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The present study focuses on the development of a novel Zr-12Nb-3Sn alloy displaying a body-centered
tetragonal (BCT) / B dual-phase microstructure and engineered to achieve a superior combination of high
strength and low elastic modulus. The BCT phase is shown to play a critical role in enhancing strength without
increasing elastic modulus. Comprehensive analyses using in situ straining electron backscatter diffraction
(EBSD) experiment and transmission electron microscopy (TEM) were conducted to characterize the micro-
structure of the BCT phase and the associated deformation mechanisms, including dislocation slip, stress-induced
reversion from BCT to B transformation, and mechanical twinning. The present findings reveal that the BCT
phase and mechanical twinning both contribute to material strengthening, whereas the stress-induced reversion
of the BCT phase to p acts as a mechanism for stress relaxation. As a result, the alloy demonstrates exceptional
mechanical performance, achieving a yield strength exceeding 1200 MPa, an elastic modulus of approximately
70 GPa, and an elongation of ~13%.

1. Introduction in bone resorption or osteoporosis [5]. The issue is especially critical in

load-bearing implants, where materials with a high elastic modulus

Metallic materials such as stainless steel (SS), Co-Cr alloys, titanium
(Ti), and zirconium (Zr) alloys are widely used in biomedical applica-
tions, particularly orthopedic implants [1-3]. In recent years, B-type Ti
and Zr alloys with non-toxic alloying elements have gained attention as
promising alternatives to SS and Co-Cr alloys due to their superior
biocompatibility [4]. A significant challenge associated with orthopedic
implants is the “stress shielding” effect, which arises due to the
mismatch in stiffness between implant materials and native bone,
consequently reducing mechanical loading on adjacent bone tissue,
disrupting normal bone remodeling processes, and ultimately resulting
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absorb excessive stress, further diminishing mechanical stimulation and
increasing the risk of implant loosening or refracture after removal.
Therefore, selecting materials that combine high strength with a low
elastic modulus comparable to that of bone, is essential for long-term
implant stability and for reducing the likelihood of revision surgery [3].

In the body-centered cubic (BCC) alloys, p-type Ti alloys exhibit a
wide range of mechanical properties depending on their chemical
composition. Extensive research has focused on designing novel p-type
Ti alloys with low elastic modulus using the semi-empirical “d-electron
alloy design method” proposed by Morinaga et al. [6-8]. This approach
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Fig. 1. The yield strength and strain for the bone implant materials. Data source: ANSYS Granta EduPack 2024 [35].

relates two key electronic parameters, B, (the covalent bonding strength
between alloying elements) and Mgy (the average d-orbital energy level,
reflecting electronegativity and atomic radius), to the chemical stability
of the  phase. The resulting Bo — Md diagram has been used to correlate
p phase stability with the primary deformation mechanisms, including
dislocation slip, stress-induced martensite (SIM) formation contributing
to the shape-memory effect and  superelasticity, the
transformation-induced plasticity (TRIP) effect, and the mechanical
twinning associated with the twinning-induced plasticity (TWIP) effect,
supported by experimental evidence from metastable Ti alloys [9-11].
Based on this framework, several single p-phase Ti alloys with low
modulus have been developed, including Ti-Zr-Mo [12], Ti-Nb-Zr [13],
Ti-Nb-Zr-Sn [14] and Ti-Nb-Ta-Zr series alloys [15-18]. Compared to
B-type Ti alloys, B-type Zr alloys exhibit a similar landscape of defor-
mation mechanisms with excellent biocompatibility, high X-ray
radio-opacity and low magnetic susceptibility, which allows
mechanism-driven biomedical alloy design for desired mechanical per-
formance by combining phase transformation, TRIP/TWIP, high
ductility, high strength, and low elastic modulus [19]. In recent years,
increasing attention has been directed toward developing f-type Zr al-
loys that combine low modulus with low magnetic susceptibility for
improved biomedical performance [19-24].

Although recent developments in single f-phase Ti and Zr alloys have
significantly advanced in the control of the stress-induced phase trans-
formation and mechanical twinning, their yield strength remains infe-
rior to that of conventional a+f dual-phase Ti alloys [25]. To address
this limitation, various strategies have been explored, including
strengthening TRIP/TWIP-type alloys like Ti-12Mo [26] and
Ti-7Cr-1.5S8n [27] through ojs, and a phase precipitations. The wjs, phase
offers notable strengthening but is difficult to control during processing
to avoid the embrittlement [26,28,29]. The o phase has more complexity
in distribution, size and morphology. The grain boundary o precipitates
are linked to early intergranular failure, while nanoscale precipitation is
a well-known cause of possible embrittlement. Conversely, the
well-controlled nucleation and growth of intragranular lath « phases in
additively manufactured alloys can enhance strength while preserving
SIM and ductility [30], enabling effective shear strain accommodation in

the matrix. Beyond wjs, and o phase, a BCT phase has been identified in a
dual-phase metastable p Zr-Nb alloys comprising quenched-in BCT
phase in BCC matrix [22,31-34]. The BCT phase has been observed to
demonstrate significant resistance to deformation relative to the BCC
matrix under high stress, indicating a strong potential for alloy
strengthening.

