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As one of the detrimental ingredients, oxygen can, even in a small amount, substantially reduce the ductility of Ti
alloys. Here, rather than being discouraged by the negative effects of oxygen on ductility, an equiaxed dual-phase
Ti-8Nb-2Fe-0.660 (wt.%) alloy showing ultrahigh yield strength (1386 MPa) and good tensile ductility (fracture
elongation ~10.8%) was developed. The oxygen-containing alloy is 87% stronger than the oxygen-free base alloy
whereas the ductility loss is marginal. The effects of oxygen interstitials can be twofold: they led to significant

solid-solution strengthening by pinning dislocations and suppressing stress-induced martensitic transformation;
the equiaxed o + § dual-phase with basal o texture doped by oxygen promoted multiple (¢ + a)-type and (a)-type
dislocation activities that guaranteed good ductility. This work demonstrates a new avenue to develop high-
strength Ti alloys by doping oxygen interstitials, which takes full advantage of the beneficial strengthening
factor of oxygen while avoiding its detrimental embrittlement effect.

Titanium (Ti) and its alloys have been widely used in aerospace and
biomedical industries owing to their superior specific strength, low
elastic modulus, and corrosion resistance [1-3]. Among them, (a +
B)-type Ti alloys composed of duplex phases are the most widely used
ones due to their highly tunable microstructures and mechanical prop-
erties. By carefully manipulating the thermo-mechanical process,
diverse microstructures including equiaxed grains, bimodal grain dis-
tribution, basketweave patterns, and Widmanstadter structure
(martensite) can be engineered in the materials [3]. The equiaxed o + 8
dual-phase microstructure is highly attractive as it exhibits high
ductility, high fatigue strength, and excellent impact toughness. How-
ever, it often displays mediocre strength due to the lack of additional
strengthening mechanisms, such as solid-solution strengthening of «
phase and precipitation strengthening of p phase. Alloying with
complicated elements (including Al, Mo, V, Cr, Zr, etc.) and precipita-
tion of fine acicular o phase by aging are usually mandatory to render
the alloys with strength higher than 1200 MPa, which however increase
both the material cost and fabrication cost [4-6]. Besides, the fine
acicular o phase precipitated inside the p grain and at § grain boundary
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deteriorates ductility owing to the strain incompatibility between f
matrix and o precipitates, thus premature fracture of the alloys [7-9]. It
is still challenging to effectively harden the a +  dual-phase Ti alloys
with fully equiaxed grains without substantially sacrificing ductility.
Oxygen as an interstitial element with a small atomic radius can
create strong lattice distortion in Ti alloy, thus imparting significant
strengthening [10,11]. However, it is documented that oxygen addition
above 0.4 wt.% resulted in detrimental embrittlement in (a + B)-type Ti
alloys with duplex phases [10,12,13]. The presence of oxygen inevitably
depressed twinning activity [13,14] and promoted planar dislocation
arrangement [12,13]. Besides, the enrichment of oxygen in the « phase
due to the stronger affinity of the a phase with oxygen created distinct
mechanical incompatibility between the a phase and f phase, which
facilitated strain localization, crack initiation, and eventually premature
failure of the materials [15]. Chong et al. [13] reported that oxygen
sensitivity on ductility was mitigated in Ti-6Al-0.30 (wt.%) by pro-
moting twinning and delocalizing dislocations, which substantially
improved both cryogenic strength and ductility. The formation of basal
texture in Ti-3A1-2Zr-2Mo-0.360 (wt.%) near-a alloy enhanced ductility
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Fig. 1. EBSD images of the 00 and 0.60 alloys. The insets in (c) and (f) are corresponding grain size distribution histograms.

by promoting (¢ + a) slips [16]. It thus infers that the embrittlement in
high oxygen-containing (a + p)-Ti alloys can be addressed through both
compositional and microstructural design to initiate additional defor-
mation modes in the o phase.

In this work, a 0.66 wt.% content of interstitial oxygen was elabo-
rately doped to strengthen an (« + p)-type Ti-8Nb-2Fe-0.660 alloy (wt.
%, Mo equivalent of 1.8) with fully equiaxed a + f microstructure.
Taking full advantage of chemical composition and microstructure en-
gineering, we reported for the first time the embrittlement dilemma in
high oxygen-bearing (a + B)-Ti alloys was successfully addressed and
ultrahigh tensile yield strength (1386 MPa) and good ductility (10.8%)
were achieved.

