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Titanium (Ti) is a promising biomedical material due to its superior corrosion resistance, low elastic mod-
ulus and favorable biocompatibility. Nevertheless, Ti faces a dilemma because of its inferior abrasion per-
formance and strength-ductility trade-off, which poses a limitation in application as biomedical implants.
Here, we developed an oxygen-charging method to fabricate a B-Ti alloy with combination of ultrahigh
surface hardness, strength, toughness and remarkable wear resistance. The superior mechanical perfor-
Keywords: mance of S-Ti alloy originates from a 200 pm-thick a+8 phase hard shell, a 600 xm oxygen gradient
B-Ti region and an oxygen-free B-Ti core. The gradient phase and composition structures display different de-
Oxygen-charging formation mechanisms, transforming from simple but unusual basal slip in « phase to multiple-slip ac-

Hardening tivities in B phase. The unique oxygen gradient distribution makes 8-Ti alloy much stronger and tougher
¥Vearh that can resist surface crack propagation and sample catastrophic failure. Oxygen charging is a novel
oughness

technique to design high-performance Ti implants for biomedical applications.

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

1. Introduction

Titanium (Ti) alloys are indispensable engineering structural
and functional materials for application in aerospace [1,2] and
biomedical [3,4] fields due to its lightweight, high strength-to-
weight ratio, excellent corrosion resistance [5,6] etc. Ti has two
allotropic phases, a hexagonal-close-packed (HCP) « phase below
882 °C and a body-centered-cubic (BCC) 8 phase above [7]. With
the addition of B-stabilizers (such as Mo, Nb, Cr) and appropriate
heat treatment, the metastable 8 phase forms at room tempera-
ture [7]. Due to lower elastic modulus, enhanced biocompatibil-
ity and superior corrosion resistance [8], B-Ti alloys are regarded
as promising human permanent implants [9]. Nevertheless, acci-
dents of loosening or even failure of orthopedic implants caused by
joint friction [10,11] pose a challenge in design and manufacture of
biomedical B-Ti alloys. Several surface modifications [12-15] were
proposed to improve hardness and surface abrasion performance of
Ti implants. However, potential hazards of coating failure and high
cost make surface modification an unfavorable choice.

Recently, thick oxide layer of metals as an antibiotics coat-
ing [16] exhibits high abrasive resistance [17], which inspires re-
searchers to employ oxygen to tune the performance of biomedical
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materials. Oxygen diffusion hardening was proposed to process Ti
alloy, while the obtained alloys have a thick but loose oxide layer
and an inferior mechanical performance [18-20]. Acting as « stabi-
lizer, oxygen has tremendous impact on Ti phase stability [21] and
mechanical properties [22,23]. Ti has high oxygen solid solubil-
ity of 14.5 wt% in « phase and 2 wt.% in 8 phase [24]. A small
amount of oxygen solutes in Ti leads to marked strengthening but
unfortunately considerable reduction in ductility [25]. Such alloy-
ing induced strength-ductility tradeoff is a common phenomenon
in many metals and alloys [26]. One approach to achieve strength-
ductility synergy in biomaterials is design of gradient materials in-
cluding gradient microstructures or compositions [27,28]. Gradient
materials, such as gradient in grain size, twin thickness, bi-metal
interface density etc., possess combination of high strength and ex-
cellent ductility, which is an effective mean to overcome strength-
ductility trade-off [29-33]. Besides, compositional gradient mate-
rials also optimize mechanical properties and deformation behav-
ior. Carburization or nitriding makes steels with superior surface
hardening and enhanced wear resistance [34], but these surface
treatments are mainly used for steels. Likewise, dilution of oxygen
solutes also leads to an intense hardening effect [35]. Recently, a
novel oxygen-charging method is proposed to tune the mechani-
cal properties and corrosion behavior of BCC metals [36-39]. For
example, a quadruple yield strength of Nb without sacrifice of uni-
form ductility has been achieved by formation of oxygen gradient
[36]. Notably, the oxygen charging is also suitable for metals and
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Fig. 1. (a) Microstructures of ORI-B-Ti. (b) Cartoon of the oxygen-charging experimental setup for fabrication of oxygen-gradient 8-Ti. (c) Surface microstructures of oxygen-

charged 1 h B-Ti. (d) XRD patterns of B-Ti before and after oxygen charging.

alloys with high temperature BCC phase. Therefore, design of oxy-
gen solute gradient Ti component provides a brand new insight to
develop high-performance biomedical materials.