In this work, we investigate the deformation mechanism of a BCT-
strengthened Zr-12Nb-3Sn alloy designed within the framework of the
“Bio-TWIP” Zr alloy concept proposed in previous studies [32]. In this
alloy, we pushed the p stability to the maximum before completely
suppressing the mechanical twinning, aiming at a high critical resolved
shear stress (CRSS) for twinning. This enables the design of a Zr alloy
that integrates high strength, low elastic modulus, and TWIP behavior.
The present study establishes a proof-of-concept for tunable dual-phase
Zr alloys, with comprehensive analysis of the BCT phase microstructure,
mechanical performances, deformation mechanisms, and alloy design
strategy.

2. Experimental

The Zr-12Nb-3Sn (wt.%) alloy ingot was fabricated by vacuum arc
melting of commercially pure Zr, Nb, and Sn metals. The melting process
was repeated at least five times in a Buhler AM500 arc furnace under
high-purity argon to ensure chemical homogeneity. Post-melting, the
ingot was annealed at 1193 K for 30 min in a vacuum tubular furnace at
2.0 x 107 Pa, followed by water quenching. Sheets with a final thick-
ness of 0.5 mm were obtained by cold rolling to a 90% reduction in
thickness. These were subsequently recrystallized at 1193 K for 30 min
under the same vacuum condition, then quenched in water to retain a
B-phase matrix (hereafter referred to as the solution treated (ST) state).
Tensile specimens with a thickness of 0.5 mm and gauge dimensions of
10 x 4 mm? were machined from the rolled sheets.

Microstructural analyses were conducted using electron backscatter
diffraction (EBSD), conventional transmission electron microscopy
(TEM), and high-resolution scanning transmission electron microscopy
(HRSTEM). EBSD was performed using a ZEISS Merlin FE-SEM at 15 kV
equipped with a Bruker-Nano EBSD system. TEM imaging was carried
out with a JEOL 2100plus at 200 kV, and HRSTEM analysis was
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Fig. 2. The d-electron alloying diagram for zirconium alloys, showing alloying vectors of selected elements as functions of B, and My. The red dashed line represents
the TWIP line, separating compositions favoring twinning-induced plasticity (TWIP) from those dominated by dislocation slip [32].

performed on a Cs-corrected Thermo Fisher Scientific Spectra 200
STEM-HAADF (detector collection angle 45-200 mrad). Mechanical
testing, including uniaxial and cyclic tensile tests, was conducted on an
INSTRON 5966 at room temperature with a constant strain rate of 1073
s~L. Microstructural evolution during the early deformation stages was
investigated using interrupted straining. After each strain increment, the
strain was held to allow stress relaxation while EBSD maps were ac-
quired in the SEM. Nanoindentation was performed using a Nano
Hardness Tester (NHT, CSM Instruments) with a Berkovich tip. The tests
were conducted in load control mode with a maximum force of 50 mN,
and the results were analyzed via the Oliver-Pharr method and pre-
sented as instrumented Vickers hardness (HVIT). For EBSD sample
preparation, specimens were ground with SiC papers down to 4000 grit,
polished using colloidal silica (OPS) in a VibroMet system for 5 to 20 h,
and subsequently ion-milled at 8 kV and 4 degrees for 20 min, followed
by 4 kV and 4 degrees for 40 min. TEM samples were prepared by twin-
jet electropolishing in a solution of 7% sulfuric acid in methanol at
-30°C.

3. Alloy design

Fig. 1 presents the yield strength and maximum reversible elastic
strain of common metallic materials used in orthopedic implants,
derived from the Ashby diagram. Fig. 2 shows the d-electron alloying
diagram for zirconium alloys, where alloying vectors of various ele-
ments are plotted as functions of B, and My, indicating different defor-
mation mechanisms in potential alloys. A TWIP line, marked by a red
dashed line, is drawn on the Bo — Md diagram to represent the empirical
transition between twinning-induced plasticity (TWIP) and dislocation
slip. Based on previous observations in the Zr-Nb-Sn system [32], TWIP
behavior occurs on the right side of this line, while classical dislocation
slip dominates on the left. The objective of this study is to develop a
Zr-based alloy with high strength, low modulus, and twinning-induced
plasticity for load-bearing orthopedic implants. The key strategy for
achieving high strength is to maximize p-phase stability without entirely
suppressing the TWIP effect. This approach ensures that the alloy