The ingot with measured chemical composition of Ti-8.56Nb-2.08Fe-
0.660, referred to as 0.60 alloy hereafter, was prepared by vacuum arc
melting using high-purity raw materials. Interstitial oxygen was doped
by using TiO2 powders. For comparison, a base alloy Ti-8.96Nb-2.5Fe-
0.090 (00 alloy with Mo equivalent of 8.0) was also prepared. The in-
gots were remelted at least five times and heat-treated at 1000 °C for 2 h
for chemical homogeneity. The chemical compositions of the alloys were
measured by inductively coupled plasma-optical emission spectroscopy
(ICP-OES) and a LECO ONH836 analyzer. For grain refinement, 10 mm
thick plates cut from the ingots by electronic discharge machining were
two-step hot-rolled, which was first rolled at 750 °C to 4 mm thick and
then rolled at 650 °C to 1.5 mm thick sheets. Post-annealing was con-
ducted at 725 °C for 30 min for recrystallization and then water
quenched. Microstructure of the as-annealed specimens was observed by
electron backscatter diffraction (EBSD) performed on a thermal field-
emission scanning electron microscopy (SEM, Apreo S LoVac) and
transmission electron microscopy (TEM, JEM-2100F) at an accelerating
voltage of 200 kV. EBSD maps were obtained at 15 kV with a step size of
0.4 pm on the rolling plane. TEM samples were prepared by twin-jet
polishing at 238 K using an electrolyte containing 5% perchloric acid,
35% methanol, and 60% normal butanol. Uniaxial tensile tests using
dog-bone-shaped tensile specimens with gage sections of 18 mm x 5
mm x 1.5 mm at a strain rate of 5 x 10~ s ! were conducted on an
Instron-8801 testing system at room temperature, and the tests were
repeated three times for reproducibility. Tensile direction was parallel to

rolling direction and a strain extensometer was employed.

EBSD results in Fig. 1 reveal the formation of fully equiaxed fine
grains consisting of « + p dual-phase with an average grain size of 1.65
pm of the 0.60 alloy. The phase distribution map (Fig. 1b) suggests that
68.9% of the grains are o phase with hexagonal close-packed (HCP)
structure, in line with the XRD pattern (Supplementary Fig. S1). A strong
basal texture in the o phase with [0001],, c-axis nearly perpendicular to
rolling plane was observed (Supplementary Fig. S2¢), which originated
from easy activation of basal slip during hot-rolling [17,18]. No
apparent texture was observed in the § phase (Body-centered cubic,
BCC) (Supplementary Fig. S2). The 00 alloy presents a highly similar
microstructure to the 0.60 alloy as demonstrated in Fig. 1, Supple-
mentary Figs. S1, and S2.

Bright-field (BF) TEM image (Fig. 2a) further confirmed the mixture
of equiaxed « + p grains with f grains (darker contrast) almost isolated
by the o matrix. No trace of oxides or intermetallic was observed. Dark-
field (DF) TEM image in Fig. 2(b) illustrates the presence of nanoscale ®»
particles in the p phase. The formation of a + § dual-phase resulted in
elemental redistribution [2], where p-stabilizers Nb and Fe were mostly
partitioned to the f§ phase that enhanced the f§ phase stability and also
hardened it, while O was enriched in « phase according to line scanning
data (Supplementary Fig. S3). Above results suggest that oxygen showed
minor influence on the microstructure of the base and 0.60 alloys.
Nevertheless, the amount and size of the o particles in the 0.60 alloy are
lower than the base alloy (Supplementary Fig. S4) owing to the inhibi-
tion role of oxygen on the formation of athermal w phase [19], which is
beneficial for plastic deformation.

Despite the similarity in microstructure, the base alloy and 0.60
alloy exhibited largely different mechanical responses under tensile
loading. The base alloy yielded (0.2% offset yielding) at low stress of 742
+ 7 MPa. Surprisingly, the yield strength of the 0.60 alloy was
tremendously increased to 1386 + 5 MPa while a relatively high
ductility of 10.8 + 0.6% was still maintained as shown in Fig. 3(a),
successfully breaking the upper limit of 0.4 wt.% oxygen tolerance of
ductility in (o + B)-Ti alloys [10]. The present 0.60 alloy possesses a
superb combination of ultrahigh yield strength and good ductility that
outperforms the o-type and (a + p)-type Ti alloys with fully equiaxed
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Fig. 2. TEM images of the 0.60 alloy. (a) BF image, the § and « grains are labeled by symbol § and a, respectively, (b) DF image of the athermal » phase acquired by
using the ellipses highlighted o diffractions in the inset of (a), and (c) EDS elemental distribution maps with inset showing the line scanning results across A to B.

