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a b s t r a c t 

Vanadium (V) is sensitive to minute quantity of oxygen interstitials, which induce pronounced hardening 

and embrittlement. Here, we utilize oxygen to synthesize V solid solutions in order to reveal the mecha- 

nism of oxygen solutes induced hardening. With increasing of oxygen solute concentrations, the fracture 

modes of V samples transform from dimple, to a mixture of dimple and cleavage, and to a fully trans- 

granular cleavage. High density of dislocations and dislocation debris are produced in strained samples. 

The mobility of screw dislocations is reduced and the dislocation cross-slip events are promoted by oxy- 

gen solutes. In addition to oxygen solution hardening, the generation of high density of oxygen-vacancy 

complexes plays a dominant role in the strengthening. High quantity of loop-shaped dislocation debris 

are direct evidence for the formation of oxygen-vacancy complexes. Profuse oxygen-vacancy complexes 

trap dislocations, promote cross-slips and assist dislocation storage, thus give rise to a superior combina- 

tion of strengthening, strain hardening, and ductility in V with 1.0 at% of oxygen. Once beyond a critical 

oxygen concentration ( > 1.6 at%), V shows catastrophic brittle failure due to the exceptional high den- 

sity of oxygen-vacancy complexes. These findings provide insight to design high performance refractory 

metals utilizing oxygen solutes. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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1. Introduction 

Group VB body-centered-cubic (BCC) metals are widely used in

aerospace and nuclear industries because of their corrosion resis-

tance, excellent mechanical properties and radiation tolerance etc.

[1–3] . Vanadium (V) and its alloys, for instance, are considered as

a potential first-wall/blanket candidate for fusion nuclear reactors

owing to their low activation, high thermal conductivity and high-

temperature strength [4–10] . However, the development of refrac-

tory metals is hindered by an unresolved issue of their high affinity

to light elements, including oxygen solutes [11 , 12] . These undesir-

able impurities usually come from smelting residue or hot-working

process, which induce significant hardening and even embrittle-

ment [13–20] . 

The strength-ductility trade-off, the increase in the strength

with expense of ductility, widely exists in many metals and alloys

[21 , 22] . In general, the mechanical properties mutations by foreign

elements are referred as solution hardening [23 , 24] . The source of

strengthening is the elastic interactions between the local stress

fields of solute atoms and surrounding dislocations. On one hand,
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he dilatational stress by oxygen interstitials increase lattice fric-

ion, which make dislocation glide difficult [25–30] . As a result, the

ield stress increases while the ductility is impaired with the in-

reasing of oxygen solutes. On the other hand, an attractive force

etween interstitial solutes and dislocations also induces strength-

ning and ductility loss [31–37] . However, the plasticity governing

echanism in BCC metals is more complex because of the far in-

ricate behavior of screw dislocations, whose motion is relatively

ough due to its three-dimensional core structure [38–40] . There-

ore, many efforts are focused on unveiling the behavior of screw

islocations and their effect on the plasticity of BCC metals [41–

3] . Recently, a random repulsive force field is revealed in Nb be-

ween dispersive oxygen solutes and screw dislocations, which fa-

ilitates cross-kinks formation and emit copious vacancies during

crew dislocation gliding [44] . Oxygen solutes and vacancies fur-

her cluster into oxygen-vacancy complexes owing to their strong

inding energy [44] . The trapping of screw dislocations by oxygen-

acancy complexes render remarkable hardening [44] . In addition,

xygen solutes facilitate the stabilization and accumulation of va-

ancies to produce nano-cavities and to trigger devasting failure

44] . Nevertheless, the three-body interaction of oxygen-vacancy-

crew dislocation was proposed largely based on atomistic simu-
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Table 1 

The composition (at.%) of vanadium specimens 

with different level of oxygen solutes. 

Notation Element 

Carbon Nitrogen Oxygen 

Pure V 0.064 < 0.011 0.118 

V-O1 0.093 0.016 1.012 

V-O2 0.165 0.013 1.668 
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ations, further experimental evidences on their interplay mecha-

ism are still lacking. 

Based on the mechanism of hardening and embrittlement in

CC metals, several strategies were proposed to avoid the oxygen

olutes induced embrittlement and damage, e.g. by alloying or via

urface ion implantation [45–47] . However, this suffers from a set-

ack on other inherent properties, for example, alloying reduces

elting point and enhances prime cost. Recently, a new strategy is

roposed to utilize environmental oxygen to achieve high strength

nd strain hardening while with little ductility loss in Nb [48] . Be-

ides, some BCC high-entropy alloys, such as TiZrHfNb, the me-

hanical properties can also be improved by adding oxygen as al-

oying elements [49] . The extra oxygen solutes form into ordered

xygen complexes with some of the elements, which facilitate dis-

ocation double cross-slips and storage [49] . In regarding to these

fforts, it is interesting to explore the mechanism of oxygen solute

nduced hardening and embrittlement in BCC V. 

