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a b s t r a c t 

In this work, using in-situ uniaxial tensile and compressive testing, microscopy, and theoretical analysis, 

we study the mechanism underlying the ultrahigh irradiation hardening in niobium (Nb). We show that 

irradiated Nb pillar exhibits a more than two-fold increase in the yield stress. With in-situ mechanical 

testing, we observe that He bubbles in Nb promote dislocation nucleation and multiple slip systems. The 

Nb pillars with 1.2 nm He bubbles fail by bubble coalescence and form a faceted fracture surface. In 

contrast, the Nb pillars with 8 nm He bubbles fail by bubble elongation and fragmentation. A theoretical 

analysis of the hardening contribution based solely on the density and size of He bubbles finds that it 

is less than one third of the experimentally observed hardening. To explain the large gap between the 

model and the experiment, we propose that the ultrahigh irradiation hardening originates from a large 

quantity of atomic-size, undetectable He-vacancy (He-V) complexes. The implanted He ions only account 

for less than 50% percent in the visible He bubbles, while most of them bind to vacancies to form stable 

He-V complexes that are distributed throughout the lattice. The strong interaction between dislocations 

and high density of He-V complexes is the chief source for the remarkable irradiation hardening observed 

in Nb. 

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

Refractory body-centered-cubic (BCC) metals, such as niobium 

Nb), are candidate materials for nuclear applications and heat- 

ng elements due to their high melting point, excellent high- 

emperature strength, and radiation tolerance [ 1 , 2 ]. Continuous ion 

ombardment produces many vacancies and interstitials in nuclear 

eactor components. These point defects tend to cluster and evolve 

nto larger defect variants, such as dislocation loops [3–5] , voids 

 4 , 6 ], stacking fault tetrahedra [ 7 , 8 ], and gas bubbles [ 9 , 10 ]. Ra-

iation defects can pose a significant threat to the operation of 

tructural materials in a nuclear reactor. At low temperatures (0.3–

.4T M 

, T M 

is the melting temperature) and relatively low doses 

0.001 to 0.1 dpa), radiation hardening can be accompanied by 

eductions in uniform elongation and fracture toughness [11–14] . 

t intermediate temperatures (0.3–0.6 T M 

), accumulation of vacan- 

ies causes swelling, which produces volumetric expansion of the 

omponent and stress concentrations [15] . At high temperatures 
∗ Corresponding author. 

E-mail address: wzhanxjtu@mail.xjtu.edu.cn (W.-Z. Han). 
1 Irene J. Beyerlein was an Editor of the journal during the review period of the 

rticle. To avoid a conflict of interest, Irene J. Beyerlein was blinded to the record 

nd another editor processed this manuscript. 

f

O

d

b

u

ttps://doi.org/10.1016/j.actamat.2022.117656 

359-6454/© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
 > 0.5 T M 

), the exceptionally large cavities tend to accumulate 

long grain boundaries and induce premature intergranular failure 

16] . To mitigate radiation damage, the mechanisms of radiation 

efect production, migration, clustering, and their interaction with 

islocations need to be well understood. 

The hardening mechanism provided by irradiation-induced he- 

ium (He) bubbles has received particular attention [17–20] . In 

mall-volume face-centered cubic (FCC) Cu, nanoscale He bubbles 

nhance yield strength and improve deformation stability but lead 

o a short uniform deformation stage during tensile testing [17] . 

nder straining, nanoscale He bubbles play a combined role of act- 

ng as shearable obstacles and active internal dislocation sources 

nd is the origin of improved plasticity and toughness in irradiated 

u [ 17 , 18 ]. In hexagonal close-packed (HCP) Zr, irradiation harden- 

ng is often associated with the production of < a > or < c > -type

islocation loops, which are obstacles to dislocation glide on pris- 

atic planes [19] . Yet, He bubbles in irradiated Zr, less than 8 nm 

n size, can also increase the critical resolved shear stress (CRSS) 

or prismatic slip. The effect does, however, depend on bubble size. 

nce the bubbles are larger than 8 nm, bubble-softening ensues, 

ue to deformation-induced bubble coalescence [17–20] . 

The mechanical properties of irradiated BCC metals have also 

een explored, but the hardening mechanism has yet to be fully 

nderstood [21–24] . The neutron irradiated Nb showed a 1.4 to 

https://doi.org/10.1016/j.actamat.2022.117656
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2022.117656&domain=pdf
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 times greater hardening than that predicted from calculations 

ased on observable irradiation defects [22] . These discrepancies 

ave been attributed to the interdependence between interstitial 

mpurities and radiation defects, but the main hardening mecha- 

ism still remains unclear [22] . In He irradiated tungsten, He so- 

utes were found to contribute substantially to irradiation harden- 

ng, while the other radiation defects, such as dislocation loops, 

e bubbles and vacancy-type defects, provided almost similar, 

elatively smaller contributions [25] . Likewise, in neutron irradi- 

ted reduced-activation ferritic/martensitic steels, dislocation-loop 

ardening by the Orowan mechanism was found insufficient in 

xplaining the measured irradiation-hardening in experiment, and 

he backstress arising from pile ups of dislocations in channels was 

roposed as the extra contributor to irradiation hardening [26] . In 

ddition, for irradiated Fe, when the He-to-vacancy ratio is low, 

anging from 0 to 1, the hardening contribution from He bubbles 

s constant. However, with higher He-to-vacancy (He-V) ratios, the 

ontribution from He bubbles gradually decreases [27] . Therefore, 

t present, the hardening mechanism in irradiated BCC metals is 

till under debate [22–30] , calling for an irradiation defects-based 

easonable explanation. Recently, the ultrahigh irradiation harden- 

ng in He irradiated tungsten was attributed to a large fraction of 

ery stable atomic-sized hidden He-V complexes [31] . The applica- 

ility of this point-defect complex mechanism to other BCC metals, 

owever, needs to be confirmed. 