In this study, we use an oxygen-charging technique to pro-
cess a B-Ti alloy. The oxygen-charged sample has a 200 pm-thick
o+f phase hard shell, a 600 um oxygen gradient region and an
oxygen-free SB-Ti core. This B-Ti alloy with such novel gradient
microstructures possesses ultrahigh hardness, strength, toughness
and marked abrasive resistance. Besides, such a B-Ti alloy resists
surface crack propagation and catastrophic failure due to gradi-
ent microstructures and an oxygen-free ductile core. The oxygen-
charging technique is a feasible and economical mean to achieve
high-performance Ti implantation.

2. Materials and methods
2.1. Oxygen-charging processes

A metastable S-Ti alloy with nominal composition of Ti-5Al-
4Mo-4V-4Cr-3Zr (wt.%) was used as model material. With addition
of biocompatible S-stabilizers Mo, Cr, Zr and low amounts of bale-
ful elements, such B-Ti alloy excels over widely-used Ti-6Al-4 V al-
loy for biomedical application. The B-Ti alloy ingots were solution-
treated in B transus area followed by water quenching to obtain
single B phase. The sample has an average grain size of 300 um,
as shown in Fig. 1(a). The solution-treated sample is named as ORI-
B-Ti. Oxygen-charging treatment has four steps. First, putting the
ORI-B-Ti sample in a tube furnace filled with a flowing mixture gas
of oxygen and argon, as illustrated in Fig. 1(b). Second, heating the
furnace to 1000 °C (in the B8 phase region). Third, keeping the sam-

Table 1
Surface composition (wt.%) of carbon, nitrogen and oxygen in ORI-SB-Ti specimens
after oxygen charging for different time.

Sample/Content(wt.%) Carbon Nitrogen Oxygen
ORI-B-Ti 0.0066 0.0076 0.049
OC1h-8-Ti 0.0150 0.0180 0.887
0C2h-B-Ti 0.0130 0.0140 1.640
0C4h-B-Ti 0.0092 0.0226 3.400

ple for different time (1 h, 2 h, 4 h). Finally, the sample is water
quenched to room temperature. The samples with 1 h,2 hand 4 h
of oxygen-charging are named as OC1h-8-Ti, OC2h-B-Ti and OC4h-
B-Ti, respectively. During the oxygen-charging, the pressure inside
the furnace tube was set to 400 Pa. The concentrations of oxygen,
nitrogen, carbon at the surface of samples were measured by LECO
ONHB836 Oxygen/Nitrogen/Hydrogen Elemental Analyzer and LECO
(CS844 Carbon/Sulfur Analyzer, as listed in Table 1. After oxygen-
charging, the concentration of oxygen increased significantly.

2.2. Microstructure characterization

The samples were electrolytically polished before microstruc-
tural examination. X-ray diffraction (XRD) with a Cu-Ko radiation
was used to identify phase structures. HITACHI SU6600 scanning
electron microscope (SEM) was applied for microstructural char-
acterization. The compositions of the sample were analyzed using
Energy Dispersive Spectrometer inside SEM. Phase structures and
orientation relationship were determined using electron backscat-
tered diffraction (EBSD). A high-resolution transmission electron
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Fig. 2. (a) Cross-sectional SEM image of OC-S-Ti. (b) Enlarged image showing the region marked with green box in (a) that « phases form in 8 matrix. (c) Concentration
of alloying elements in region (b). (d) Phase map of the region marked with black box in (a). (e) The orientation relationship between « and B phase can be determined
according to the pole figures. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

microscope (TEM) (JEOL 2100F) operating at 200 KV was utilized
for deformation structures characterization. TEM foils were lift out
by focused ion beam (FIB) from some of the indentations in the
cross-section of an OC4h-g-Ti.