In this study, we tune the concentration of oxygen solutes in

 in order to achieve either strengthening or embrittlement. By

dding 1.0 at% of oxygen in V, the yield strength, the strain hard-

ning rate, and the ultimate tensile strength are enhanced simul-

aneously while the sample still has similar uniform ductility as

ure V. However, further catastrophic brittle fracture occurs with-

ut any macroscopic plastic deformation even with a slightly en-

ancing oxygen impurity to 1.7 at%. To unveil the hardening and

mbrittlement mechanisms associated with the oxygen solutes, we

mploy both macro- and micro-scale experimental techniques, and

ocus on the dynamic interactions between dislocations and de-

ect complexes. This study provides direct evidences on the effect

f oxygen solutes on dislocation propagation, interaction and stor-

ge in V. Different concentration of oxygen solutes in V induces a

trength-ductility match, higher strain hardening rate or a devas-

ating failure. 

. Experimental methods 

.1. Preparation of V-oxygen solid solutions 

The preparation of V-oxygen (V-O) solid solutions was divided

nto three steps. Step I, homogenization annealing of hot-rolled

olycrystalline V plate (1.0 mm in thickness, 99.95% purity) at

150 °C for 1 hour in a tube furnace with vacuum of 1 × 10 −4 

a. The samples processed by step I are named as pure V. Step II,

xygen charging at high temperature. Pure V was heat-treated in

 tube furnace with 20 sccm Ar-5% O 2 (about 250 Pa) during el-

vating the temperature (10 °C/min) to 80 0 °C or 90 0 °C. Then the

as inlet was turned off and the samples were kept for 1 h. The

xygen charged specimens are named as V-O1 and V-O2, respec-

ively. Step III, all V-O specimens were homogenized at 10 0 0 °C for

 hours in high vacuum in order to ensure the homogeneous dis-

ribution of oxygen. The average grain size of pure V and V-O sam-

les are all around 100 μm (see the example of pure V in Fig. 1 (a)).

he initial dislocation density is low ( ~ 10 13 /m 

2 ) due to the fully

ecrystallization in three types of samples. The concentrations of

xygen, nitrogen, carbon in these samples were measured by LECO

NH836 Oxygen/Nitrogen/Hydrogen Elemental Analyzer and LECO 

S844 Carbon/Sulfur Analyzer. X-ray diffraction (XRD, from Bruker)

as conducted to exclude possible oxides and new phases in the

-O solid solutions. 

.2. Mechanical tests and microstructure characterization 

Bulk tensile samples with dimensions of 12 mm (length) × 5

m (width) × 1 mm (thickness) were cut from the pure V

late by electrical discharge machining, then processed with the

ethods above. The gauge sections were carefully polished and
leaned before tensile tests. Room-temperature quasi-static tension

as performed with a strain rate of 1 × 10 −3 s −1 on an MTS

ensile machine with an extensometer. More than 3 tests were re-

eated for each type of sample. Micro-Vickers hardness was mea-

ured under a load of 100 gf and holding for 15 s. At least 15 spots

ere tested on both normal and side surfaces to confirm the ho-

ogeneity of tensile samples. 

Fracture morphology of pure V and V-O tensile samples was

haracterized by scanning electron microscope (SEM), while typi-

al deformation microstructures beneath the fracture surface were

xamined by cutting thin foils using a focused ion beam. To mini-

ize the Ga + damage, final cleaning was performed with a volt-

ge of 5 kV and a current of 47 pA. The dislocation structures

ere characterized using a JEOL 2100F transmission electron mi-

roscope (TEM). TEM thin-foils were prepared by mechanically

rinding down to 60 μm in thickness, then followed a twin-jet

lectropolishing in a solution of 10% perchloric acid + 90% alcohol

t a direct voltage of 50 V and -10 °C. In-situ mechanical testing

as conducted inside 2100F by a TEM electrical tip holder. Dur-

ng in-situ mechanical loading, real-time videos were recorded by

 charge-coupled device camera (CCD, Gatan 833) with 10 frames

er second. 

. Results 

.1. Oxygen-regulated mechanical properties 

To exclude possible contamination during heat treatment, the

mpurity elements in pure V and V-O solid solutions were mea-

ured, as listed in Table 1 . Comparing to pure V ( ~ 0.1 at%), the

oncentration of oxygen solute in V-O1 and V-O2 raised nearly 10

imes ( ~ 1.0 at%) and 14 times ( ~ 1.7 at%), respectively. The in-

reasing of carbon concentration is much less than the oxygen,

hus the hardening is mainly caused by oxygen solutes. The oxy-

en concentration in these samples is still lower than the solid

olubility of oxygen in V [50] . No oxides are formed according to

he XRD patterns of the three samples in Fig. 1 (b). A slight shift

f diffraction peaks in V-O samples towards lower angle indicates

ome extent of lattice expansion due to oxygen absorption. The

.0 at% or 1.7 at% of oxygen solutes induce about 0.13% or 0.24%

attice expansion, respectively. There is a weak fiber texture in the

s-annealed pure V, and the texture is reduced slightly after oxy-

en charging ( Fig. 1 (b)). In a word, V-O solid solutions were pre-

ared without oxides and other contamination phases. 