In this study, we investigate the mechanical properties of He ir- 

adiated Nb pillars with different levels of He concentration. After 

rradiation, we observed exceptional hardening, more than a two- 

old increase in the yield strength, and a steep strain hardening 

ate. By counting the total number of implanted He and the num- 

er of He atoms in the transmission electron microscope (TEM)- 

isible bubbles, we find that more than 50% of the undetected He 

toms likely lie within the Nb lattice. We propose that the remain- 

ng He have combined with small vacancy clusters to form sta- 

le He-vacancy (He-V) complexes and serve as the chief hardening 

omponent in irradiated Nb. 

. Materials and methods 

.1. Sample preparation 

Single crystal Nb is used as a model material in this study. 

b thin foils with a thickness of 30 μm were irradiated with 

00 keV He ions at 400 ˚C using a NEC 400 kV Implanter. The 

on beam was rastered and the sample was scanned line by line. 

wo different fluences of He implantation were designed to fabri- 

ate samples with different levels of He: 2.0 × 10 17 ion/cm 

2 and 

.0 × 10 17 ion/cm 

2 . The resulting samples are denoted as Nb-S 

with 14 at.% of He, small bubbles) and Nb-M (with 29 at.% of He, 

edium-sized bubbles). One of the Nb thin foils was implanted 

o the same fluence of 5.0 × 10 17 ion/cm 

2 but then further an- 

ealed in a tube furnace at 10 0 0 ˚C for 1h under a vacuum of

5 × 10 −5 Pa to increase the bubble size. This sample is referred 

o as Nb-L (with 29 at.% of He, but large bubbles). For compari- 

on, another single crystal Nb with 30 μm thickness was irradiated 

ith 800 keV krypton at a temperature of 400 ˚C to a fluence of 

.0 × 10 15 ion/cm 

2 and named the Kr-Nb sample. The peak dam- 

ge in this Kr-irradiated sample is 36 dpa. 

.2. In-situ nanomechanical test 

A series of micro-tensile and micro-compressive samples, with 

iameter D ( D ≡
√ 

A , where A is the cross-sectional area) ranging 

rom 100 to 300 nm, were cut, using focus ion beam (FIB) with 

eam current in the range of 21 nA to 9.3 pA at accelerate voltage

f 30 kV, at a depth of 820 nm in the He implanted samples, and
2 
t a depth of 210 nm in the Kr ion irradiated samples. All these 

amples have similar sample dimension in order to remove sam- 

le size effect on the mechanical behavior. The radiation damage 

n the Kr-Nb fabricated at the depth of 210 nm is 23.4 dpa and the

r concentration is 0.4 at.%. The damage level of the Kr-Nb sample 

t the depth of 210 nm is like that of the Nb-L sample at a depth

f 820 nm. To perform high-resolution in-situ mechanical loading, 

ush-to-pull (PTP) samples were also fabricated by FIB [32] . Quan- 

itative in-situ mechanical tests were conducted using a Hysitron 

icoIndentor (PI95) inside a TEM under the displacement-control 

ode. The displacement rate was programmed to be 5 nm/s in 

ompression and 1.5 nm/s in tension, which corresponds to an ini- 

ial strain rate of ∼5 × 10 −3 s −1 . Fig. 1 illustrates the experimen- 

al process, including the orientations of the sample for implan- 

ation and in-situ mechanical testing. The irradiation damage and 

e concentration as a function of depth were obtained using Stop- 

ing and Range of Ions in Solids (SRIM) in the full cascade mode 

nd using an average threshold displacement energy of 35 eV for 

b [33] . The depth-dependent concentration of implanted He ion 

onsistent well with the SRIM prediction [ 17 , 34 ]. 

. Results 

.1. He bubbles in the implanted Nb 

Fig. 2 (a)–(c) show TEM images of typical He bubbles in the 

b-S, Nb-M and Nb-L samples. These TEM foils were taken from 

he peak He concentration region, at depths ranging from 720 to 

20 nm, in the irradiated Nb single crystals. The He bubbles are 

pherical in the Nb-S and Nb-M samples, and appear to be partly 

aceted in the Nb-L sample. As we designed, the bubbles varied 

n size in these three samples. The average bubble diameter is 

 b = 1.2 nm for Nb-S, D b = 1.9 nm for Nb-M and D b = 8.1 nm

or Nb-L. He irradiation-induced self-interstitial atoms mainly dif- 

use to the sample surface or to the deeper region of the sample 

34] . 