2.3. Mechanical tests

Vickers hardness were measured on the cross-section of
oxygen-charged samples from one edge to the other with an ap-
plied load of 200 gf and a holding time of 10 s. Five repeated
tests were performed for each site to ensure reproducibility. Bulk
compression tests were conducted using column samples with size
of 4 mm (diameter) x 7 mm (length) at a strain rate of 10~
s~1. More than three tests were repeated for each type of sam-
ple. Abrasion tests were conducted on a disk wear-testing machine
with a rotation speed of 60 r-min—!. The samples with a size of d)
5 mm x 8 mm were placed on the disk with applied load of 3 N.
SiC sand papers (800#) were used as the abrasive substrate and
placed between the tested samples and the disk. In abrasion tests,
the sample was slid from center to rim of the disk with a constant
speed of 4 mmer—!. The average weight loss from three repeating
tests was used as the abrasive indicator. The wear weight loss per
unit area was regarded as the wear rate. The abrasive wear behav-
ior and the surface roughness after the wear tests were analyzed
by 3D laser scanning microscope ((VK-9710, Osaka, Japan)).

3. Results
3.1. Phase structures in oxygen-charged B-Ti

The ORI-B-Ti has equiaxed grains with an average size of
~300 pum, as displayed in Fig. 1(a). Fig. 1(b) shows the cartoon

of the oxygen-charging setup. The oxygen-charging method in-
troduces not only a thin oxide layer on the top of the sample
but also a wide region with oxygen gradient distribution [40].
Gaseous O, is converted into oxygen atoms/ions on the surface of
Ti under high temperature. Oxygen atoms then continuously dif-
fuse into the interior of the ORI-B-Ti [41]. After oxygen-charging,
some lath phases are formed on the top surface of oxygen-charged
B-Ti, as shown in Fig. 1(c). XRD patterns in Fig. 1(d) indicate
that these lath phases are HCP «-Ti. The surface oxide layer has
been removed by mechanical grinding before imaging and no ox-
ide remained according to the XRD patterns in Fig. 1(d). Oxy-
gen is known as « stabilizer, which promotes the formation of
o-Ti [21]. In addition, oxygen also decreases the stability of in-
herently metastable BCC 8-Ti, which leads to spinodal decompo-
sition of B phase [42]. Once the oxygen concentration reaches a
critical level, lath-shaped «-Ti starts to precipitate and permeate
into B-Ti, thus «-Ti shell is formed on the surface of S-Ti after
oxygen-charging.

Fig. 2(a) shows the cross-sectional microstructures of OC4h-g-
Ti. Three distinct regions can be identified: a 10 um oxide layer, a
200 um a+p two phases region, and an equiaxed B-Ti matrix. The
lath-shaped « phase with different shapes and orientations show
a strong grain-dependence. The growth of «-Ti is limited within
the grains [43], as shown in Fig. 2(a). Figs. 2(b) and (c) show the
portioning of alloy elements in @ and 8 phases. 8 stabilizers (Mo,
V, Cr) are absent in the solute oxygen-induced « phase. Fig. 2(d)
shows phase map of the region marked by black box in Fig. 2(a).
The lath-shaped « phase has a classical Burgers orientation rela-
tionship with the B matrix, such as {0001}y// {110}, {1120}4//
{111} 4, {1010} // {112}, according to the pole figures in Fig. 2(e)
[44].
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Fig. 3. Three-dimensional microstructures and hardness distribution of oxygen-
charged S-Ti. HV is the unit for the Vickers hardness. Distribution of hardness in
B-Ti after oxygen charging for different time is shown in lower part of the fig-
ure. The variation of hardness is related to different microstructures, such as a+f
oxygen-dissolved zone (referred to as a+ ODZ), B oxygen-dissolved zone (referred
to as $-ODZ) and S non-oxygen zone (referred to as S-NOZ).