The true stress-strain responses and work hardening rate ( �)

urves of pure V, V-O1 and V-O2 are shown in Fig. 2 (a). Pure V

as a yield stress of 186 MPa and a fracture elongation of ~ 25%.

fter introducing of 1.0 at% oxygen (V-O1), the yield strength in-

reases to 459 MPa, which is almost 2.5 times of pure V. The ulti-

ate tensile strength also increases to 661 MPa (286 MPa in pure

). Besides, V-O1 exhibits a much higher strain hardening rate and

 uniform elongation (13.5%) comparable with pure V. In the V-

2 sample (1.7 at% oxygen), however, a sudden failure happens

t the very beginning of elastic loading. It has a yield strength of

71 MPa, which is 3.1 times of pure V, however, the total fracture

train is only 0.34% and no apparent strain hardening. Similarly,
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Fig. 1. (a) Initial grain structures in as-annealed pure V; (b) XRD patterns indicate that both pure V and oxygen charged vanadium are body-centered cubic phase. No oxides 

and other contamination phase are formed. 

Fig. 2. Tensile properties of bulk pure V and V-O1 and V-O2. (a) Tensile true stress-strain curves and strain hardening rate ( �) plot (dash lines) of three samples. The insert 

is the corresponding micro-Vickers hardness. (b) Comparison of yield stress and toughness of three samples. The toughness is the area underneath the true stress-strain 

curve including necking part. 
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the hardness (see inset in Fig. 2 (a)) also increases with the in-

creasing of oxygen concentrations. Toughness is a critical index for

metals, which can be measured by the area under the true stress-

strain curves. The variation of toughness and yield strength for the

three samples are plotted in Fig. 2 (b). Oxygen charging induce a

pronounced mechanical property transformation from ductile-to-

brittle. Notably, V-O1 has an anomalous combination of high yield

strength and toughness, i.e., apparently breaking the envelop of

strength-ductility tradeoff. 

3.2. Oxygen solutes induced fracture model transition 

To gain a better understanding of the effect of oxygen solutes

on failure model of V, fracture surfaces were characterized. As

shown in Fig. 3 (a), the fracture surface is comprised of ridgelines

and dimples for pure V, a clear ductile failure. These dimples are

ranging from 1 μm to 10 μm in length. Deformation microstruc-

tures underneath the dimples are examined as well. Several ellip-

soidal voids in the immediate vicinity of fracture surfaces as well

as a micro-cavity approximately 5 μm away from the fracture sur-

faces are captured, as marked in Fig. 3 (b). After tensile loading,

profuse dislocation cells are formed underneath the fracture sur-
ace due to severe plastic deformation in necking ( Fig. 3 (c)). These

ell structures can further evolve into subgrains ( Fig. 3 (d)). Plastic

eformation-induced vacancies cluster into voids and their further

oalescences lead to failure [51] . 

Distinct from the crack mode of pure V, a mixture of both duc-

ile and brittle features form in V-O1 sample ( Fig. 4 (a)). A duc-

ile necking zone forms at the left part of the fracture surface, as

ighlighted in Fig. 4 (b). The V-O1 sample underwent some extent

f necking before quasi-cleavage fracture, which is consistent with

he stress drop after passing peak stress in Fig. 2 (a). Transgranu-

ar cleavage patterns form on the fracture surface, typical cleavage

teps and planar fracture traces are highlighted in Fig. 4 (c). Un-

erneath the cleavage steps, several sub-micro voids are also pro-

uced, as shown in Fig. 4 (d). Dense dislocation bands are appeared

ear the fracture surface along both {110} and {112} slip planes

 Fig. 4 (e)). Both voids and profuse dislocations structures in V-O1

ndicate that the sample had underwent sufficient plastic deforma-

ion before final failure. Although V-O1 sample has a similar uni-

orm ductility as pure V, its final fracture is brittle. 

Akin to the V-O1 samples, the V-O2 samples show a com-

lete transgranular fracture ( Fig. 5 ). The fracture surface consists

f many sharp edges and rivers, as marked in Fig. 5 (b). TEM im-
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Fig. 3. Ductile fracture morphology of pure V after tensile test. (a) A typical SEM image of fraction surface of pure V containing dimples. ( b) Cavities formed beneath a 

dimple. (c) and (d) Typical TEM images of deformation produced voids and sub-grains beneath a dimple in the front tip. The insert in (d) is the selected area electron 

diffraction of the sub-grains. 