Fig. 2 (d) shows the surface morphology and cross-section view 

f the Nb-L sample. After annealing, spherical surface blisters, or 

umps, occupying near 50% of the surface, have formed. To ex- 

mine the microstructures underneath, we cut through one of the 

umps using FIB. A thin layer of Nb of thickness ∼800 nm, has de- 

aminated from the sample, forming an arciform shape. The thick- 

ess of this spalled layer just equals the distance from the sam- 

le surface to the peak He concentration, indicating that the blis- 

ering is induced by the coalescence of He bubbles in this region 

nder high temperature annealing. Because of the strong binding 

etween He and vacancies (-1.75 eV), even we annealed the sam- 

le at 10 0 0 °C for 1 h, the He bubble size increase obviously, but

he peak He concentration still located in the depth of ∼800 nm. 

herefore, the implanted He ions cannot diffuse far even annealed 

t high temperature. 

.2. In-situ compression and tension of the Nb-S pillars 

Fig. 3 (a) and (b) shows typical compressive and tensile re- 

ponses of the pure Nb and Nb-S pillars with D = 110 nm. The 

oading direction is along [101]. Under compression, the pure Nb 

illar has a yield stress of 1.44 GPa. The plastic flow of this sample 

hows a series of strain bursts. The Nb-S sample, however, has a 

uch higher yield stress of 2.85 GPa and followed by a significant 

train hardening rate of 13 GPa. Moreover, the plastic flow in Nb-S 

s relatively stable, containing no strain bursts. This behavior is like 

he compressive properties of other metals containing He bubbles 

17–21] . Fig. 3 (c)–(e) show the morphology of pillars before and af- 

er compression. After deformation, localized shear bands form in 

ure Nb pillar and produce sharp slip steps on the pillar surface, as 
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Fig. 1. Schematic of the helium ion implantation and micro-scale sample cutting processes used on the Nb single crystal. The variation in damage and helium concentration 

with the implantation depth calculated by the SRIM simulations are also plotted. 

Fig. 2. Irradiation-induced helium bubbles and ion-implantation-induced surface blistering in Nb single crystal (a) Nb-S, (b) Nb-M, (c) Nb-L, and a (d) close up of surface 

blistering in Nb-L. The insets in the figures are highlight of the helium bubbles. 
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arked by arrows in Fig. 3 (d). The Nb-S pillar, in contrast, exhibits 

omogeneous deformation, forming a smooth deformation front. 

Fig. 3 (f)–(h) show the pillars before and after tension. Under 

ension loading, the pure Nb pillar has a yield stress of 0.92 GPa, 

hich is much smaller than the yield stress of 1.44 GPa in com- 

ression. As in compression, a series of strain bursts dominant the 

lastic flow in tension. The Nb-S pillar, on the other hand, displays 
3 
 very high yield stress of 3.07 GPa, and stable plastic flow, albeit 

or a short strain range, and finally fractures. Compared to the Nb-S 

illar, the pure Nb pillar shows a much larger total elongation and 

ecking. In the necked region, the sample has thinned down, and 

islocations have accumulated. In contrast, the Nb-S pillar main- 

ains its original width and the fracture surface is faceted along 

he (112) and (110) planes, which are known preferred slip planes 
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Fig. 3. Compressive and tensile behavior of the pure Nb and Nb-S pillars. (a) compressive stress-strain curves; (b) tensile stress-strain curves; (c) as-prepared rectangle pillar 

with a [110] orientation; (d) compressed pure Nb pillar; (e) compressed Nb-S pillar; (f) as-prepared tensile sample with a [110] orientation; (g) pulled pure Nb pillar; (g) 

pulled Nb-S pillar. 

Fig. 4. Comparison of the pillars containing different sizes and concentrations of helium bubbles; (a) compressive strain-stress curves of Nb pillars with and without ir- 

radiation; (b) snapshots of the compressive of Kr irradiated pure Nb pillar; (c) snapshots of the compressive of Nb-M pillar; (d) snapshots of the compressive of Nb-L 

pillar. 
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n Nb [2] . Comparisons of pure Nb with Nb-S has clearly shown 

hat irradiation hardening is significant in Nb, doubling the yield 

trength in compression and increasing it 3.3 times in tension. 

.3. Compressive behaviors of Nb pillar with different size He bubbles 

Fig. 4 (a) compares the compression engineering strain-stress 

urves of the pure Nb, Kr-Nb, Nb-S, Nb-M, Nb-L pillars. Table 1 

ummarizes the radiation conditions for these four types of sam- 
4 
les. From their strain-stress curves, the yield stress can be de- 

ermined as the stress at 0.2% flow stress. Accordingly, the yield 

trengths of the pure Nb, Kr-Nb, Nb-S, Nb-M, Nb-L pillars are 

.44 GPa, 1.86 GPa, 2.85 GPa, 3.18 GPa, 2.93 GPa, respectively. Ac- 

ordingly, the amount of irradiation hardening associated with the 

r-Nb, Nb-S, Nb-M, Nb-L samples are 0.42 GPa, 1.41 GPa, 1.74 GPa, 

.49 GPa, respectively. The He irradiated pillars show a much larger 

ardening increment than the Kr-Nb pillar. 
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Table 1 

Radiation conditions and yield stresses of the Nb pillars with different helium implantation histories. 

