the
SXRD pattern. These signals are actually ‘forbidden’ diffraction
spots in the hexagonal lattice structure. Their appearance in TEM
SADP (Fig. 2d) is due to the double diffraction effect36. In the 2D
SXRD pattern, these spots disappear for the following two
reasons. (1) The SXRD beamline used for this study has a much
larger wavelength (l¼ 0.020727 nm) as compared with TEM
operated at 200 kV (l¼ 0.00251 nm) and hence a much smaller
radius of the Ewald sphere, which leads to lower double
diffraction intensity values. (2) The thickness of the samples
used in SXRD is B1 mm. In contrast, the TEM thin foils used in
this work are below 200 nm in thickness. Therefore, in the SXRD
experiments, double diffraction effects drop to near-zero intensity
before penetrating the entire sample, different than in
corresponding TEM diffraction experiments. For clarity, the key
diagrams to this complex diffraction pattern are provided in
Supplementary Fig. 5, which consists of two overlapping
diffraction patterns from two possible edge-on a00 CT:
(� 220)a00 CT and (� 2� 20)a00 CT. During heating, the
intensity of the extra spots due to a00 CT and a–o decreases
gradually (Fig. 4c), as can be seen more clearly in Supplementary
Movie 1. In Fig. 4d, the disappearance of twin spots (that is, the
intensity of arrow-pointed spots becomes the same as that of the
(0001)o a–o spots at the smallest 2y angle) at 150 �C indicates
that all a00T transforms reversely into b first around 150 �C. The
2D SXRD pattern taken at 200 �C (Fig. 4e) shows the
disappearance of o spots, indicating that the a–o fully reverses
back to b at around 200 �C. When the sample is further heated
up, the 2D SXRD pattern at 245 �C (Fig. 4f) reveals that the (1–
10)a00 shuffle spot vanishes, indicating that a00 fully transforms
back to b. After cooling to 25 �C, the 2D SXRD pattern in Fig. 4g
shows that the original diffraction pattern (Fig. 4b) is nearly fully
restored. This in-situ heating/cooling SXRD analysis proves the
complete reversibility of a00 CT and its associated a–o
complexion.
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The results mentioned above also suggest that the {� 220}a00
CT-induced b-a–o transformation is martensitic, hence
without composition change. To confirm this, APT analyses
were carried out on tips that were focused ion beam (FIB) milled
from a {111}b grain. The cluster analysis reveals that all alloying
elements are distributed homogenously, indicating an athermal
transformation mechanism (Fig. 5).

Discussion
To elucidate the underlying mechanisms of the a–o planar
complexion mediated transformation, a schematic representation
of the transformation process on cooling is presented in Fig. 6.
When the b-a00 transformation starts (Step 1), the (� 211)
[� 1� 1� 1]b shear stress at the lower interface of the a00M and b
is built up as indicated by the red arrows. Simultaneously,
confining back-stresses from the surrounding untransformed b
matrix are built up, acting against the shear direction of a00M, the
extent of which is indicated by the height of blue energy bands
on both sides. These two stress components act in opposite
directions, creating a compressive stress on the (� 211)b plane
along the effective axis [111]b of the a–o formation35,37. Growth
of a00 stops and a–o forms when the stress reaches a critical value
required for inducing b-a–o (as illustrated in Supplementary
Fig. 6a,b). This marks Step 2, the occurrence of which indicates
that a–o is thermodynamically not stable but can be stabilized
under the assistance of stress. Formation of the a–o planar
complexion accommodates the strain (evident in Fig. 3b) and
hence decreases the interfacial stress. When the local stress drops
to values below the critical value, the growth of the a–o layer
stops, as the a–o region is still thermodynamically unfavourable.
This is also the reason why the occurrence of the b-a–o
transition is strictly confined to the interface region (forming a
planar complexion of a size around 2 nm) and not viable outside
of it. As the a–o transformation produces shear along the
(� 211)[� 1� 1� 1]b component, a00T of the {� 220}a00/
{� 211}b compound twinning character is formed (Step 3) due
to the requirement of interface energy minimization. The second