Fig. 4. Fracture surface of V-O1 after tensile test. (a) Overview of the fracture morphology of V-O1. The necking zone indicates some extent of ductile deformation. The 

right transgranular fracture feature shows a brittle-like failure. The arrow marks the crack propagation direction. (b) An enlarged SEM image in the necking zone displays 

a quasi-cleavage fracture feature. (c) An enlarged SEM image showing a river pattern. (d) Voids beneath the cleavage steps and (e) is corresponding TEM structure with 

dislocation bands along {110} and {112} slip planes. 

a  

t  

t  

g  

4  

w  

b  

[  

O  

fracture surface. 
ges in Fig. 5 (c) and (d) show that there are some dislocation ac-

ivities near fracture surface before the catastrophic failure. While

hese dislocations are short and straight, and only limit to the re-

ion near fracture surface. The dislocation density in this region is

4.5 μm 

−1 (number of dislocations in a line vertical to dislocation
ith length of 1 micron), indicating a strong localized hardening

efore fracture, similar to the micro-tensile of Nb single crystals

44] . These observations show that the plastic deformation in V-

2 sample is very limited and only concentrates in the region near
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Fig. 5. Fracture surface of V-O2 after tensile test. (a) Overview of the fracture surface of V-O2. The transgranular fracture feature indicate a brittle failure. The arrow marks 

the direction of crack propagation. (b) An enlarged SEM image showing the near cleavage fracture. The area of river pattern marked in (b) was cut out for further dislocation 

structures characterization in (c) and (d) . TEM images show high density of dislocations aligning along two {110} planes. 
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3.3. Dislocation structures in strained pure V and V-O1 

To reveal the complex mechanisms of oxygen solutes induced

strengthening and strain hardening, dislocation structures in both

pure V and V-O1 at different strain were examined, as shown in

Fig. 6 . All images were taken with e-beam along [ ̄1 11 ] and under

different two-beam conditions. For pure V, at ε = 3% , two arrays of

dislocations are produced along {110} and {112} slip planes, as la-

beled in Fig. 6 (b). These dislocations are entangled and form many

dislocation junctions and curved segments [52] . They are two sets

of long screw dislocations with Burgers vectors of a/ 2[ 11 ̄1 ] and

a/ 2[ 1 ̄1 1 ] . With increasing the strain to 6%, the entanglement of

dislocation becomes more intense. Most dislocation lines are dis-

tributed away from the original {110} and {112} planes and form

a complex pattern ( Fig. 6 (c)). At ε = 12% , an incipient dislocation

network is produced ( Fig. 6 (d)). High density of dislocations with

both long straight lines and curved dislocation network are ran-

domly distributed after fracture ( Fig. 6 (e)). These observations in-

dicate that the accumulation of dislocations is the main hardening

mechanism in pure V. 

The evolution of dislocation structures in V-O1 was monitored

at similar strains, as marked in Fig. 6 (a). At ε = 3% , some straight

dislocation lines are produced ( Fig. 6 (f)). Curve features on dis-

locations are signs of dislocation cross-slip or kinks formation.

The straight parts are screw dislocations with Burgers vector of

a/ 2[ 11 ̄1 ] . Some dislocations show sharp turning points, which is

an indication of strong pinning on dislocations. Such local pinning

points force dislocations to form a local bowing geometry. When

increasing the strain to 7%, the density of straight dislocations in-

creases significantly. Compared to pure V, the dislocations in V-

O1 are quite straight and their interaction and entanglement are

weaker. Beside the dislocation lines, numerous dislocation debris

are produced in the V-O1 sample, as marked in Fig. 6 (g). After

fracture, profuse long and straight dislocations are well-arranged

on {110} planes. No curved dislocation networks are formed ( Fig.

6 (h)), which is distinct from pure V ( Fig. 6 (e)). Although there are

some bowing characters on these long straight screw dislocations,

the magnitude of bowing and the curvature is small, indicating a

strong and high intensity of pinning, as highlighted in Fig. 6 (i). Dis-
 s
ocation density in the fractured V-O1 (2.70 × 10 14 /m 

2 ) is higher

han that of pure V (2.15 × 10 14 /m 

2 ). 

.4. Effect of oxygen solutes on the dynamic behavior of dislocations 

In order to reveal dynamic effect of the oxygen solutes on dis-

ocation behavior, we performed in-situ nanomechanical tests on

oth the pure V and the V-O1 thin foils, as shown in Fig. 7 and

ovie S1 to S2. Upon straining on pure V, dislocations bow out

uccessively from the tip of indenter, as shown in Fig. 7 (a) and

ovie S1. With the gliding of dislocations, two parallel screw dis-

ocation lines are formed. This observation verifies that the edge

islocations have higher mobility than the screw dislocations [53–

5] . Under further straining, the rapid motion of the edge dislo-

ation drags the parallel straight screw parts only extend a little

it, as manifested by the slight curved character in Fig. 7 (c). These

urved screw dislocations are connected by the half spherical edge

art in the top, as shown in Fig. 7 (c). These slow-moving screw

islocations lines are primarily on {112} planes according to post-

ortem characterization in Fig. 7 (c) and (d). 

In contrast, due to oxygen solutes, the dynamic of dislocations

s altered markedly in V-O1, as displayed in Fig. 7 (e)-(h) and Movie

2. Upon loading, dislocations also produce in the front of indenter,

owever, the glide of these dislocations is sluggish (Movie S2), in-

icating of considerable obstruction on dislocation. Because of the

low gliding of dislocations and continuous emitting of new dislo-

ations in V-O1 sample, a local region with very high dislocation

ensity is formed, as labeled in Fig. 7 (e). The character of a singu-

ar dislocation in V-O1 is highlighted in Fig. 7 (f). Notably, a large

umber of dislocations start to cross-slip at the tip region of in-

enter, as marked in Fig. 7 (e) and Movie S2. The cross-slip pro-

uces high density of parallel dislocation lines after straining ( Fig.