benefits from a high yield stress due to the elevated triggering stress
required for mechanical twinning. Although twinning-induced strain
hardening is more limited compared to alloys with a lower triggering
stress, it plays a crucial role in stabilizing plastic flow. This strategy
enables a balance in which stress is maximized while preserving suffi-
cient mechanical twinning to prevent strain localization, a critical safety
concern for permanent implants. Meanwhile, the addition of Sn to bi-
nary Zr-Nb alloys promotes solid solution strengthening and improves
cold workability. Sn is also known to suppress @ phase formation in
metastable BCC alloys, a trend similarly observed in the Zr-Nb-Sn sys-
tem. However, to ensure precipitation of the w,, phase, the Sn content
was deliberately limited to approximately 3 wt.%. Exceeding this con-
tent results in the near disappearance of the ® phase in solution-treated
conditions, thereby limiting its ability to serve as a precursor for sub-
sequent strengthening mechanisms [32]. Accordingly, the composition
point was selected as indicated in Fig. 2. As illustrated here, the present
alloy design follows a straightforward methodology based on Bo — Md
mapping developed for biomedical Zr alloys, with the optimal compo-
sition positioned along the TWIP line and near the TWIP limit to
maximize yield strength while satisfying the design criteria.

4. Results
4.1. BCT + p dual phase structure after quenching

The BCT phase was first identified in 1957’s annual progress report
of Oak Ridge National Laboratory as a martensitic Widmanstatten
structure in p-quenched Zr-Nb alloys [36], and subsequent studies sug-
gested more complex crystallographic possibilities [37]. Recent in-
vestigations have reported similar BCT structures in B-type Zr-Nb-Sn
alloys produced via laser-based additive manufacturing and conven-
tional quenching methods, noting reversible transformations and
defined crystallographic relationships [34]. A Zr-Hf-rich BCT phase with
three inequivalent variants has also been identified in HfNbTaTiZr
high-entropy alloy [38]. Despite these findings, key aspects such as
mechanical contributions, and stress-induced stability remain unclear.
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Fig. 3. TEM and high-resolution (HR) TEM micrographs of the Zr-12Nb-3Sn sample at ST state. (a) Bright-field (BF) image illustrating the § + BCT dual phase
structure; (b) selected area electron diffraction (SAED) patterns corresponding to the regions marked in (a); (c) HAADF-STEM image showing the p matrix and BCT
phase; (d) HAADF-HRSTEM image of the selected area marked in (c), highlighting the BCT/p interface (delineated by a white dashed line). The inset shows the
corresponding Fourier transform (FFT), with the interface corresponding to the (110) plane for both the BCT and p phases; (e) and (f) Inverse Fourier transform (IFFT)
images providing close-ups of the p matrix and BCT phase, respectively; (g) IFFT image showing the distribution of w,, phases, which are exclusively found in the §
r‘natrix; (h) BF image showing the p + BCT dual phase structure and corresponding elemental distributions of Zr, Nb, and Sn.

This study provides a comprehensive examination of the BCT phase,
addressing these unresolved issues through detailed structural and me-
chanical analyses.

TEM observations of the Zr-12Nb-3Sn sample at ST state along
<110>p zone axis are shown in Fig. 3. In Fig. 3a, the BCT in bright-field
(BF) image was observed in lenticular shape with thickness approxi-
mately 100 nm, consistent with EBSD results in Fig. 4. The selected area
electron diffraction (SAED) pattern recorded along <110>p zone axis in
Fig. 3a demonstrates the lattice correspondence between BCT and
parent § phase: [110]gcr // [110]g, (002)pct // (002)g, (110)gcr //
(ITO)B; leOBCT = dlioﬁ; doozpcT = l.ldoogﬁ, consistent with previous
studies in Zr-13Nb [31] and HfNbTaTiZr high-entropy alloys [38].
Additionally, the SAED pattern of the § matrix displays superlattice re-
flections at 1/3 and 2/3 {112} positions, indicating the presence of the
0,th phase formed during water quenching [39]. STEM was employed to
analyze the nanoscale interface between the BCT and § phases. As shown
in Fig. 3d, which provides a magnified view of the BCT region indicated
in Fig. 3c, the interface is well-defined, indicating that the BCT phase is a
stable constituent within the § matrix. No transition zone was detected
at the interface, suggesting a fully coherent relationship between the
BCT and p phases. Moreover, no geometrically necessary dislocations
(GNDs) or stacking faults were observed within the coherent interface
region. However, significant lattice misfit occurs at the edge of the BCT
plates, explaining their observed lenticular morphology. The Fast
Fourier transform (FFT) inset in Fig. 3d shows diffraction features
consistent with the conventional TEM pattern in Fig. 3b. Figs. 3e and 3f
display inverse FFT (IFFT) images highlighting the  matrix and BCT
phase, respectively. The measured interplanar spacings for the p phase
are 0.260 nm for {110} and 0.183 nm for {002}, while for the BCT phase
they are 0.261 nm and 0.203 nm, respectively. These measurements
further confirm the lattice correspondence observed in the conventional
TEM analysis. Finally, the IFFT image in Fig. 3g has revealed the
morphology and distribution of wyy phase in the f matrix, after the
quenching stage. Moreover, no discernible compositional difference
between the p matrix and the BCT phase is observed in the elemental
distributions shown in Fig. 3h.