Radiation condition/a YS Sample Fluence Temperature (ion/cm 

2 ) ( °C) Ion energy (keV) Heat treatment Yield stress (GPa) 

pure Nb 0 400 400 No 1.44 

Nb-S 2 × 10 17 400 400 No 2.85 

Nb-M 5 × 10 17 400 400 No 3.18 

Nb-L 5 × 10 17 400 400 1000 for lh 2.93 

Fig. 5. Deformation mechanisms in the pure Nb pillar. (a) push-to-pull sample. (b) to (d) activation of slip in the (01 1 ) plane and formation of slip steps. Slip localization 

occurs in region I and II in (c). (e) and (f) evidence of dislocation emission. (g) to (i) slip-induced fracture in pure Nb pillar. 
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Toward understanding the differences, Fig. 4 (b)–(d) present the 

tages of compression processes for the Kr-Nb, Nb-M, and Nb-L pil- 

ars. All these samples demonstrate continuous plasticity and sta- 

le deformation. Differences in hardening could be related to the 

istinct irradiation defects in these samples. In the Kr-Nb sample, 

hich was irradiated to 23.4 dpa, the main irradiation defects are 

islocation loops. In the He irradiated samples, operation of both 

he (110) and (112) slip planes were observed. The increment in the 

RSS �τ for these two {110} < 111 > and {112} < 111 > slip systems

as estimated using three common models and they are compared 

ith the experimentally measured �τ in Table 3 . The actual �τ
re at least 3 times larger than the model estimates. For Nb, the 

rradiation hardening in the He irradiated Nb pillar is remarkable 

nd unexpected. 

.4. Dislocation dynamics in strained pure Nb, Nb-S, and Nb-L pillars 

The dislocation activities in Nb pillars containing different sizes 

f He bubbles were investigated using in-situ nanomechanical tech- 

iques. To circumvent the vibrations that commonly occur when 

training thin samples, we instead cut push-to-pull (PTP) samples 

o study the dislocation activities in irradiated Nb, as shown in 

ig. 5 (a). Pushing the two ends of the pillars generates a tensile 

train in the middle of the tensile sample [32] . 

Figs. 5–7 display the microstructure evolution and deformation 

rocesses during the in-situ PTP tests of pure Nb, Nb-S and Nb-L 

illars, respectively. In the uniform deformation stage for the pure 

b pillar, many dislocations glide along the ( 10 ̄1 ) plane, as marked 

n Fig. 5 (b). Thereafter, localized slip occurred in two regions at the 

nset of necking, as labeled in Fig. 5 (c),(d). As can be seen in Movie

1, these dislocations initiate from the surface edges of the sample 

nd slip unhindered across the entire pillar. The surface dark con- 

rasts are defects produced during FIB cutting, which were cleaned 

way by dislocations during straining. With further straining, shear 

ccurs along a localized slip band, as marked in Fig. 5 (e),(f). The 

ovie S1 captures continuous operation of a dislocation source 

long this localized band, as highlighted in Fig. 5 (e). Due to the 
5 
lide of numerous dislocations of the surface in the band, a sharp 

lip step is produced at the edge of sample, as shown in Fig. 5 (g)–

i). With further loading, the shearing of pure Nb along several 

arallel (011) slip planes occurs, and finally the sample fractured 

long a (011) slip plane in the middle of the sample, as marked in 

ig. 5 (i). 

For comparison, Fig. 6 shows the details of deformation in the 

b-S pillar. He bubbles in the Nb-S are very small and, as indi- 

ated by the white arrows in Fig. 6 (a), can hardly be identified. 

hey are preferentially distributed on the low index planes. Upon 

ensile loading, dislocation glide via multiple slip systems occurs, 

ncluding the (110), (01 ̄1 ), and (211), as marked in Fig. 6 (b)–(d). 

n some cases, dislocation glide stops within the interior of the 

b-S pillar and cannot continue across the sample, as shown in 

ig. 6 (c)–(f). Also, unlike in pure Nb, some dislocations form within 

he interior of sample (Movie S2). He bubbles are known to serve 

s internal dislocation sources [17–19] , and these interior disloca- 

ions most likely originated from the tiny He bubbles. With fur- 

her loading, slip localizes along some of the slip planes, such as 

he (110) plane in Fig. 6 (h). Some edge cracks can be seen here as

ell, although they do not have a special crystallographic charac- 

er ( Fig. 6 (h)). Eventually, as marked in Fig. 6 (j), the Nb-S pillar fi-

ally forms a zigzag fracture front along the low index planes. The 

aceted, crystallographic fracture surface is a likely consequence of 

he fact that He bubbles preferred to distribute along these low 

ndex planes and tended to coalescence and evolved into crack. As 

hown in Fig. 6 (i), from the final stage, we observe that He bub- 

le coarsening clearly took place during the tensile loading. Some 

e bubbles are 8 nm, which is six times the initial average size 

1.2 nm). The increase in He bubble size could have resulted from 

oarsening and coalescence induced by dislocation-bubble interac- 

ions, which was seen previously in He irradiated Cu [ 17 , 18 ]. 

Comparing the deformation of the pure Nb and Nb-S pillars re- 

eal many key differences resulting from He irradiation of Nb. We 

oticed that, first, at low strains, pure Nb pillar initiates a sin- 

le slip system, while Nb-S pillar activates multiple slip systems. 

econd, dislocations nucleate from the edge of the pure Nb pil- 
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Fig. 6. Deformation mechanisms in the Nb-S sample. (a) helium bubbles in Nb-S; (b) to (h) activation of multiple slip systems upon loading; (i) deformation-induced helium 

bubble coarsening; (j) fracture of the Nb-S sample and its faceted fracture front. 