3.2. Ultrahigh hardening in oxygen-charged B-Ti

Fig. 3 demonstrates three-dimensional microstructures of OC-f-
Ti and the corresponding Vickers hardness distribution. The oxygen
concentration decreases gradually from the sample’s surface to in-
terior. Similarly, the Vickers hardness also decreases from the top
surface to the center of the sample, as shown in Fig. 3. The distri-
bution of hardness reflects the gradient distribution of oxygen in
the cross-section of oxygen-charged B-Ti. The subsurface hardness
of the OC4h-B-Ti reaches 1125 HV, which is nearly quadrupled
compared to that of ORI-B-Ti (284 HV). The subsurface hardness
of OC4h-B-Ti is much higher than the maximum hardness that
can be achieved by other surface modifications, such as ion im-
plantation, electrochemical or thermal oxidation etc. [45-47]. The
oxygen-charged B-Ti has a gradient microstructures and hardness
distribution. A 200 um thick o+ phases layer as a hard shell cov-
ers the B-Ti. The diffusion of solute oxygen reaches ~0.8 mm on
each side of the samples after oxygen-charging. The surface oxy-
gen concentration in the OC4h-S-Ti is about 3.4 wt.%, surging near
70 times of the oxygen concentration in the ORI-S-Ti, while the
content of carbon and nitrogen maintains at the similar level.

By tuning the oxygen-charging time, i.e. kept for 1 h, 2 h,
4 h, distinction hardness gradient can be obtained, as displayed in

Acta Materialia 227 (2022) 117686

Fig. 4. Deformation mechanism in a+f ODZ. (a) SEM micrograph of an indentation
in o+B ODZ. Hardness is marked in the right corner of the figure, d is the distance
from the sample surface to the indentation site. (b) Typical TEM micrographs show-
ing the characteristics of slip bands in « phase. (c) Intersection of slip traces in «
phase under indentation. (d) Schematic showing the activation of slip planes in a
hexagonal close-packed unit cell.

Fig. 3. The hardness gradient becomes steeper with the elongation
of oxygen-charging duration. The maximum hardness of oxygen-
charged for 1 h, 2 h and 4 h reaches 560 HV, 640 HV and 1125 HV,
respectively. According to the combination of microstructure het-
erogeneity and oxygen gradient, the cross-section of OC-B-Ti can
be divided into three regions: a hard o+ two phases oxygen-
dissolved zone (named as «+f ODZ), a B oxygen-dissolved zone
(named as $-ODZ) and a ductile 8 non-oxygen zone (named as
B-NOZ). Note that with the increasement of oxygen-charging time,
the diffusing distance of oxygen solutes increases simultaneously.
Therefore, the oxygen solutes diffuse throughout the whole sample
in OC4h-B-Ti (Fig. 3).

3.3. Oxygen-concentration dependent deformation mechanisms

Thin TEM foils were cut under some typical indentations to
reveal the oxygen-gradient-controlled deformation mechanisms.
Fig. 4(a) shows the SEM image of an indentation in the a+8 ODZ,
which is 50 um from the top surface. Some wrinkles are formed
at the right lower corner of the indentation in the S matrix re-
gion, as marked by arrows in Fig. 4(a). No slip trace was observed
in the adjacent « lath, which means the «-laths are hard to de-
form. A thin TEM foil was cut at the location marked by the white
dash line, where both o and B phases were included. Fig. 4(b)
displays the deformation features just underneath the indentation.
The brighter region with some straight slip bands is «-Ti, while the
darker region is B matrix in which a homogeneous deformation
characteristic can be identified. Fig. 4(b) shows the intersection
of slip bands in «-phase along (0002) and (2112). It is clear that
the (0002) slip bands were cut by slip bands along (2112), which
means the slip along (0002) was initiated first. Fig. 4(c) shows a
region slightly far away from the indentation region. Slip bands
along (0002), (2112) and (2112) planes were identified. Similarly,
slip bands along basal plane (0002) were further sheared by (2112)
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Fig. 5. Deformation mechanism in $-ODZ. (a) SEM micrograph of an indentation in -ODZ. (b) TEM micrographs showing the parallel slip lines underneath indentation. (c)
TEM image showing some curved slip trace along {233} plane. (d) Slip features underneath the edge of the indentation. (e) Deformation features underneath the adjacent