Fig. 4 shows EBSD analyses of the Zr-12Nb-3Sn alloy at ST state. The
band contrast (BC) map and inverse pole figure (IPF) map in Fig. 4a
reveal a dual-phase microstructure consisting of equiaxed recrystallized
f grains with a high density of embedded BCT phase. This dual-phase
morphology is further confirmed by the BC + phase map shown in
Fig. 4b, where the p and BCT phases are clearly distinguished on the
basis of symmetry in Kikuchi patterns. The BCT phase exhibits an acic-
ular morphology at the sample surface, consistent with previous reports
[31,32,34]. In order to clarify whether the BCT phase adopts an acicular
or plate-like morphology within the alloy volume, which is essential for
understanding its contribution to deformation behavior, morphological
analysis was performed by examining BCT features projected on f grains
with surface normal close to the (100), (110)p and (111)g planes. The
plate-like morphology is confirmed, as shown in Fig. 4a-d. In certain p
grains oriented near [001], the BCT lamellae cover the p grains, as
clearly observed through EBSD indexing in Fig. 4b.

The BCT phase forms through unidirectional lattice dilatation of the
parent f phase, resulting in three distinct crystallographic variants based
on the direction of dilation.

BCT Variant 1 (BCT V1) arises from dilation along the [100] di-
rection, leading to an increase in the a-axis spacing while the b- and c-
axes of the p phase remain unchanged.

Similarly, BCT Variant 2 (BCT V2) and Variant 3 (BCT V3) are
formed through dilation along the b- and c-axes of the § phase,
respectively.

The surface morphologies of these three variants, along with their
projections onto different crystallographic planes of the § matrix, are
illustrated schematically and experimentally through EBSD analysis in
Fig. 4b-d. Fig. 4b presents a schematic representation and corresponding
EBSD BC + IPF map and BC + Phase map of a p grain with a [100]
surface normal. According to the BC + IPF map, BCT V1 is oriented
perpendicular to BCT V2, whereas BCT V3 variants, whose plate normals
are aligned with the [100]y direction, appear to cover the entire grain
surface. Fig. 4c shows the schematic and EBSD results for a grain with a
[110] surface normal. In this orientation, BCT V1 and V2 are aligned
parallel to each other and are both oriented perpendicular to BCT V3.
Fig. 4d includes the corresponding data for a grain oriented along
[111]p. In this case, the three BCT variants are sectioned by a plane
inclined at approximately 45 degrees to the principal axes, with each
variant forming an angle of approximately 60 degrees with respect to the
others. The crystallographic orientation relationships between the p and
BCT phases are further confirmed by pole figure analysis of a grain near
the (111)[; orientation, as shown in Fig. 4e.

To investigate the mechanical properties of the BCT phase, nano-
indentation experiments were performed on the Zr-12Nb-3Sn sample at
ST state, as shown in Fig. 5, to compare the nano-hardness of the BCT
phase with that of the p matrix. The results indicate that the hardness of
the BCT phase ([2]: 197.7 HVIT) is comparable to that of the § phase
([1]: 201.8 HVIT and [3]: 197.1 HVIT), suggesting that the BCT phase
does not exhibit significantly higher intrinsic hardness than the f phase.
Furthermore, the elastic modulus of the BCT phase is also similar to that
of the § matrix. This behavior is beneficial for biomedical applications,
as it prevents a substantial increase in the overall modulus of the alloy,
unlike strengthening mechanisms involving high-modulus phases such
as o and wjse.

4.2. Tensile behavior

The uniaxial tensile loading curve of the solution-treated Zr-12Nb-
3Sn specimen is shown in Fig. 6. The engineering stress-strain curve in
Fig. 6a exhibits a low elastic modulus (70 GPa) and superior yield
strength (YS) of over 1200 MPa while maintaining ~13% elongation.
The linear elasticity observed in the unloading stress-strain curve at 5%
suggests that no reversible deformation mechanisms are likely opera-
tional in the alloy during unloading. The inset of Fig. 6b shows strain-
hardening rate evolution as a function of true strain. The strain-
hardening rate of Zr-12Nb-3Sn is observed to decrease from very high
rates due to elastic-plastic transition until the formation of necking
where do / de = ¢ (Considere line shown in dashed line in the inset of
Fig. 6b). The strain-hardening rate of Zr-12Nb-3Sn alloy stays above the
Considere line until ~1400 MPa, showing a uniform elongation of 11%.