Fig. 7. Deformation mechanisms in the Nb-L sample. (a) to (c) dislocation-helium bubble interaction; (d) to (f) coalescence and fragmentation of the helium bubbles during 

tension; (g) irregular fracture front in the Nb-L sample. 
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ar, while in the Nb-S pillar, dislocation can also form within the 

ample, likely because the He bubbles served as dislocation sources 

 17 , 31 ]. Third, dislocation slip localizes within a few bands in pure

b, whereas dislocation slip is distributed across the entire gauge 

ection in the Nb-S pillar. Fourth, some slip lines terminate inside 

he Nb-S pillar instead of running through the entire sample like 

n the pure Nb pillar. Finally, the pure Nb pillar fractures along one 

rystallographic plane, while the Nb-S pillar have a faceted fracture 

urface. These differences in the deformation behavior of pure Nb 

nd Nb-S pillar indicate that the He bubbles significantly alter the 

islocation activities and failure mode in Nb. 

By increasing the initial He bubbles size by four times to 8 nm 

n the Nb-L pillar, we find that the deformation mechanisms of 

he Nb pillars change remarkably, as shown in Fig. 7 for Nb-L 

illar. Upon tensile loading, numerous dislocations emit from the 

e bubbles and accommodate plastic deformation [ 17 , 18 ]. None of 

hese dislocations can slip across the pillar, and no slip line can be 

learly identified, as marked in Fig. 7 (a)–(c) and seen in Movie S3. 

ith further loading, we capture He bubble elongation and frag- 

entation, as marked in Fig. 7 (d),(f). Fig. 7 (f) shows an enlarged 

iew of bubble elongation and fragmentation. In Fig. 7 (f) I and II, 

he He bubble gradually elongates, while in III and IV, the elon- 

ated bubble fractures into two bubbles. Analysis of the final frac- 

ure in Fig. 7 (g) shows that the fracture mode is completely differ- 

nt from that seen in the pure Nb and Nb-S pillars. Coalescence of 

he larger He bubbles and necking of the material ligaments be- 

ween the bubbles induce the final fracture, as manifested by the 

aky structures produced in the fracture front ( Fig. 7 (g)). 

. Discussion 

He irradiated Nb pillars show remarkable hardening, several 

imes higher than that reported for irradiated Cu and Zr [ 17 , 20 ].

n the following, we discuss and rationalize the mechanism behind 

uch ultrahigh hardening in irradiated Nb, based on predictions by 

raditional hardening models and by tracking and partitioning the 

mplanted He atoms in TEM-visible He bubble from those in the 

b lattice. 

.1. Hardening induced by the TEM-visible He bubbles 

The hardening and embrittlement caused by irradiation de- 

ects are closely related to the interaction between gliding dislo- 

ations and defect clusters [ 35 , 36 ]. Several strengthening models 

ave been proposed to calculate the change in dislocation glide re- 

istance �τ induced by irradiation defects, such as the dispersed 

arrier model (DBH), Friedel-Kroupa-Hirsch model (FKH) [36–39] , 

setsky and Bacon model [ 35 , 40 , 41 ] and Friedel model [43] . Here

e discuss application of the Friedel model to estimate �τ result- 

ng from the He bubbles. The other models were also used to de- 

ermine �τ with the same He bubble characteristics, but we find 

hat the Friedel model predicts the highest �τ among them. 

The characteristics of the He bubbles needed for the model are 

easured based on TEM analysis and these are summarized in 

able 2 . Assuming the shape of the He bubbles is spherical and us- 

ng the measured average bubble radius r , the bubble volume can 

e calculated as: V bubble = 4 π r 3 / 3 . Given V bubble , the bubble volume 

raction is given by: f v = N bubble V bubble , where N bubble is the He bub- 

le number density. For a fixed N bubble , as the bubble size increases, 

f v also increases. Also given N bubble , we determine the center-to- 

enter bubble spacing via: l = 1 / 
√ 

2 r N bubble [ 35 , 37 ]. 

According to Friedel model, the critical �τ for a dislocation to 

ypass a He bubble in its glide plane is [43] : 

τ = 

Gb 

2 π l s 
ln 

(
l s 

r 
√ 

cos ϕ c 

)
( cos ϕ c ) 

3 
2 (1) 
7 
here l s = l − 2 r is the bubble surface spacing, G is the shear mod- 

lus, and b is the value of the Burgers vector. The angle ϕ c is 

alf critical bow-out angle of the dislocation cutting an obstacle 

nd is given by cos ϕ c = l n ( αD̄ /b ) /l n ( l s /b ) , where 1 / ̄D = 1 / D b + 1 / l s ,

 b = 2 r is the diameter of He bubbles and D̄ is a harmonic mean 

f l s and D b [43] . 

Applying the model to the He-implanted samples gives for 

 c = 71.9 ° for Nb-S, 65.2 ° for Nb-M, and 40.9 ° for Nb-L and the 

orresponding �τ is 0.18 GPa, 0.27 GPa, and 0.34 GPa. The vari- 

tions of �τ and l s with bubble size are plotted in Fig. 8 and 

isted in Table 3 . In Fig. 8 , the solid red star represents the aver-

ge bubble spacing l, while the hollow star represents the bubble 

urface spacing l s . As the average D b increases, the l s gradually de- 

reases. The upper part of Fig. 8 reveals a large gap between the 

odel �τ and experimental measured value, in which �τ only 

ccounts for less than one third of the experimentally observed 

rradiation hardening. Clearly, hardening due to the observed He 

ubbles alone cannot predict well the substantial irradiation hard- 

ning in BCC Nb. This observation is like the ultrahigh hardening 

n He irradiated W [31] . 