 (g) and (h)). These parallel screw dislocation lines have a den-

ity of about 38.7 μm 

−1 , which is two times of the dislocations

n strained pure V (17.3 μm 

−1 ). The extra high density of disloca-

ions in strained V-O1 indicates that the oxygen solutes can sup-

ress dislocation annihilation and significantly enhance dislocation

torage. 
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Fig. 6. Dislocation structures formed in pure V and V-O1 during tensile deformation at different level of strain. All images were taken under two-beam conditions with 

beam parallel to [ ̄1 11]. (a) Engineering stress-strain curves. (b) to (e) show the evolution of dislocation structures in pure V at different level of tensile strain ε = 3%, 6%, 

12% and after fracture, respectively. Two set of planar dislocations align along {110} and {112} planes. Dislocations tend to evolve from straight to curved with increasing 

of strain. (f) to (i) display the dislocation structures formed in V-O1 at ε = 3%, 7% and after fracture, respectively. Efficient dislocations storage is observed mainly along 

{110} planes with increasing tensile strain. Red arrows in (f) indicate the strong pinning of dislocations in V-O1 and profuse kinks formed during dislocation motion. (i) An 

enlarged TEM image highlights the area marked by square in (h) . Typical bow-out features were formed due to the oxygen induced strong pinning effect. High density of 

fine elliptical dislocation debris is produced due to oxygen-induced pinning effects and complex dislocation interactions, as labeled by yellow arrows in (g) and (i). 
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. Discussion 

With increasing of the oxygen concentration, a gradual transi-

ion from ductile-to-brittle behavior is observed in V. Notably, a

ombination of strength and ductility is obtained with 1.0 at% of

xygen solutes. The dislocation mobility is reduced and the dislo-

ation density is higher in the strained V-O samples. Next, we try

o rationalize the mechanism of oxygen solutes induced anomalous

ardening, toughening and embrittlement. 

.1. Oxygen solutes induced static hardening in V 

The flow stress in oxygen charged V can be expressed by the

ollowing equation, 

f = σ1 + σss + σdis + σo−v (1) 

here σ 1 is the Peierls stress and impurity hardening, σ ss is the

olid solution hardening, σ is the hardening related to the stor-
dis 
ge of dislocations and σ o-v is the oxygen-vacancy complexes hard-

ning. The first two terms determine the yield stress of pure V.

fter oxygen charging, the concentration of oxygen is increased

ore than 10 times. Although the carbon concentration is doubled,

hile the carbon interstitials usually have a weak solution harden-

ng [29] . Therefore, we mainly discuss the effect of oxygen solutes.

In general, the solid-solution hardening σ ss is largely deter-

ined by the interaction between oxygen solutes and dislocations

56 , 57] . Oxygen interstitials are located in octahedral sites, which

istort crystal lattice and lead to hardening [25] . Fleischer [58] pur-

osed that the solid solution hardening follows a relationship of: 

ss = Mτss = M f 3 / 2 
0 

c 1 / 2 
0 

/b ( 2�) 
1 / 2 (2) 

here M is the Taylor factor (about 3.03), τ ss is the critical shear

tress due to oxygen solution hardening, b is the Burgers vector,

 0 is the maximum interaction force between oxygen and disloca-

ion, c 0 is the atomic concentration of oxygen solutes on per slip

lane, � is the dislocation line tension with the form of μb 2 /2,
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Fig. 7. In-situ compression tests taken along [ ̄1 11 ] beam direction showing the dynamics of dislocations in pure V ((a)-(d)) and V-O1 ((e)-(h)). (a) and (e) show bowing out 

of dislocations under in-situ loading. (b) and (f) highlight the individual dislocations. (c), (d) and (g) Dislocation structures produced after indentation. (h) is an enlarged 

image of area marked in (g). 
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where μ = 47 GPa is the shear modulus. Yang et.al [44] reported

that there is a weak binding energy ( ~ 0.2 eV) between edge dis-

location and oxygen solute in Nb. Because of VB group BCC met-

als have similar electronic configuration and crystal structure, we

adopt this value here to calculate solution hardening in oxygen

charged V. The magnitude of f 0 is estimated as �E / b = 0.2 eV/0.26

nm = 0.12 nN. � is about 1.6 nN. c 0 on (110) slip plane is esti-

mated as c/ ( a ×
√ 

2 a ) , where c is the concentration of oxygen in

Table 1 and a is the lattice constant. Thus, σ ss is 24 MPa for pure

V. According to the yield stress in Fig. 2 (a), the total hardening by

Peierls stress and impurity ( σ 1 ) is 162 MPa, as plotted in Fig. 8 .