microstructure, and even superiors to other typical metastable B-type
high-strength Ti alloys shown in Fig. 3(c). The change in mechanical
properties is reflected by the evolution of strain hardening behaviors
shown in Fig. 3(b). The rapid rise in strain hardening rate after elastic
deformation indicates the presence of additional deformation modes
that contributed to the maintained ductility [1,20,21]. A distinct yield
drop phenomenon of the 0.60 alloy similar to steel and high entropy
alloy with interstitial carbon [22] and oxygen [23] addition led to the
noticeable drop in flow stress and strain hardening rate, which was a
consequence of dislocations breaking up from the interstitial pinning.
The strain hardening of the two alloys behaved similarly at strains
higher than ~5%. The difference in strain hardening ability at low strain
infers an alteration of deformation mode by oxygen addition, resulting
in substantially enhanced yield strength of the 0.60 alloy.

To clarify the origin of the extraordinary high strength-ductility
synergy of the 0.60 alloy, microstructure evolution after different ten-
sile strains was investigated by TEM. Microstructure of the 00 alloy
subjected to 5% strain is given in Fig. 4. Orthorhombic o martensite
(SIMa") formed by stress-induced p to o" martensitic transformation
(SIMT) was observed in Fig. 4(a-c), which explains the high strain
hardening rate of the base alloy at early plastic deformation through
transformation-induced plasticity (TRIP) effect. The occurrence of SIMT

indicates the metastable nature of the B phase. Besides, band-like
structures along with dislocation tangle were observed in the o grain
as seen in Fig. 4(d) and (f). These bands shared identical crystallographic
structure with a-matrix but showed small yet noticeable local crystal
rotation (Fig. 4e), thus are termed as a-kink bands [24]. These a-kink
bands were initialized by extensive dislocation slipping that locally
distorted and rotated the lattice, which acted as a stress-relaxation
process to accommodate local stress concentration in the a phase, thus
delaying crack initiation and imparting high ductility to the base alloy
[25,26].

Microstructures of the 0.60 alloy subjected to 2%, 5%, and 10%
tensile strains were shown in Fig. 5(a-c). No stress-induced phase
transformation and deformation twinning were observed due to the
inhabitation effect of oxygen [12,27]. Plastic deformation of the 0.60
alloy was thus accommodated by dislocation slipping, and the disloca-
tion density increased with increasing strain. Dislocation density of the p
phase was obviously lower than that of the a phase (Fig. 5a-c), inferring
that the p phase was harder than the o phase. A g.b analysis shows that
the dislocations observed in the o phase are primarily non-basal types
and specifically prismatic (a)-type and pyramidal (c + a)-type disloca-
tions (Supplementary Fig. S5). Dislocations were first initiated at the o
grains while leaving the p grains elastically deformed. The dislocations
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Fig. 3. Mechanical properties of the studied 00 and 0.60 alloys. (a) Tensile true stress-strain curves of the 00 and 0.60 alloys, the mechanical properties are
summarized in the inset table where YS stands for yield strength, UTS for ultimate tensile strength, and ¢ for fracture elongation, (b) strain hardening rate curves
corresponding to stress-strain curves in (a), and (c) comparison of yield strength and fracture elongation of the present 0.60 alloy with a-type (solid symbols), (a +
B)-type (hollow symbols) and typical high-strength metastable B-Ti (half solid symbols) alloys [6,12,18,31,34-44].

at a grains then tangled and piled up at the o/f grain boundary with
increasing strain, which generated stress concentration and then trig-
gered dislocation slipping in the adjacent p grain [28], also known as
heterogeneous deformation induced hardening [29]. Finally, a high
density of dislocations piled up at a/p grain boundaries was encountered
at high strain (Fig. 5¢). The coordinate dislocation activities in a and p
phases guaranteed good ductility of the 0.60 alloy, which was further
confirmed by ductile fracture behavior and finer dimple size in Sup-
plementary Fig. S7.