.2. Partitioning of the implanted He in the TEM-visible bubbles and 

he Nb lattice 

Besides the TEM-visible He bubble hardening, we consider the 

otion that undetectable, atomic-scale He-defect clusters can pro- 

ide hardening. Because of a strong binding between He atoms 

ith irradiation-induced vacancies (-1.75 eV) in Nb, the implanted 

e ions are deeply trapped in the sample once they form into clus- 

ers. Even annealed at 10 0 0 °C for 1 h, the peak He concentration

till locate at the depth of ∼800 nm (See Fig. 2 (d)). Owing to the

ormation of very stable He-V complexes, He leaking is hardly oc- 

urring during sample preparation and storage, which provides a 

asis for us to estimate the partitioning of He in bubbles and in 

he Nb lattice. To determine how much He would be lying un- 

etected in the Nb lattice, we first estimate the amount of im- 

lanted He atoms in the TEM-visible He bubbles. An estimate for 

he pressure in a He bubble is given by: P = 2 γ /r + σ , where γ
s the surface energy and σ is the stress around the bubble [42] . 

or a lower bound estimate, we consider the pressure at equilib- 

ium in which σ = 0, which gives P low 

= 2 γ /r. A practical upper 

ound is provided by the condition needed for dislocation punch- 

ng, which is σ = μb/r, giving P high = 2 γ + μb/r [43] . For pure Nb, 

here μ= 37.5 GPa, γ = 2.69 Jm 

−2 , and b = 2.68 nm, the upper

nd lower pressure bounds for the He bubbles in the Nb-S, Nb-M, 

nd Nb-L samples are 8.95–26.83 GPa, 5.65–16.94 GPa, and 1.33–

.97 GPa, respectively [43] . 

Given the pressure of He bubbles, one of two methods can be 

sed to estimate the number of He atoms in one bubble. The first 

ethod is based on the empirical equation-of-state (EOS) for the 

igh-pressure behavior of He obtained by Mill [44] : 

 molar = 

(
22 . 575 + 0 . 0064655 T − 7 . 2645 T −

1 
2 

)
P −

1 
3 

+ ( −12 . 483 − 0 . 024549 T ) P 
2 
3 

+ 

(
1 . 0596 + 0 . 10604 T − 19 . 641 T −

1 
2 + 189 . 84 T −1 

)
P −1 

(2) 

here V molar is the molar volume and T = 298 K. The number of 

e atoms in a single He bubble is N He = N A V bubble / V molar , so that 

he number of He atoms per bubble for Nb-S, Nb-M, Nb-L sam- 

les are 161, 554, and 27136, respectively [ 35 , 42 ]. The ratio of He

n the He bubbles to the total implanted He can be calculated ac- 

ording to R He = N He N bubble / N sample , where R He is the ratio of He in 

he bubbles to all implanted He in the sample. The total number 
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Table 2 

Characteristics of the helium bubbles in the Nb-S, Nb-M, Nb-L samples. 

Bubble/Parameter Nb-S Nb-M Nb-L 

Average bubble diameter (nm) l.2 ± 0.3 1.9 ± 0.2 8.1 ± 1.3 

Average bubble density ( ∗10 23 /m 

3 ) 12.6 9.9 3.02 

Volume of one typical He bubble (nm 

3 ) 0.90 3.59 278.12 

Bubble Volume fraction (%) 0.11 0.36 8.4 

Bubble spacing, l s (nm) 25.72 23.06 20.22 

Helium atom number in each bubble 161 I37 yi89 ,3S1 554 |37 i/754 ′ 35 l 27136 E37) /27534 |35 ’ 

Vacancy number in each bubble 50.33 199.76 15477.42 

Ratio of He atoms to vacancies 3.20 !37 ’/3.76 1351 2.77 |37 ’/3.77t 351 1.75 (37) /1.78 |351 

Percentage of He in bubble (%) 4.55 I37) /5.34 I3S| 3.32 |37| /4.51f 35 ’ 49.55f 37 )/50.27 ′ 35 i 

Bubble pressure (GPa) 8.95 5.65 1.33 

Fig. 8. Irradiation hardening in the Nb pillars with different sizes and spacings of helium bubbles. Model calculations for helium bubble strengthening is inserted for 

comparison. The inset TEM images show helium bubbles in the three types of samples. 

Table 3 

Comparison of the measured critical resolved shear stresses enhancement with different model predictions. 

Experiment 

model/Sample 

Bacon- Orowan model 

�τ (GPa) 

Friedel equation 

�τ (GPa) 

DBH model 

�τ (GPa) 

Experimental 

enhancement {110} 

�τ (GPa) 

Experimental 

enhancement {112} 

�τ (GPa) 

Nb-S 0.06 0.18 0.21 1.15 1.00 

Nb-M 0.07 0.27 0.23 1.42 1.24 

Nb-L 0.26 0.34 0.26 1.22 1.06 
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f implanted He is N sample = D He F V , where D He is the implanted 

e ions (atoms ·cm 

−3 )/(atoms ·cm 

−2 ) that can be obtained from the 

RIM simulation in Fig. 1 , F is the irradiation fluence (atoms ·cm- 
 ), and V is the sample volume. Using the upper bound pressure 

stimate, the corresponding upper bound on R He is 4.549% for Nb- 

, 3.316% for Nb-M, and 49.55% for Nb-L. These estimates suggest 

hat a vast majority of the He lies outside the bubbles [31] . 