This value is used as a constant to estimate the strengthening in

oxygen charged V. According to Eq. (2 ), oxygen solution harden-

ing in V-O1 and V-O2 are 76 MPa and 99 MPa, as plotted in Fig.

8 (a). Notably, the measured yield stresses in both oxygen-charged

V samples are higher than the sum of hardening by Peierls stress,

impurity and oxygen solutes, as shown in Fig. 8 (a). This discrep-

ancy indicates that there is addition hardening component which

is not involved in the current model. Nevertheless, an exceptional

combination of strength, ductility and strain hardening is achieved

in V-O1 ( Fig. 2 ), which requires a more reasonable explanation. 

In an earlier study, a repulsive interaction is observed between

oxygen solutes and screw dislocation in Nb [44] . However, a strong

three body interaction among oxygen solute, vacancy and screw

dislocation is captured [44] . Screw dislocations moving through the

dispersed oxygen-vacancy complexes are pinned and require more

stress to break free [44 , 48] . This is a common phenomenon for VB

transition BCC metals according to the first-principles calculations

[44] . The interaction between oxygen atom and screw dislocation

is also repulsive (1 eV) in V, thus oxygen solutes cannot directly

lock screw dislocations. However, vacancies in V can trap oxygen

solutes to form stable configuration of complexes with the binding

energy in the range of 0.4 ~ 0.8 eV [59–62] . Therefore, similar to

that in Nb [44] , oxygen-vacancy complexes can obstruct the mo-

tion of screw dislocation in V, which should be the missed hard-

ening component. During oxygen charging at high temperature,
rofuse oxygen-vacancy complexes are supposed to be produced

hrough the combination of thermally excited vacancies and dif-

use in oxygen solutes, which lock mobile dislocations and enhance

he yield strength of both V-O1 and V-O2 samples. Therefore, the

ield strength in oxygen charged V should include three contribu-

ions, the Peierls stress and impurity hardening, the oxygen solu-

ion hardening and the oxygen-vacancy complexes hardening. 

.2. Oxygen-vacancy complexes induced dynamic hardening in V 

For V-O1, simultaneous increase in yield stress, strain harden-

ng, ultimate tensile stress and uniform elongation are observed

 Fig. 2 ). In general, the strain hardening in metal is induced by

he dynamic accumulation of dislocations. The dislocation density

n both failed pure V and V-O1 have been measured, thus the

mount of stress increase after yielding can be estimated according

o Taylor equation ( σdis = M αdis μb 
√ 

ρdis , αdis = 0.22) [63] , as plotted

n Fig. 8 (b). By adding the hardening induced by dislocation accu-

ulation in V-O1, the calculated flow stress is still lower than the

xperimental value, while this simple model works for pure V. The

iscrepancy indicates that there is a missing strain hardening com-

onent. 

In the earlier study in oxygen-charged Nb, a strong strain hard-

ning is observed due to the dynamically formation of oxygen-

acancy complexes [44] . Due to the strong repulsive interaction be-

ween screw dislocations and oxygen interstitials, a random force

eld emerges, which results in successive cross-kink formation and

inching off during screw dislocation motion at moderate strain

ate. This pinching off process generates profuse point defects

ncluding vacancies and self-interstitials. Thus profuse oxygen-

acancy complexes are formed due to their strong binding energy.

hese oxygen-vacancy complexes have strong attractive interaction

ith screw dislocation thus trap dislocations and induce a signifi-

ant strain hardening. Interestingly, oxygen-vacancy complexes are

table even after successive dislocations sweeping in contrast to

he unstable vacancies and self-interstitials [44] . Limited by the de-
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Fig. 8. (a) Model prediction of the yield strength of pure V, V-O1 and V-O2 sam- 

ples. (b) Model prediction of the ultimate tensile strength of pure V, V-O1 and V-O2 

samples. (c) Comparison of strain hardening curves of experiments and estimations 

according to the dynamic precipitation of oxygen-vacancy complexes. 
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Fig. 9. Evolution of the number density of dislocation debris during tensile defor- 

mation of pure V and V-O1 samples. The density of dislocation debris is normalized 

by taking the debris density in pure V at 3% strain as one. The exponential fitting 

shows the evolution of debris density with strain. Oxygen solutes promote the pro- 

duction of dislocation debris, which are Orowan loops and is the reflection of the 

formation of oxygen-vacancy complexes. The scale bars are 200 nm. 
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ection ability of experimental instruments, such atomic-scale de-

ects and their interaction are discovered based on atomistic simu-

ations [44] . Direct experimental validation of such a novel mecha-

ism is very challenging. 