region of indentation, (f) Schematic of the slip planes in 8-ODZ.

and (2112) slip bands and produce a serial of steps at their inter-
sections. For «-Ti, prismatic (a) slip is dominant at room temper-
ature, while the basal and pyramidal (a) slip require much higher
critical resolved shear stress (CRSS) [48,49]. However, no prismatic
slip was observed in current oxygen-enriched « phase. With the
increasing of oxygen concentration, the most favorable slip system
in «-Ti has been altered, and the basal slip becomes the easiest
one. Fig. 4(d) plots the geometrical relationship between the three
activated slip planes, (0002), (2112) and (2112).

Fig. 5(a) shows the SEM micrographs of an indentation in the
B-0DZ, which is 350 um away from the sample surface. High den-
sity of parallel slip bands is formed along both (211) and (233)
planes underneath the indentation, as shown in Fig. 5(b). The slip
bands along (211) plane are much denser than those in a+8 ODZ,
indicating that the 8-ODZ has strong capability to coordinate plas-
tic deformation than that of the relative brittle o phase in the ¢ +f
ODZ. In addition, the slip bands along (233) crystallographic planes
display some bent features, as marked in Fig. 5(c). In the region far
from the indentation, a few slip bands along the (211) planes were
developed, as shown in Figs. 5(d) and (e). Some dislocations are
observed in between those slip bands along (211). However, the
(233) plane is not a common slip plane in 8 phase, which inter-
acts an angle of 25° respect to the (011) plane. This observation
likely hints that the increasement of oxygen concentration changes
the slip plane in B-Ti. Fig. 5(f) plots the geometrical relationship
between the activated slip planes in the 5-ODZ.

Fig. 6(a) shows the morphology of indentation that is 1350 um
away from surface at the B-NOZ. Shallow slip traces appear around
the indentation, as marked by the white arrows. TEM foil was cut
at the region marked by white dash line in Fig. 6(a). As a result of
flexible plastic deformation, multiple glide systems were activated
along (121), (121), (321) and (321) crystallographic planes, which

are conventional a/2 (111) slip systems for BCC metals [50,51]. For
the B-NOZ, slip bands along (121) and (321) planes in the central
indentation are much thinner and denser than those in 8-0ODZ, as
marked in Fig. 6(b). The slip bands are slightly misplaced as tiny
shear steps produce at their intersections in Fig. 6(c). In the re-
gion far from the indentation, the spacing of slip bands increases
compared with those in the shallow region underneath the inden-
tation, as shown in Figs. 6(d) and (e). Fig. 6(f) plots the activated
slip planes in the 8-NOZ. The B-NOZ are easy to deform and play
a key role of buffering during plastic deformation of the oxygen-
charged B-Ti.