The second method begins by estimating the He density ρ
ased on the bubble pressure, and then multiplying by the 

e bubble volume [ 45 , 46 ]. An approximate He density is ρ =
09 atom ·nm 

−3 for the Nb-S sample, ρ = 210 atom ·nm 

−3 for the 

b-M sample, and ρ = 99 atom ·nm 

−3 for the Nb-L sample. Using 

he relation, N He = V bubble ρ , we obtain the number of He atoms per 

e bubble, which are 189 for Nb-S, 754 for Nb-M, and 27.5 × 10 3 

or Nb-L [ 45 , 46 ]. The corresponding ratios of He atoms R He are

.34% for Nb-S, 4.51% for Nb-M, 50.27% for Nb-L. The second 

ethod tends to overestimate the He density [43] , and thus these 

atios are expected to be larger than that obtained by the first 
b

8 
ethod. Nevertheless, these calculations again reveal that most of 

he implanted He atoms are still stored inside the Nb lattice. 

Furthermore, for the number of vacancies in each bubble can 

e estimated by N v acancy = V bubble N Nb , where N Nb is the atomic den- 

ity of Nb, 55.65/nm 

3 , giving 50.33 for bubbles in Nb-S, 199.76 for 

hose in Nb-M, 15,477 × 10 3 for those in Nb-L. Finally, taken to- 

ether, we can determine the ratio of He atoms to vacancies per 

ubble, which is 3.20 for bubbles in Nb-S, 2.77 for those in Nb-M, 

nd 1.75 for those in Nb-L, as plotted in Fig. 9 (a). Thus, the bub-

les are mostly He. Despite this, the He in these bubbles are only 

 fraction of the He that has been implanted in the sample. 

.3. Hardening induced by the undetected point-defect complexes 

The mismatch between experimental measurement and con- 

entional model analysis suggests that sources of hardening apart 

rom the bubbles detected by TEM exist. It has been proposed that 

ecause the binding energy of He atom and vacancy is high, i.e., 
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Fig. 9. (a) Helium-to-vacancy ratio and percentage of helium atoms in the bubbles; (b) illustration of irradiation defects in Nb with both TEM-visible helium bubbles and 

high densities of TEM-invisible He-V complexes. High densities of He-V complexes obstruct the glide of dislocations, which is proposed here as the origin of the anomalous 

hardening in helium-irradiated Nb. 
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1.75 eV [47–55] , a large amount of stable He-V complexes can 

orm during He implantation [56–64] . We suspect that most of 

hese complexes lie sessile in the lattice and are too small to be 

esolved under high resolution-TEM observation. It was reported 

hat the dynamic formation of oxygen-vacancy complexes triggers 

ignificant hardening in Nb [2] . The hardening observed here is of 

 similar nature. Therefore, the large amount of stable He-V com- 

lexes is the likely source of additional hardening, particularly if 

he binding energy between dislocations and point defect com- 

lexes is strong [31] . 

The interaction between He-V complexes and dislocations have 

een estimated by simulation methods [60–63] . The interaction of 

e–V clusters and edge dislocations depends on the He/V ratio, the 

osition of the clusters relative to the slip plane, the cluster size, 

nd temperature [60] . Simulations show that He–V clusters in α-Fe 

re very stable and do not move along with the dislocation, even 

t 600 K [60] . In addition, also in α-Fe, the ratio of n to m in the

e n V m 

clusters can influence the interaction between He-V com- 

lexes and a /2 < 111 > {110} edge dislocations [61] . When the ratio

s greater than 1, the clusters become trapped in the dislocation 

ore on the tension side. However, once the ratio is less than 1, 

he clusters are trapped within ∼0.5 nm from the dislocation core 

n both the compression and tension sides [61] . The binding ener- 

ies of the He n V m 

clusters to the dislocation depends on the He/V 

atio, as well, for n/m > 1. However, when n/m < 1, the binding

nergies of the He n V m 

clusters to the dislocation depends not only 

n the He/V ratio, but also on the cluster size [61] . In α-Fe both

nterstitial He atoms and single vacancies can be attracted to and 

rapped at the < 111 > screw dislocations [63] . Because both vacan- 

ies and He atoms can be trapped in screw dislocations but other- 

ise have high mobility, screw dislocations are sinks for He bub- 

les and He-V complexes. At the same time, the lower mobility of 

he complexes within the screw dislocations can, in turn, strongly 

rap these dislocations [63] . 

Moreover, the ultrahigh hardening in He irradiated Nb is also 

elated to the dynamic formation of He-V complexes. For BCC pure 

etals, many vacancy and interstitial atoms can be produced dur- 

ng screw dislocation glide [ 65 , 66 ]. Under an applied shear stress

f 1.5 GPa, the screw dislocation moves via double kinks or cross 

ink nucleation and propagation, which leads to the interaction 

mong kinks formed on different glide planes, and thus promotes 

he formation of Frenkel pairs in Fe [67–69] . Other simulations 

nd experiments also show that the vacancies are generated dur- 

ng screw dislocation movement in BCC metals under high stresses 

r high strain rates [70–72] . In addition, because of the chemi- 

al effect of He interstitials, the formation energy of vacancies in 
w

9 
b can be lowered by 50% in pure Nb [47] . Therefore, any excess 

e atoms can easily cluster to the large number of vacancies ei- 

her irradiation-induced or triggered by screw dislocation glide and 

hese He-V clusters can tend to lock mobile dislocations or resist 

heir glide, which would partially contribute to the observed irra- 

iation hardening in Fig. 8 . It may be that the in-situ compressive 

ests of samples with low and medium He concentration show no- 

iceably much higher strengthening than the Kr-Nb sample due to 

he lack of He-V complexes in the latter sample. When faced with 

any atomic-scale He-V complexes distributed throughout the ma- 

erial, particularly if more finely spaced than the He bubbles, dislo- 

ations need much higher stress to bow out in between and over- 

ome them, as illustrated in Fig. 9 (b). 