a–o layer forms (Step 4) also because of a planar compressive
stress accumulated by the b-a00T transition. However, the
formation of the a00T involves very large shear stresses (due to
35% twinning shear strain) along (� 211)[� 1� 1� 1]b and
hence the critical stress of the transformation b-a–o is reached
‘faster’ (in fewer atomic layers) than that caused by a00M in Step 1.
Moreover, the formation of the second a–o layer stops the
further growth of the a00T layer. As a results, the width of the a00T
layer should be much thinner than that of the a00M layer, which is
consistent with the presented TEM observations (Fig. 2e). The
accommodation potential of both a–o layers are the same and
therefore the two a–o layers should have similar thickness
(evident in Fig. 2f). These four individual structural steps are
considered as one transformation event, mediated by a planar
complexion state at the interface. With further cooling, the final
nanolaminate microstructures can be formed after repeating the
four-step transformation event, as illustrated in Supplementary
Fig. 6c,d. Two more SEM-BSE images in Supplementary Fig. 7
provide a larger field of view of such nanolaminate
microstructures from both [0–11]b and [111]b orientations.
Such a nanoscale successive transformation process, when
progressing over a wider temperature range, shows no abrupt
thermal signal as is evident from the DSC measurement (inset in
Fig. 2a). This phenomenon is similar to the disappearance of the
DSC peak observed during the strain glass transition38. Based on
the above discussion, it is quite clear that the formation of a–o
planar complexions is to accommodate b - a00 interfacial strain
and also mediates the b-a00 transition to possess {� 220}a00
compound twinning character. It results in a final nanolaminate
composite microstructure throughout the bulk Ti gum metal.

In conclusion, a new reversible complexion-mediated marten-
sitic phase transformation phenomenon has been discovered in
titanium, which is mediated by a planar complexion state. It
involves the joint formation of the {� 220}a00/{� 211}b
a00 martensitic CT and the accommodating a–o planar complex-
ion. TEM analysis shows that the two transformation steps are
coupled, constituting a complexion interfacial state: the a–o
transformation is induced by a shear stress initiated by pure
shear {� 211}o1114b during b-a00, which has perfect lattice
correspondence for inducing the a–o complexion. In-situ
heating/cooling SXRD and APT prove that both a00 and a–o
transformations are reversible and martensitic. This coupled and
complexion-mediated transformation mechanism enables novel
nanostructuring and hence strengthening opportunities for
Ti alloys.

Methods
Alloy synthesis and heat treatment. A reversible complexion-mediated
martensitic phase transformation is observed in the oxygen-free gum metal
(Ti-23Nb-0.7Ta-2Zr, at.%) upon quenching. The actual composition of the alloy
was determined by chemical analysis as Ti-23Nb-0.67Ta-1.96Zr-0.26O (at.%). The
chemical composition was tested by inductively coupled plasma optical emission
spectrometry and infrared absorption spectroscopy measurements. The melt of the
ingot was produced under argon atmosphere in an arc-melting furnace from pure
elements, cast into a copper mould, homogenized at 1,200 �C for 4 h and then
furnace cooled. Smaller samples of the alloy were further annealed in vacuum
quartz tubes for 1 h at 1,000 �C and subsequently water quenched as the tube was
broken simultaneously, to avoid iso-o formation39.