4.3. Strain-induced reversion of BCT to f# characterized by EBSD and
TEM observations

In situ EBSD mapping was performed on specimens strained to
different levels to investigate the evolution of the microstructure.
Fig. 7a-d show EBSD analyses from the same region of the Zr-12Nb-3Sn
sample at varying strain levels. Three variants of the BCT phase can be
indexed in Fig. 7a and 7b. After 5% deformation followed by unloading,
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map and BC + Phase map; the unit cell orientation is indexed on the maps. (e) Pole figures of the p and BCT phases.
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Fig. 5. Nanoindentation of the Zr-12Nb-3Sn sample at ST state. (a) SEM image showing the nanoindentation locations along with the corresponding hardness values;

(b) the corresponding EBSD (BC + IPF map) diagram.

Fig. 7d reveals that a portion of the fine BCT phases transformed back
into the matrix B phase, as evidenced by the BC + IPF map and BC +
Phase map. Higher-magnification examination of a transformed BCT
plate (shown in Fig. 7b and 7d) reveals a distinct misorientation of
approximately 2°, as demonstrated in the inset of Fig. 7d, between the f
phase transformed from the BCT phase (hereafter referred to as ‘reverted
BCT’) and the parent p matrix. This misorientation is indicated by yellow
arrows in the BC + IPF map in Fig. 7d and further confirmed by the
corresponding misorientation angle profiles shown in the inset of the BC
+ Phase map. After fracture, mechanical twin bands are observed in the
B matrix, as shown in Fig. 7e. Based on the stereographic projection
analysis in Fig. 7f, the twinning elements are identified as {332} <113>
type p twins, consistent with their orientation relationship with the p
matrix. This confirms that the TWIP effect is active through the forma-
tion of classical 332T during the plastic deformation. It should be noted
that mechanical twinning in this alloy requires a very high critical stress
(~1200 MPa), consistent with the alloy design. Typically, mechanical
twinning requiring such a high critical stress does not occur in TWIP Ti
alloys, due to earlier yielding by dislocation slip at lower stresses [26,
40]. Moreover, most of the BCT phases have transformed back into the
matrix, with the remaining BCT phases appearing only in grains oriented
near (100)s, where fragments of superficial BCT plates persist on the
surface.

To further investigate the stress-induced phase transformation
behavior of the BCT phase, TEM analyses were conducted on the frac-
tured Zr-12Nb-3Sn specimen. Fig. 8a presents a BF image revealing re-
gions of reverted BCT within the p matrix. The previously observed 2°
misorientation detected by EBSD is not clearly discernible in the SAED
pattern shown in Fig. 8b, as such subtle angular deviations are difficult
to resolve using TEM diffraction techniques. However, Fig. 8a clearly
exhibits a distinct contrast between the reverted BCT and the sur-
rounding B matrix. The SAED patterns, with relevant diffraction spots
highlighted in Fig. 8b, confirm the structural transformation of the BCT
phase back to the p phase.

Taken together, the combined findings from EBSD and TEM analyses
provide direct evidence for the stress-induced transformation of the BCT
phase into the p matrix during mechanical deformation.

Fig. 9 presents TEM characterization of mechanical twins formed
during deformation. In Fig. 9a, a bright-field image of the fractured Zr-
12Nb-3Sn sample shows a mechanical twin within the § matrix. SAED
patterns from the twin-matrix interface, the matrix, and the twin
(Fig. 9b-d) confirm the crystallographic relationship, further illustrated
by the stereographic projection in Fig. 9e, consistent with EBSD obser-
vations in Fig. 7e and identifying the twins as 332T [10].

Detailed TEM analyses were carried out to investigate the interaction
between the BCT phase and dislocation slip. Fig. 10 presents TEM mi-
crographs of the Zr-12Nb-3Sn sample at the early stage of deformation.
The BF image taken along <111>p zone axis in Fig. 10a demonstrates a
high density of dislocation slip lines generated in the matrix p phase
during the deformation process. Fig. 10b-d exhibit the dislocation slip
lines under three g conditions around <111>p zone axis. Dislocation slip
lines are observed to be stopped at the BCT phase boundaries, high-
lighting the strong barrier effect of the BCT phase on dislocations.
Fig. 11 demonstrates TEM micrographs of the Zr-12Nb-3Sn sample after
fracture. Fig. 11a presents a BF image captured around the <111>p zone
axis to visualize the complexity of dislocation patterns. However, the
reverted BCT with residual contrast (~2° misorientation to the p matrix)
is clearly observed. In contrast, Fig. 11b shows the same region tilted to a
two-beams condition, where dislocation patterns not related to the most
active system (as marked in Fig. 10a) are clearly distinguishable. This
system clearly appears in images taken with other two-beams conditions
(Fig. 10c and d) indicating that it features a set of single Burgers dislo-
cations. Notably, dislocation can still be observed to be stopped at the
boundaries of the reverted BCT, indicating that these phases continue to
act as barriers to dislocation slip lines due to the ~2° misorientation and
the presence of GNDs formed to accommodate the volume change
associated with the phase transformation.