To estimate the strengthening contribution of such complexes, 

e take Nb-S sample as an example. Due to the strong trapping ef- 

ect of He-V complexes on dislocation, we can calculate the average 

pacing of He-V complexes according to the hardening obtained by 

xperiments. The average spacing between He-V complexes can be 

stimated based on Orowan’s equation [ 31 , 73–75 ]: 

 He −V = 

αGb 

2 π
√ 

1 − ν�τ
ln 

(
r 0 
b 

)
(3) 

here α is a constant in the range of 0.1–0.5 for weak obstacles 

74] , ν is Poisson’s ratio of Nb, �τ = 0.97 GPa is the hardening 

nduced by the proposed He-V complexes, r 0 = 2 nm is the outer 

adius of dislocation core (comparable to He bubble size), and as 

efore, G is shear modulus, b is the Burgers vector value. Therefore, 

he average spacing between He-V complexes in Nb-S sample is 

.06 nm. The radius of He-V complexes can be further estimated by 

alculating the number of He atoms of each cluster in the samples, 

hen given that the volume of the sample is V = 6.69 × 10 6 nm 

3 .

ccordingly, the number of He atoms in the He-V complexes in the 

ample can be calculated from the following: 

 He −complex = ( D He F − N bubble N He ) × V (4) 

here D He = 4.108 ⅹ 10 4 (atom ·cm 

−3 )/(atom ·cm 

−2 ) is the aver- 

ge implanted He ions at a given depth. The radiation fluence is 

 = 2 × 10 17 atom ·cm 

−2 , the number of bubbles per unit volume 

 bubble = 1.26 × 10 18 cm 

−3 , and the number of He atoms per bub- 

le is N He = 161 atom. The calculation reveals that the number of 

e atoms remaining in Nb lattice is 5.36 × 10 7 . If, for example, the 

pacing between He-V complexes is 1.06 nm, then the number of 

e atoms in each cluster is approximately 1.5. Further, if each com- 

lex consist of one vacancy and one He, then the size of each com- 

lex is about 0.3 nm. Such He-V complexes with a size of 0.3 nm 

ould be invisible under high-resolution-TEM observation. The He- 
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 complexes, therefore, must be distributed throughout the Nb lat- 

ice, each with a cluster size that lies below the resolution of TEM. 

he spacing between He-V complexes is only slightly larger than 1 

m, which as demonstrated earlier in Eq. (3) , is small enough to 

nduce the exceptionally high hardening, i.e., �τ = 0.97 GPa, seen 

n Fig. 8 . Because each vacancy can store up to nine, He atoms in

b in a complex [57] , even when we increase the He concentra- 

ion to 2 to 3 times that of the Nb-S sample, there would still be

ufficient space to account for all the implanted He atoms. Because 

f the strong binding between He and vacancy [47–55] , their mo- 

ility would be very low, and thus they could still be immobile in 

he Nb lattice, even after annealing at 10 0 0 ˚C. 

. Conclusions 

In this work, we investigated the mechanisms underlying He ir- 

adiation hardening in Nb based on a series of in-situ uniaxial ten- 

ile and compressive tests, defect evolution through in-situ push to 

ull tests and theoretical analysis. The main findings are: 

1. He irradiation induces a more than two-fold increase in yield 

stress. 

2. Compared with pure Nb, the He irradiated Nb pillars exhibit 

a different deformation mode. During the compression pro- 

cess, He bubbles enhance the deformation stability (less strain 

bursts) of the sample. In tension, He bubbles accelerate the 

fracture process. 

3. Single crystal pure Nb pillars deform via activation of a 

single slip {110} < 111 > system originating from the surface, 

while He irradiated Nb initiates multiple slip {110} < 111 > and 

{112} < 111 > systems originating in the interior of the sample. 

He bubbles promote dislocation nucleation on these non-planar 

slip modes. 

4. The size of He bubbles have a significant effect on the failure 

mode. The Nb-S pillars, with small 1-2 nm size bubbles, fail by 

bubble coalescence and form a faceted fracture surface, which 

is related to the distribution of He bubbles along special low- 

index crystallographic planes. In contrast, the Nb-L pillars, with 

8 nm size bubbles, fail by bubble elongation and fragmentation, 

and the fracture surface contains flaky structures. 

5. A large gap between model prediction for strengthening by 

TEM-detected He bubbles, and experimental measurement re- 

veals a missing hardening component. Because of a strong bind- 

ing of He atoms with vacancies, we propose that the implanted 

He ions are deeply trapped in the Nb lattice in the form of He-V 

complexes, which are likely the origins of the ultrahigh irradia- 

tion hardening in He irradiated Nb. 
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