3.4. Compressive behavior of oxygen-charged B-Ti

Fig. 7 shows the compressional behavior of B-Ti alloy with
and without oxygen-charging. According to the engineering stress-
strain curve in Fig. 7, the yield strength of ORI-B-Ti is 727 MPa
and the failure compressive strain is ~36%. With addition of oxy-
gen gradient distribution, the yield strength of two samples in-
creases to 914 MPa and 1065 MPa, respectively. The ultimate com-
pressive strength of OC4h-S-Ti reaches 1.7 GPa because the oxy-
gen gradient distribution enhances strain hardening [36-38]. No-
tably, both the oxygen-charged samples have even greater com-
pressive strains compared with that of ORI-S8-Ti (~39%). In par-
ticular, the oxygen-charged B-Ti alloys show an upturning trend
in the stress-strain curve at the end of compression, indicating
that the B-NOZ ductile core starts to function and avoids sam-
ple catastrophic failure. The insets of Fig. 7 are low-magnification
images showing the compressed samples. All the failed samples
have a nearly 45° shear crack in respect to the loading axis. The
lateral surface of ORI-B-Ti only has one major crack and the re-
maining parts are almost smooth. However, both of the oxygen
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Fig. 6. Deformation mechanism in 8-NOZ. (a) SEM micrograph of an indentation in 8-NOZ. (b) TEM micrographs showing the characteristics of slip bands under indentation.
(c) Slip lines in shallow region underneath the indentation. (d) Slip lines in deep region underneath the indentation. (e) Deformation features in the region adjacent to the

indentation. (f) Schematic of the slip planes in -NOZ.
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Fig. 7. Compressive stress-strain curve of ORI-S-Ti and OC-B-Ti (1 h and 4 h). The
insets showing the deformation features on the surface of the failed samples after
compression. Both OC-S-Ti samples display an upturn in the stress-strain curve at
the end of compression.

charged B-Ti alloys have multiple cracks on the outer surface in
addition to the major crack. Furthermore, the major crack in the
OC-B-Ti deviates from the classical 45° shear (30° for OC1h-B-Ti
and 23° for 0C4h-B-Ti), which is a typical feature for high strength
materials [52]. All of these observations indicate that the oxygen-
charging induced oxygen gradient distribution makes S-Ti alloys
much tougher and stronger than the ORI-B-Ti. Oxygen solute gra-
dient distribution and phase variations endow OC-B-Ti with the

capacity to bear more plastic deformation or even surface crack
damage, which is a merit of oxygen-charged B-Ti alloy.

All the ORI-B-Ti, OC1h-8-Ti and OC4h-B-Ti samples display
transgranular quasi-cleavage fracture morphologies. Fracture sur-
face of ORI-B-Ti is comparatively smooth, as shown in Figs. 8(a) to
(b). Typical cleavage steps are observed on the fracture surface of
oxygen-charged sample in Figs. 8(d) and (g). The lateral surface af-
ter fracture is distinctive due to the effect of oxygen solute gradient
and phase variation. Hardly any crack is visible as a result of ho-
mogenous deformation of ORI-S-Ti, as shown in Fig. 8. In contrast
to fracture pattern of ORI-S-Ti, profuse slip traces and massive
cracks develop in the surface of OC1h-8-Ti, as marked by arrows in
Figs. 8(e) and (f). The localized slip traces are seen as cradle of nu-
cleation of cracks which further evolve into tiny cracks, then sub-
sequently expand with increasing of compressive force, but cannot
propagate across the whole sample. The 0C4h-B-Ti sample embod-
ies a distinctive feature that the top surface after fracture is simi-
lar to a deformed rock, as shown in Fig. 8(h). Some blocks of the
top layer in OC4h-8-Ti were drop (Fig. 8(h). Vast tiny cracks and
large cracks spread all over top layer of oxygen-charged samples
as shown in Fig. 8(k). The formation of numerous surface cracks
but not propagating further is a way to absorb deformation energy
and a major tough mechanism in the oxygen-charged B-Ti.

3.5. Abrasive behavior of oxygen-charged S-Ti

Fig. 9 shows the influence of solute oxygen gradient on the
abrasive behavior of oxygen-charged B-Ti. The OC4h-B-Ti has
much lower material removal under wear test, as shown in
Fig. 9(a). Its weight loss is 30% lessen and the wear rate is reduced
to one third of the ORI-B-Ti. The surface roughness is decreased
by 40% compared with that of ORI-B-Ti, which confirms that the
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Fig. 8. SEM images of fracture surface and lateral surface of ORI-B-Ti, OC1h-S-Ti and OC4h-S-Ti after compression. (a) to (c) Fracture features in ORI-S-Ti, (d) to (f) Fracture

features in OC1h-8-Ti. (g) to (k) Fracture features in OC4h-S-Ti.