5. Discussion

The Zr-12Nb-3Sn alloy exhibits a combination of high strength and
low elastic modulus, attributed to multiple deformation mechanisms. To
elucidate the underlying deformation behavior, several complementary
characterization techniques were employed. Three primary deformation
mechanisms were identified: dislocation slip, stress-induced reversion of
the quenched-in BCT phase, and mechanical twinning. The interaction
among these mechanisms results in complex microstructural evolution,
which is evident even at early deformation stages.

5.1. BCT’s role in the deformation mechanism

The BCT phase in the Zr-12Nb-3Sn alloy, although reported previ-
ously, has remained poorly understood in terms of its mechanical
properties and role as a secondary plate-like phase in metastable Zr al-
loys. Our findings reveal that this phase is mechanically unstable and
undergoes stress-induced reversion to the parent § phase. The meta-
stability of the BCT has been reported in Zr-9Nb-4Sn alloy [34] showing
phase reversion under heating. Nanoindentation results indicate no
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Fig. 6. Mechanical response of the Zr-12Nb-3Sn sample at ST state. (a) Tensile engineering stress-strain curve, the inset is cyclic tensile stress-strain curve; (b) true
stress-true strain curve, the inset is the corresponding strain-hardening rate curve as a function of true stress.

significant intrinsic hardness contrast between the BCT and B phases.
Due to its unique combination of instability and mechanical parity with
the matrix, the BCT phase interacts intricately with applied stress and
other deformation mechanisms, contributing to the alloy’s ability to
achieve high yield strength, low elastic modulus, and decent uniform
ductility.

The remarkable combination of strength and ductility investigated in
the Zr-12Nb-3Sn alloy can be explained by a multi-stage deformation
mechanism. In the initial stage, the interaction between dislocations and
as-quenched metastable BCT phases provides a strong strengthening
effect, which may be described within a framework analogous to the
Hall-Petch relationship in two-phase systems, where the average

statistical distance between dislocation sources and obstacles governs
strengthening. This is subsequently followed by a TRIP-assisted yielding
process, which further enhances ductility without sacrificing strength.
Upon loading, dislocations are generated in the BCC matrix glide
until they are arrested by the BCT phases. A key finding of this study is
that the BCT phase exhibits a hardness comparable to that of the BCC
matrix, as shown in Fig. 5. Thus, the significant strengthening observed
cannot be attributed to the BCT phases being intrinsically harder.
Instead, the BCT phases act as potent barriers to dislocation motion due
to the crystallographic character of the BCC/BCT interface, as presented
in Fig. 10. The large tetragonal distortion (~10%) across the interface
introduces significant structural and orientational incompatibilities,



J. Tang et al.

Acta Materialia 307 (2026) 121966

Traction direction

£=0.05

B
001
b
BCT

001 010
110

Misorientation (degrees)

(3323,

332},
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(unloaded state); (b) and (d) close-up images of selected areas in (a) and (c), the inset in (d) is the misorientation angle measured between reverted BCT and matrix f§
phases with yellow arrows in BC + IPF map of (d); (e) after fracture; (f) stereo projection showing the {332}<113> twin relationship marked in (e).

which hinder the transmission of slip from the matrix into the BCT
phase. Consequently, dislocations accumulate at the interface, leading
to stress concentration at the pile-up front. This mechanism is directly
analogous to that in dual-phase steels [41], where the yield strength is
governed by the effective mean free path (dg) between dispersed sec-
ondary phases in the surrounding matrix. Within a Hall-Petch

framework, the yield strength can thus be expressed as:
6y, = 6o + kydf_l/2
where oy is the friction stress and ky is the Hall-Petch slope.

In the present case, the distribution of the three crystallographic
variants of BCT phases substantially reduces ds. Furthermore, the
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Fig. 8. TEM micrographs of Zr-12Nb-3Sn sample at fracture state. (a) BF image showing p matrix and reverted BCT; (b) corresponding SAED patterns marked in

the (a).

secondary phase acts as a highly effective barrier, leading to a pro-
nounced increase in ky, which reflects barrier strength, with increasing
BCT phase volume fraction. A quantitative parallel can be drawn from
the work of Chang and Pretan on dual-phase steels [41]: as the volume
fraction of secondary phase increases from 0 to 35%, ky increases by a
factor of ~2.1 (from 573.4 to 1209.4 MPa-pml/Z). In our alloy, where
the BCT phase constitutes 10-30 vol.%, a similar effect is anticipated,
suggesting that even moderate fractions of a crystallographically distinct
second phase can significantly enhance boundary strengthening effi-
ciency. Both the reduction in df and the increase in ky contribute addi-
tively to the yield stress, resulting in a two-fold Hall-Petch strengthening
effect. This mechanistic framework is consistent with our observations
that the yield strength of the Zr-12Nb-3Sn alloy far exceeds that of
metastable TWIP-enabled BCC Ti alloys lacking BCT phases.