Similar to Nb, dynamical formation of oxygen-vacancy com-

lexes also plays an important role in deformation of V-O1. Al-

hough the oxygen-vacancy complexes are invisible under normal

EM condition, there should be some products after dislocations

assing through them, similar to the Orowan loop left on the pre-

ipitates [64 , 65] . As mentioned in Section 3 , in addition to the

igh density of line dislocations, a large quantity of diversely dis-

ributed small elliptical dislocation debris have been observed af-

er a certain amount of deformation, as shown in Figs. 6 and 9 .

hese dislocation debris appear only in the form of unresolvable

pots with the average size of a few nm, and widely detected in

oth strained pure V and V-O1 ( Fig. 6 (i) and Fig. 9 ). Therefore,

he loop-shaped dislocation debris are Orowan loops, which are
ikely the developer of the interaction between dislocations and

xygen-vacancy complexes. In order to monitor the evolution of

uch debris with strain, we measured the density of dislocation

ebris and plotted in Fig. 9 . A striking difference is appeared for

ure V and V-O1. After yielding, the debris density in pure V is

bout 1.00 × 10 21 /m 

3 and only slightly increases to approximate

.76 × 10 21 /m 

3 before failure. In contrast, the density of disloca-

ion debris increases markedly with plastic strain in V-O1. After 3%

train, the number of debris in V-O1 is similar to that in pure V.

hile a 7 times increase in the number density of debris in V-O1

fter fracture, such as 7.39 × 10 21 /m 

3 . This value is only an under-

stimation because some of oxygen-vacancy complexes are likely

ot decorated by dislocation segments yet. The significant increas-

ng of the number density of oxygen-vacancy complexes and their

nteraction with dislocations are the dominant mechanism for re-

arkable strain hardening in V-O1. 

According to these observations, the stress increment σ o-v due

o the dynamic formation of oxygen-vacancy complexes can be ex-

ressed by a modified Orowan equation [64–66] : 

σo−v = M τo−v = M 

aμb 

2 π
√ 

1 − v λ
ln 

(
r 

b 

)
(3) 

here α is an average value of the pinning site strength, and

s about 0.85 for impenetrable particles [66 , 67] ; r is the average

adius of loop-shaped debris (2.4 nm); λ is the average spacing

etween oxygen-vacancy complexes, which is not a constant and

radually decrease with increasing of plastic strain. λ is propor-

ional to 1 / 3 
√ 

ρdebris , where ρdebris is the density of dislocation de-

ris in Fig. 9 . According to Fig. 9 , the variation of debris density

ith strain can be obtained by exponential fitting. Based on these

elations, the strain hardening rate ( � = d σ/d ε ) of pure V and V-

1 due to the dynamic formation of oxygen-vacancy complexes

an be calculated, as plotted in Fig. 8 (c). In general, the model

aptures the trend of experimentally measured strain hardening

ate for V-O1, indicating that the dynamic production of oxygen-

acancy complexes is the dominant strain hardening mechanism.

otably, the contribution of oxygen-vacancy complexes on total

ardening rate continuously increase with the strain ( Fig. 8 (c)).

he lower strain hardening rate in comparison to experiment is
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Fig. 10. (a) Tensile stress-strain curves of V-O1 samples with and without intermediate annealing. (b) and (c) Defects structures in failed V-O1 sample with intermediate 

annealing. Extremely high density of screw dislocations and loop-shaped dislocation debris are produced. 
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because of additional hardening by the storage of dislocations. In

contrast, the oxygen-vacancy induced strain hardening in pure V is

much lower than the experimental strain hardening rate ( Fig. 8 (c)),

displaying that the formation of oxygen-vacancy complexes is not

the dominant hardening mechanism, whereas the accumulation of

dislocations leads to the strain hardening. The total hardening in

V-O1 is plotted in Fig. 8 (b), which including Peierls stress and im-

purity hardening, oxygen solutes hardening, oxygen-vacancy com-

plexes hardening and dislocation storage hardening. 

The dynamic formation of oxygen-vacancy complexes requires

transportation of oxygen solutes or vacancies during straining.

Atomistic simulations show that screw dislocation can sweep away

oxygen solutes or transport vacancies via a displacive mechanism

at ambient temperature [44] , while such mechanism is less effi-

cient than the thermal annealing. In order to further justify that

the formation of oxygen-vacancy complexes is the dominant hard-

ening mechanism, we performed an intermediate annealing ten-

sile test in order to accelerate the formation of oxygen-vacancy

complexes, as shown in Fig. 10 . After 3% tensile strain, the V-O1

was annealed at 400 °C for 1 h, then continue pulled under a sim-

ilar condition. Comparing to the normal stress-strain curve of V-

O1, the intermediate-annealed sample shows a near 91 MPa in-

crease in flow stress, then follows a steep strain hardening and

fractured. The final fracture stress is much higher than that of

V-O1. This behavior is related to the annealing-assisted precipita-

tion of oxygen-vacancy complexes. The microstructures in failed

sample are shown in Fig. 10 (b) and (c). Extremely high density

of screw dislocations (3.01 × 10 14 /m 

2 ) and loop-shaped de-

bris (9.15 × 10 21 /m 

3 ) are remained in the sample, indicating

either annealing or straining promote the formation of oxygen-

vacancy complexes, which is the dominant hardening mecha-

nism. Similar phenomenon is also observed in oxygen alloyed

Nb [37] . 