Synchrotron measurements. SXRD measurements were performed on the bulk
samples with a thickness of B1 mm, at beam-line P02.1 at PETRA III (DESY
Hamburg, Germany) with the wavelength l¼ 0.020727 nm40. Beam size used was
500� 500mm2. The 2D SXRD patterns were collected on an area detector
(PerkinElmer XRD1621). Azimuthal integration was performed using the software
FIT2D and the obtained 1D SXRD patterns were then analysed by Rietveld
refinement using MAUD41. The 1D SXRD pattern in Fig. 2a indicates the
co-existence of a00 and a–o phases, and a small volume of remaining b-phase. The
a–o reflections are quite diffuse/broad and low in intensity. The patterns are rather
complex, owing to the overlap with the a00 and b peaks, which will fail fitting or
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lead to wrong fitting results. Hence, the a–o reflections were not included during
the first-step Rietveld refinement (shown in Supplementary Fig. 1a), through which
a successful fitting (Rw¼ 9.0%) was reached and the volume fractions of a00 and
remaining b-phase were determined to be 82 and 18 vol.%, respectively. By using
first step refinement as the starting point, second step Rietveld refinement with a–
o reflections added, converged well (Rw¼ 7.84%), as presented in Supplementary
Fig. 1b. From this analysis we suggest the room temperature phase fractions for a–
o, a00 and b as 2.27, 76.55 and 21.18 vol.%, respectively. In-situ heating/cooling
SXRD experiments were carried out under the same condition with a home-made
heating stage as illustrated in Supplementary Fig. 8.

Physical and microstructural characterization. The DSC measurement was
performed in a Mettler Toledo DSC1 at heating/cooling rate of 10 �C min� 1.
The sample was first heated up from room temperature (25 �C) to 300 �C and
subsequently cooled down to 25 �C. TEM samples were electro-polished (Struers
Tenupol 5) at 6 �C using an electrolyte of A3. TEM observations were performed
in a JEOL JEM-2200 FS at an acceleration voltage of 200 kV, through which
bright-field images, DFIs, SADPs and HRTEM images were recorded by a Gatan
SDD Camera. FFT and inverse FFT analysis were applied to the HRTEM images.
SEM-BSE and electron backscatter diffraction (EBSD) were carried out in a Zeiss
Crossbeam XB 1540 FIB-SEM instrument (Carl Zeiss SMT AG, Germany). EBSD
was used to determine the grain orientation where SEM-BSE micrographs were
taken. To maintain consistency with the notation used for the TEM results, [0–11]
and [111] are used to denote the plane normals of o1104 and o1114 grains
determined by EBSD. Elemental distribution at atomic scale was studied using local
electrode APT (LEAP 3000X HR, Cameca Inc.). APT tips were prepared from a
[111]b grain (as shown in Supplementary Fig. 7b), following the standard
procedure42 in a FEI Helios Nanolab 600i dual-beam FIB.

Data availability. The data that support the findings of this study are available
from the corresponding authors on request.

References
1. Leyens, C. & Peters, M. Titanium and Titanium Alloys: Fundamentals and

Applications (Wiley-VCH, 2003).
2. Saito, T. et al. Multifunctional alloys obtained via a dislocation-free plastic

deformation mechanism. Science 300, 464–467 (2003).
3. Gutkin, M. Y., Ishizaki, T., Kuramoto, S., Ovid’ko, I. A. & Skiba, N. V. Giant

faults in deformed Gum Metal. Int. J. Plasticity 24, 1333–1359 (2008).
4. Obbard, E. G. et al. Mechanics of superelasticity in Ti-30Nb-(8–10)Ta-5Zr

alloy. Acta Mater. 58, 3557–3567 (2010).
5. Withey, E. A., Minor, A. M., Chrzan, D. C., Morris, J. W. & Kuramoto, S. The

deformation of Gum Metal through in situ compression of nanopillars. Acta
Mater. 58, 2652–2665 (2010).

6. Plancher, E., Tasan, C. C., Sandloebes, S. & Raabe, D. On dislocation
involvement in Ti–Nb gum metal plasticity. Script. Mater. 68, 805–808 (2013).

7. Tane, M. et al. Low Young’s modulus in Ti-Nb-Ta-Zr-O alloys: cold working
and oxygen effects. Acta Mater. 59, 6975–6988 (2011).

8. Vorontsov, V. A., Jones, N. G., Rahman, K. M. & Dye, D. Superelastic load
cycling of Gum Metal. Acta Mater. 88, 323–333 (2015).