Consequently, dislocations pile up at their interfaces, leading to
significant stress concentrations at the pile-up tip (tp), as described by
the Eshelby, Frank and Nabarro Eshelby et al. (tip ~ n-Tapplied) [42].
Since the number of dislocations in a pile-up (n) is naturally limited by
the reduced dy, a higher applied stress is required to reach the critical
stress at the pile-up tip necessary to shear the BCT phase. The tensile
results therefore suggest that high local stresses are developed at these
pile-ups, ultimately triggering macroscopic yielding. Unlike the cases of
o’ or o”’ in BCC systems, no evidence of reorientation or mechanical
twinning is observed in the BCT phases. Instead of yielding through
dislocation penetration of the precipitates, as reported for a or o phases
[15], our observations indicate a TRIP-assisted mechanism: the stress
concentration at the pile-up tip is sufficient to induce a reverse trans-
formation of the metastable BCT phases into the stable BCC structure.

This phase reversion effectively eliminates the primary barrier to
dislocation motion. The local stress required to trigger the trans-
formation is reflected macroscopically as the high yield strength of the
alloy, which exceeds that of TWIP Ti alloys where grain boundaries are
the sole strengthening obstacles, as illustrated in Fig. 12. The newly
formed BCC regions exhibit only a slight misorientation (~2°) relative to
the parent matrix, presenting a weak barrier compared to the original
high-misfit BCC/BCT interface. Once these phase transformations occur,
dislocations propagate more readily across the reoriented regions,
facilitating long-range slip and the onset of bulk plastic flow. The pro-
gressive and distributed occurrence of these transformation events
across the microstructure provides a mechanistic basis for the smooth
and continuous yielding behavior observed.

Beyond yielding, plastic stability appears to be sustained by addi-
tional mechanisms. The occurrence of 332T at elevated stresses in-
troduces fresh internal interfaces. Although the contribution of the TWIP
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effect is less pronounced than in classical TWIP alloys [10,311], it likely
provides a modest work-hardening effect that delays strain localization
and mitigates premature failure.

Altogether, the TRIP-assisted mechanism provides a lower-energy
path for strain accommodation by avoiding the need for dislocations
to cut through the high-misfit precipitates, a process that is energetically
costly and prone to fracture. As a result, the alloy gains strength from the
barrier effect of the BCT phases, while ductility is maintained through
local stress-induced transformation. Together with the secondary
contribution of 332T, this combination of mechanisms explains the
observed balance of high strength and good ductility.

5.2. Mechanism-driven alloy design strategy in metastable Zr-Nb system

Achieving a combination of high yield strength, low elastic modulus,
and high damage tolerance under mechanical overload is a key design
objective for such applications. However, these properties are often
mutually exclusive, as high strength typically correlates with high
modulus and reduced ductility. From an alloy design perspective,
leveraging the strengthening effect of secondary phases alongside TWIP
effect with high CRSS offers a viable pathway. As shown in TWIP/TRIP
Ti systems, such combination is feasible with excellent proof-of-the-
concepts [26,27,43]. For  metastable Zr alloys, a similar strategy can
be applied to put alloy composition approaching the TWIP line in the
Bo — Md design map (Fig. 2), aiming to maximize the mechanical
twinning CRSS which delays the formation of twin at a high stress level
to gain higher yielding stress. Meanwhile, BCT plates act as effective
strengthening features by interacting with applied stress, dislocation
slip, and mechanical twinning. During deformation, the interaction of
dislocations with both retained and reverted BCT further contributes to
hardening. The activation of mechanical twinning after yielding plays a
critical role in preventing strain softening, ensuring the alloy maintains
high strength and ductility essential for reliable performance in
safety-critical biomedical applications.

The deformation-induced reversion of the BCT phase offers a
promising strategy to strengthen TWIP BCC alloys while overcoming the
limitations of non-reversible secondary phases such as wjs, and o pre-
cipitates. In classic TWIP BCC alloys like Ti-12Mo, wjs, precipitates can
raise the yield strength to ~1000 MPa [26], but only within a narrow
temperature-time window that controls the precipitate’s shear modulus,
composition, size, and density. Outside this window, such as at higher
aging temperatures or prolonged times, wjs, severely inhibits dislocation
slip and mechanical twinning, causing embrittlement through local
stress concentration. Moreover, the precipitation of wjs, and a phases are
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Fig. 9. TEM images of deformation twin. (a) BF image demonstrating interaction between BCT and twin; (b-d) corresponding SAED patterns marked in (a); (e) a
schematic stereo projection figure to illustrate the crystallographic relationship of internal 332T layers along the zone axis [010]//[1-11]g.