Results demonstrate a high tolerance of oxygen on the ductility of («
+ B)-type Ti alloy with equiaxed microstructure. The formation of fine-
grained o + P dual-phase architecture was beneficial for strength
increment through grain refinement strengthening. However, as sche-
matically illustrated in Fig. 5(d), the macroscopic yielding of the base
alloy was dominated by SIMT of the p phase, resulting in low yield
strength. Doping the base alloy with 0.66 wt.% oxygen together with
pB-stabilizers Nb and Fe strongly hardened the soft § phase. Therefore,
plastic deformation of the 0.60 alloy was firstly accommodated by
dislocation slipping in the o phase. The stress drop after onset of yielding
indicates that dislocations temporally arrested by oxygen atoms were
unpinned and therefore can glide on the slip planes, inferring that the

strengthening mechanism was governed by interstitial solid-solution
strengthening [23]. Interstitial oxygen atoms usually produce severe
octahedral and tetragonal distortions in HCP lattice and BCC lattice,
respectively. The strong but short-range repulsion interaction between
screw dislocations and such lattice distortion centres substantially
increased the critical resolved shear stress required for dislocation mo-
tion, thus hardening the materials [23,30]. Oxygen interstitial
solid-solution strengthening of the o phase and p phase of the 0.60 alloy
was calculated to be 590 MPa (Ac,) and 732 MPa (Acp), respectively
(see Supplementary Materials). Hence, the theoretical yield strength
increment (Aoyg) due to the doping of 0.66 wt.% oxygen was about 634
MPa according to the role of mixture: Acys = 0.69A0y + 0.31Acp. This
means that the experimental strengthening of yield strength by 644 MPa
was mainly attributed to interstitial soli-solution strengthening. The
above analysis indicates that the hardening of interstitial oxygen on the
f phase was more pronounced as compared to the o phase caused by the
severer tetragonal distortion [10], which reasoned the distinct lower
dislocation density of the  phase at low applied strain (Fig. 5a and b).

Despite the substantially enhanced yield strength, the loss in
ductility was marginal. The formation of equiaxed o + p dual-phase with
strong basal o texture played a key role in causing multiple dislocation
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Fig. 4. TEM images of the 00 alloy after 5% tensile strain. (a) BF image of p matrix with inset showing SAED pattern of p matrix and SIMa", (b) DF image of the SIMa"
using diffraction spot highlighted by the yellow circle in the inset of (a), (c) IFFT of the SIMa", (d) BF image of the o phase with inset SAED pattern recorded from the
white circled area, (e) and (f) IFFT images showing the a-kink band and high-density dislocation accumulated around their interface, respectively.

activities, contributing to obtained good ductility. (¢ + a)-type dislo-
cations are essentially required to accomplish deformation along the c-
axis of HCP crystal when twinning is absent. Basal a texture is beneficial
for the activation of pyramidal (a)-type and (c + a)-type dislocations
according to Schmid factor maps (Supplementary Fig. S7) [16,31]. Note
that the enhanced basal texture in the 0.60 alloy induced more favor-
able pyramidal and prismatic slips to maintain the ductility (Supple-
mentary Fig. S2 and S7). The doping of interstitial oxygen also supported
the (¢ + a) dislocations through an interstitial shuffling mechanism
[28]. The equiaxed grains provided larger dislocation mean free path
than fine acicular a, and the strong texture means a similar orientation
between the adjacent a grains with respect to load direction, which
favored dislocation transferring across different grains [32,33]. The (c
+ a) dislocations interacted with (a) dislocations resulting in plenty of
tangled dislocations and thus large strain hardening capability of the
0.60 alloy (Fig. 3b), delaying stress localization and crack initiation. The
elaborately selected Nb, Fe f-stabilizers and interstitial oxygen sub-
stantially hardened the p phase, which minimize the mechanical in-
compatibility between equiaxed a and B grains. Both o and f phases
accommodated plastic strain via dislocation slipping at the post defor-
mation stage (Fig. 5c), which resulted in the almost identical strain
hardening rate at strains higher than 5% and prolonged the ductility.
Moreover, the reduction of the ® phase also contributed to the obtained
good ductility. Consequently, the conventional undesired embrittlement

effect of oxygen on (a + p)-Ti alloy was successfully overcome by co-
ordinate dislocation slipping in both a and §§ phases.

In summary, results demonstrate that the oxygen tolerance on the
ductility of (a + p)-type Ti alloys can be as high as 0.66 wt.%, which was
achieved by the formation of equiaxed fine o + § dual-phase with basal «
texture and activation of multiple dislocations in the o phase. Conse-
quently, a superb combination of yield strength and ductility was real-
ized by doping 0.66 wt.% oxygen interstitials. The remarkable
increment in yield strength resulted from strong solid-solution hard-
ening of both a and p phases and suppression of stress-induced § to o"
martensitic transformation. The formation of equiaxed fine grains with
strong basal a texture promoted (c + a) dislocations in the « phase,
which in return contributed to the good ductility. Our results demon-
strate a novel alloy design strategy for Ti alloys via engineering chemical
composition and microstructure that turns the traditionally conceived
detrimental oxygen interstitials into viable strengthening and tough-
ening factors.
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