4.3. Synergy effect of oxygen solutes on strength, ductility and 

embrittlement 

The impurity elements doping strategy can improve the

strength markedly, while a sacrifice in ductility always arise. In

general, the cause of brittle is due to the completely locking of

mobile dislocations by formation of oxygen-vacancy complexes. For

V-O2, assuming the additional increasing in yield stress are all re-

lated to the oxygen-vacancy complexes, such as 311 MPa for V-O2,

the estimated number density of oxygen-vacancy complexes in the

as-received samples is as high as 1.12 × 10 22 /m 

3 . Due to the

extremely high density of oxygen-vacancy complexes, the disloca-

tions almost cannot glide. Although the yield strength is tripled
this is likely an underestimation due to stress concentration in-

uced premature failure), it shows a totally brittle fracture with

ero macroscopic plasticity in V-O2. Actually, there are some dis-

ocation activities in the adjacent of crack ( Fig. 5 (c) and (d)) due

o stress concentration. Such localized deformation provides suf-

cient point-defects like vacancies. These dispersed oxygen solutes

ot only combine with vacancies to pin screw dislocations, but also

an collect additional vacancies to produce nano-cavities [44] . Lim-

ted by the time resolution of nano-cavities forming, it is difficult

o capture the damage process under normal experimental con-

ition. Atomistic simulations had shown that these nano-cavities

rew out of the oxygen-vacancy complexes [44] . With continu-

us screw dislocations passing, a long hollow oxygen-vacancy tube

radual takes shape as oxygen-vacancy complexes forming [44] .

his oxygen-vacancy tube is quite stable from collapsing because

f the relative high content of dispersed oxygen atoms along the

ube. Later screw dislocations continue the same action along the

xisting vacancy tube. With more and more oxygen-vacancy tubes

orm near each other, these nano-cavities would eventually coa-

esce and result in crack initiation in an expected prolate-to-oblate

ransition, a process driven by elasticity. As a result, the oxygen-

acancy tube grows into detectable nano-cracks. The nano-crack

an further grow and coalesce to induce semi-cleavage fracture.

he observation of nano-cavities underneath the fracture surface

upport such a picture of damage ( Figs. 3 to 4 ). 

However, for the sample with mediate range of oxygen, such as

.0 at% oxygen solutes, the yield stress is increased markedly (2.5

imes of pure V), but the uniform elongation remains unchanged

ue to the remarkable strain hardening ability ( Fig. 2 ). As dis-

ussed in 4.2, the excellent strain hardening in V-O1 comes from

he dynamic formation of oxygen-vacancy complexes, which con-

inuously lock dislocations. The density of oxygen-vacancy com-

lexes (measured by dislocation debris) increases remarkably with

train ( Fig. 9 ), thus dislocation slip becomes harder and harder.

n order to continue deformation, dislocations start to cross-slip

 Fig. 7 ), this promotes the accumulation and multiplication of

ore dislocations. All of such processes contribute to the strain

ardening. The 1.0 at% oxygen interstitials have the combined ef-

ect of pinning and storage of dislocations ( Fig. 6 (f) to (h)). The

owing-out geometry of dislocations and ever-growing dislocation

ebris are the reflection of the interaction between dislocations

nd oxygen-vacancy complexes ( Figs. 6 and 8 ). Dynamic precipi-

ation of oxygen-vacancy complexes and dislocation cross-slip are

wo key mechanisms in enhancing the tensile ductility and tough-

ess. As a result, appropriate solutes tuning is capable to design

n oxygen solution with an exceptional synergy of strength, strain

ardening and ductility. 
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. Conclusions 

In this study, the influence of oxygen solute concentrations on

he plastic deformation of V are investigated. Main findings are as

ollows: 

(1) The mechanical response under room temperature tensile

demonstrates a strong oxygen solutes sensitivity in V. Pure V

shows ductile deformation with dimples on fracture surface.

V-O1 (1.0 at% oxygen) displays enhanced strength, hardness

and strain hardening rate and without loss in ductility. A

mixture of ductile and brittle features coexists on the frac-

ture surface. V-O2 (1.7 at% oxygen) demonstrates devastating

brittle failure with zero macroscopic plastic strain and com-

pletely transgranular cleavage. 

(2) Dislocations in the strained V-O1 sample have many pinning

sites and display bow-out characters. Screw dislocations are

dominant due to the strong interaction with oxygen-vacancy

complexes, thus reached a much higher density compared to

the strained pure V. In addition to straight dislocation lines,

extremely high density of loop-shaped dislocation debris is

produced in the deformed V-O1, which is a direct evidence

for the dynamic formation of oxygen-vacancy complexes. 

(3) In addition to the solid solution strengthening, the

annealing-promoted or the strain-triggered formation of

oxygen-vacancy complexes are the dominant mechanism for

the anomalous yield strength and strain hardening increase.

Once the density of oxygen-vacancy complexes reaches a

critical value, such as 7.39 × 10 21 /m 

3 , a complete embrit-

tlement of V is appeared. Therefore, it is possible to tune the

concentration of oxygen solutes to design refractory metals

with good combination of high strength and high ductility. 
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