9. Yang, Y., Li, G. P., Cheng, G. M., Li, Y. L. & Yang, K. Multiple deformation
mechanisms of Ti-22.4Nb-0.73Ta-2.0Zr-1.34O alloy. Appl. Phys. Lett. 94,
061901 (2009).

10. Besse, M., Castany, P. & Gloriant, T. Mechanisms of deformation in gum metal
TNTZ-O and TNTZ titanium alloys: a comparative study on the oxygen
influence. Acta Mater. 59, 5982–5988 (2011).

11. Yang, Y. et al. Formation of zigzag-shaped {112}o1114 beta mechanical twins
in Ti-24.5Nb-0.7Ta-2Zr-1.4O alloy. Script. Mater. 66, 211–214 (2012).

12. Lai, M. J. et al. Origin of shear induced b to o transition in Ti–Nb-based alloys.
Acta Mater. 92, 55–63 (2015).

13. Yano, T., Murakami, Y., Shindo, D., Hayasaka, Y. & Kuramoto, S. Transmission
electron microscopy studies on nanometer-sized o phase produced in Gum
Metal. Script. Mater. 63, 536–539 (2010).

14. Wang, Y. et al. Strain glass transition in a multifunctional b-type Ti alloy. Sci.
Rep. 4, 3995 (2014).

15. Raabe, D., Sander, B., Friak, M., Ma, D. & Neugebauer, J. Theory-guided
bottom-up design of beta-titanium alloys as biomaterials based on first
principles calculations: theory and experiments. Acta Mater. 55, 4475–4487
(2007).

16. Banerjee, D. & Williams, J. C. Perspectives on titanium science and technology.
Acta Mater. 61, 844–879 (2013).

17. Tang, M., Carter, W. C. & Cannon, R. M. Diffuse interface model for structural
transitions of grain boundaries. Phys. Rev. B 73, 024102 (2006).

18. Tang, M., Carter, W. C. & Cannon, R. M. Grain boundary transitions in binary
alloys. Phys. Rev. Lett. 97, 075502 (2006).

19. Dillon, S. J. & Harmer, M. P. Multiple grain boundary transitions in ceramics:
a case study of alumina. Acta Mater. 55, 5247–5254 (2007).

20. Dillon, S. J., Tang, M., Carter, W. C. & Harmer, M. P. Complexion: a new
concept for kinetic engineering in materials science. Acta Mater. 55, 6208–6218
(2007).

21. Baram, M., Chatain, D. & Kaplan, W. D. Nanometer-thick equilibrium films:
the interface between thermodynamics and atomistics. Science 332, 206–209
(2011).

22. Harmer, M. P. The phase behavior of interfaces. Science 332, 182–183 (2011).
23. Dillon, S. J., Harmer, M. P. & Rohrer, G. S. The relative energies of normally

and abnormally growing grain boundaries in alumina displaying different
complexions. J. Am. Ceram. Soc. 93, 1796–1802 (2010).

24. Frolov, T., Divinski, S. V., Asta, M. & Mishin, Y. Effect of interface phase
transformations on diffusion and segregation in high-angle grain boundaries.
Phys. Rev. Lett. 110, 255502 (2013).

25. Frolov, T., Olmsted, D. L., Asta, M. & Mishin, Y. Structural phase
transformations in metallic grain boundaries. Nat. Commun. 4, 1899 (2013).

26. Kaplan, W., Chatain, D., Wynblatt, P. & Carter, W. C. A review of wetting
versus adsorption, complexions, and related phenomena: the rosetta stone of
wetting. J. Mater. Sci. 48, 5681–5717 (2013).

27. Cantwell, P. R. et al. Grain boundary complexions. Acta Mater. 62, 1–48
(2014).

28. Kuzmina, M., Herbig, M., Ponge, D., Sandlöbes, S. & Raabe, D. Linear
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