diffusion-controlled processes, leading to local compositional changes in
the p matrix and increasing the chemical stability, which suppresses
phase transformation and mechanical twinning. In contrast, the BCT
phase reverts into p only under relatively high stress, delaying massive
dislocation slip and increasing the yield point. Acting analogously to a
stress-activated switch, BCT remains inactive at low stress but trans-
forms back into the f matrix upon reaching a critical threshold. This
transformation triggers the onset and propagation of dislocation glide
and deformation twinning, leading to enhanced yield strength without
compromising ductility. Since the hardness values of BCT and f phases
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are comparable (Fig. 5) and given the positive correlation between
hardness and elastic modulus, the BCT phase does not significantly
stiffen the alloy, unlike high-modulus precipitates such as w5, and o
[44-46].

Theoretical analysis further highlights the geometrical effect of
plate-like precipitates compared to other shapes, such as spherical or
cylindrical forms, in precipitation hardening. According to the work of
F.R.N. Nabarro [47], thin plate-like precipitates are particularly effec-
tive due to their ability to significantly reduce strain energy, consistent
with the observation that the BCT phase exhibits a 10% volume
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BCT phase

Fig. 10. TEM micrographs of Zr-12Nb-3Sn sample at the early stage of deformation. (a) BF image of dislocation slip lines generated in the p matrix; (b-d) BF images

of the three g conditions around <111>g zone axis.

(a)

Reverted BCT

Fig. 11. TEM micrographs of Zr-12Nb-3Sn sample after fracture showing the interaction relationship between dislocation slip lines and BCT phases; (a) and (b) BF

images of the g conditions around <111>; zone axis.

expansion along the c-axis compared to the BCC matrix. This
morphology allows the precipitate surfaces to expand freely, minimizing
local shear stresses and lowering overall strain energy compared to other
geometries. The reduced strain energy promotes a uniform distribution
of precipitates within the matrix, enhancing their ability to hinder
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dislocation motion. Consequently, plate-like phases are likely to be
substantially effective to increase the alloy’s yield strength. However,
the increasing of the strength usually leads to trade-off with ductility,
and even embrittlement [48-50]. Thus, the BCT phases in TWIP Zr offer
exceptional advantages because of their stress-dependent reversion
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deformation mechanisms is shown from the ST state (a) to the different deformation stages (b) onset of the plastic regime and (c) the plastic regime.

behavior, which results in high yield stress without observable
embrittlement.

Furthermore, it is noteworthy that in the Bo — Md design diagram for
Zr-based alloys of our previous work [32], the composition of
Zr-12Nb-3Sn lies on the TWIP line, indicating that its deformation
mechanism is at the threshold for producing the TWIP effect. In our
previous studies on dual-phase f§ Zr-Nb alloys [31], p Zr-Nb-Sn alloys
[32] and TRIP/TWIP Ti alloys [28,51], we observed an increase in yield
strength when martensitic transformation and 332T were suppressed by
enhancing the stability of the f§ phase.

This provides valuable insight into designing high-strength meta-
stable Zr-based alloys. By leveraging the unique plate-like morphology
and reversible transformation behavior of the BCT phase, we propose
that tuning the stability of the f§ phase to a critical level could maximize
the strength of the alloy while retaining its deformation capabilities.

6. Conclusions

In summary, the dual-phase Zr-12Nb-3Sn alloy exhibits an excep-
tional balance of high yield strength and low elastic modulus, largely
attributed to the presence and behavior of plate-like BCT phases. A
comprehensive suite of microstructural characterizations has been
conducted to elucidate the deformation mechanisms and functional role
of the BCT phase. The key conclusions are as follows:

(1) The BCT phase forms as three distinct crystallographic variants
and exhibits stress-induced transformation into the matrix p
phase. This transformation is confirmed by EBSD and TEM ana-
lyses, revealing the phase’s mechanical instability and reversible
nature under load;

The BCT phases act as effective barriers to dislocation motion,
contributing to precipitation strengthening. Upon trans-
formation, the reverted BCT continues to impede dislocation slip
lines and generates GNDs due to the lattice misfit and ~10%
dilatational strain, further enhancing the alloy’s strength;

The alloy composition was strategically chosen along the TWIP
line to achieve high f phase stability near the mechanical twin-
ning limit. The TWIP effect, observed through the activation of
332T, contributes to a hardening effect during plastic deforma-
tion to avoid strain softening.

(2

—

(3)

Overall, the alloy achieves a rare synergy of mechanical properties,
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with a yield strength exceeding 1200 MPa, an elastic modulus around 70
GPa, and an elongation of about 13%, making it a promising candidate
for orthopedic implant applications.
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