oxygen-charging treatment has remarkably improved abrasive re-
sistance of B-Ti. The 3D laser morphology after the abrasion test
has been analyzed and shown in Figs. 9(c) and (d). The worn sur-
faces exhibit typical parallel plowing features, which are attributed
to the difference of surface hardness between the tested samples
and the SiC abrasive. During the abrasive test, surface of ORI-g-
Ti samples was penetrated and removed by the harder SiC behav-
ing as tested surface was scraped off. After oxygen-charging pro-
cess, the depth of delamination wear becomes much lower and
the plowing groove width changes to narrower ones, as shown in
Fig. 9(c). Besides, the level of furrow delamination is reduced. The
variation in worn morphology is mutually authenticated with data
of abrasion test. The synergy of oxygen gradient distribution and
the superhard o phase coating around B matrix is the main rea-
son for the promoted abrasive resistance of oxygen-charged S-Ti.

4. Discussion

The synergy effects of oxygen gradient and heterogeneous
phase variations make 8-Ti alloy with ultrahigh hardness, strength,
toughness, and enhanced wear-resistance. Next, we briefly discuss
the effect of oxygen gradient on remarkable mechanical perfor-
mance of B-Ti alloy.

4.1. Origin of ultrahigh hardening and wear-resistance

Due to the diffusion of oxygen atoms, oxygen-charged B-Ti has
an oxygen-gradient distribution from the sample surface to the in-
terior. Once the concentration of oxygen reaches a critical value,
a layer of « phase is formed since oxygen solutes promote § to «
phase transformation [53]. As a result of combined effects of super-
high oxygen level and ultra-hard «-lath, the hardness of oxygen-
charged sample reaches an ultrahigh value of 1125 HV (Fig. 3). The

ultrahigh hardness is owing to two effects: oxygen solute hard-
ening and precipitation of oxygen enriched «-Ti. Solid solution
strengthening generally accounts for the interaction between so-
lute atoms and dislocations, which originates from the local lat-
tice distortion caused by the solutes [54]. Besides, oxygen-vacancy
complexes trap screw dislocations, triggering ultrahigh hardening
and strengthening as well [36-38]. The maximum solubility of oxy-
gen in HCP «-Ti is about 14.5 wt.%, which is much higher than that
in BCC B phase (about 2 wt.% at 1273 K) [24]. Thus, enrich of oxy-
gen induces extremely high strengthening in HCP « phase. Besides,
the size of « lath is fined, which also contributes to the hardening
due to the Hall-Petch strengthening [55]. Such combination of gra-
dient microstructures, i.e. superhard o phases wrapped around 8
matrix with oxygen-gradient strengthening endows this 8-Ti alloy
with marvelous capacity to resist plastic deformation and abrasive
wear, as displayed in Fig. 9.

4.2. Strengthening and damage resistance of oxygen gradient B-Ti
alloy

The solution of oxygen atoms remarkably improves compressive
strength, while no sacrifice in total compressive strains thanks to
the excellent adhesion between the heterogeneous o+ ODZ layer
with the B-matrix. The oxygen-charging induced gradient phase
and oxygen distribution endow B-Ti with marvelous toughness and
outstanding ability to resist crack damage than the ORI-S-Ti. Albeit
profuse slip traces forming on lateral surface in Fig. 8(e), strain lo-
calization in o+ ODZ does not induce premature failure of OC-
B-Ti. On the contrary, compressive strain of OC-S-Ti is even bet-
ter (Fig. 7) than that of ORI-B-Ti due to the partition of plastic
deformation between the ductile B-Ti core and a hard o+ ODZ
layer. The softer core of 5-NOZ bears most of the applied strain
and the harder shell of a+p8 ODZ layer resist most of the applied
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ORI-B-Ti and (d) OC4h-B-Ti were subjected to SiC abrasive at the normal load of 3 N.

load. The B-ODZ region has a certain capability to offset part of lo-
calized strain concentration. With the proceeding of compression,
high degree of shear stress localizes on some slip planes in the
harder but brittle o+ ODZ so that cracks nucleate and spread
around (Figs. 8(f), (h) and (k)), but these surface cracks cannot
penetrate into the sample interior because of the oxygen gradi-
ent distribution region, which impedes and blunts the cracks. Thus,
the ductility of OC-B-Ti is not adversely affected by the ultra-
hardening exterior although formation of profuse surface cracks

(Fig. 8(d)).
4.3. Perspective of oxygen-charging in Ti-based biomedical implants

The mechanical behavior of oxygen-charged B-Ti is compared
with other commonly used biomedical Ti alloys with conven-
tional surface modification. The yield strength (Fig. 10(a)), maxi-
mum strength (Fig. 10(b) versus ductility and hardness versus layer
thickness of modified Ti (Fig. 10(c)) are plotted. The dashed curves
in Figs. 10(a) and (b) mark the border of tensile and compressive
properties of some biomedical Ti alloys respectively. It is clear that
the oxygen-charged B-Ti stands out [4,56-61], displaying combina-
tion of ultrahigh strength, deformability and high strain harden-
ing. For biomedical implants, compressive data is more reliable and
useful because implants such as joints and teeth usually bear com-
pressive stress in human daily life. In addition to ultrahigh strength

and ductility, the oxygen-charged B-Ti also has ultrahigh hardness
and thick impact zone [18,45-47,62-64], as shown in Fig. 10(c).
Thus, service life of oxygen-charged biomedical Ti alloys is likely
longer. Conventional treatments including oxide coating, nitriding,
ion implantation etc. are quite difficult to achieve the combination
of superior mechanical properties and wear resistance together.
The advantages of current oxygen-charging technique are summa-
rized as below. First, interfacial separation may hardly happen un-
der repeated loading condition because of indivisibility caused by
the oxygen-gradient distribution. Second, the depth of ultrahard
o phase coating (~200 pum) plus oxygen gradient region (~600
pm) is much thicker than those of nitriding or thermal oxide.
Third, oxygen-charged Ti alloys achieve anomalous synergy of high
strength and toughness and the ability to resist catastrophic fail-
ure. By controlling the time of oxygen-charging, one can easily
regulate oxygen level and the diffusing distance of oxygen atom
in the bulk sample to manipulate the mechanical performance of
implants. Lastly, oxygen-charging process is suitable for large-scale
production and a wide range of metallic materials. It is suitable for
BCC metallic materials (such as Nb, Ta and V etc.), and also can
be used to process metallic materials with high temperature BCC
phase, such as pure Ti and Zr etc. Therefore, the oxygen-charging
strategy possesses a far-reaching outlook for development of high-
performance Ti biomedical implants which are more durable, reli-
able and economical.
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Ductility. (c) Hardness versus hardened layer thickness plot for OC4h-S-Ti, ORI-B-Ti and other biomedical Ti alloys with conventional surface modification [18,45-47,62-64].

T is short for tension and C is short for compression.

5. Conclusion

In this study, a promising B-Ti alloy with combined gradient
phase structures and oxygen distribution is fabricated. Oxygen so-
lutes strengthen B-Ti alloy through the formation of ultra-hard o
laths layer and an oxygen gradient distribution region, which leads
to a synergy of ultrahigh hardness, strength and wear-resistance.
Deformation mechanisms controlled by oxygen solutes transform
from simple but unusual basal slip in & phase to multiple-slip ac-
tivities in B phase. Through the formation of numerous surface
cracks under loading, OC-B-Ti achieves high toughness and has the
ability to resist catastrophic failure owing to a ductile oxygen-free
core. The excellent mechanical properties of oxygen-charged B-Ti
pave the way for the development of reliable, durable and eco-
nomic biomedical implants.
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