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ABSTRACT: Tungsten displays high strength in extreme temper-
ature and radiation environments and is considered a promising
plasma facing material for fusion nuclear reactors. Unlike other
metals, it experiences substantial irradiation hardening, which
limits service life and presents safety concerns. The origin of
ultrahigh-irradiation hardening in tungsten cannot be well-
explained by conventional strengthening theories. Here, we
demonstrate that irradiation leads to near 3-fold increases in
strength, while the usual defects that are generated only contribute
less than one-third of the hardening. An analysis of the distribution
of tagged atom−helium ions reveals that more than 87% of
vacancies and helium atoms are unaccounted for. A large fraction of helium−vacancy complexes are frozen in the lattice due to high
vacancy migration energies. Through a combination of in situ nanomechanical tests and atomistic calculations, we provide evidence
that irradiation hardening mainly originates from high densities of atomic-scale hidden point-defect complexes.
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Fusion promises unlimited energy for mankind. Unfortu-
nately, however, 14.1 MeV fusion neutrons activate many

nuclides (such as Ni) and also leave helium (He) inside the
material.1 Low-activation elements, such as tungsten (W),
vanadium, and iron, are becoming the most promising
elements for structural metals.2,3 However, this class of metals
has a body-centered cubic (BCC) crystal structure, which
tends to exhibit substantial increases, by more than 100%, in
yield strength, when exposed to irradiation.4−13 This
phenomenon, known as irradiation hardening, is several
times more severe in BCC metals than that in face-centered
cubic (FCC) and hexagonal close-packed metals (HCP).14−18

More importantly, such ultrahigh-irradiation hardening (UIH)
is ubiquitous in BCC metals4−13 and cannot be accurately
estimated on the basis on observed nanoscale irradiation
defects (i.e., bubbles, voids, or dislocation loops). Most
theories for hardening are based on knowledge of the density
and size of these irradiation-induced imperfections, yet, still, by
considering only those visible defects, some of them lead to
predictions that are much lower than experimentally measured
hardening.4−13 UIH is harmful and unpredictable and
deteriorates the performance of refractory metals when in
service in extreme environments.
Tungsten, a typical refractory metal, is regarded as an ideal

candidate for plasma facing materials in fusion nuclear reactors
due to its high melting temperature, low sputtering yields, and
small evaporative coefficients.19,20 During fusion reactor
operation, W is exposed to high-flux neutron irradiation,
bombardments from light-ion plasmas, and high-heat

fluxes.19,20 The light ions are implanted into W and tend to
combine with irradiation-induced vacancies to form gas
bubbles.21 The result is a substantial increase in yield strength,
by several times, and also in strain hardening.4−13 Like other
BCC metals,4−13 W exhibits UIH, where all traditional model
estimates prove to be much less than the experimentally
observed hardening.5,6 UIH in W further reduces the
toughness and ductility of this already brittle material. UIH
in BCC metals is thought to be related to unusually large
quantities of point defects that are produced during irradiation
but invisible to current microscopy techniques.22−24 Such
defects would be atomic-scale defects, distinct from the usual
relatively larger defect clusters, such as nanoscale loops, voids,
or bubbles. By the very nature of their fine size, garnering
direct supporting experimental evidence of their composition,
density, and size has been challenging.
Here, we investigate the irradiation hardening in He-

implanted single crystal W. He ions were used as tagged
atoms to track the distribution of irradiation-induced point
defects. We combine nanomechanical testing, transmission
electron microscopy, and molecular dynamics (MD) simu-
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lations to reveal the mechanisms of irradiation hardening.
Detailed information for the experimental and simulation
methods can be found in the Supporting Information (SI).
Figure 1a shows the typical compressive stress−strain curves

for single crystals of W with different levels of He
concentration and radiation damage, ranging from 0 to 20 at.
%. For reference, we observe the stress−strain response of the
pure W pillar, W-0 (no He), which yields at a stress level of
around 2.1 GPa and exhibits classic signs of inhomogeneous
deformation. Its stress−strain response after yielding features
frequent strain bursts, as marked in the figure. These bursts are
correlated with the formation of sharp slip steps on the crystal
surface. The stress−strain responses of irradiated W have
increasingly higher yield strengths as the He concentration
increases to 0.7 at. % (W-0.7), 1.9 at. % (W-1.9), and up to 9
at. % (W-9). The yield strengths of W-9 and W-20 (20 at. %)
are similar, reaching 2.7 times that of pure W-0. The irradiated
material response shows stable deformation without unstable
strain bursts. The insets in Figure 1a(II) further indicate
homogeneous deformation. The irradiated pillars also experi-
ence significant strain hardening.
To understand how irradiation affects the underlying

dislocation dynamics during deformation, we performed in
situ compression tests on electron transparent W thin foils with
and without He irradiation. To best witness the contrast,
dislocation behaviors are compared for the W-0 and W-20
samples. Figure 2a shows a series of images extracted from the
compressive video of W-0 (Movie S1). Initially the W-0 crystal
contains a high density of defects, likely from cutting the pillar.
Upon loading, these defects are seen to move and grow as
dislocation loops and eventually leave the crystal. Their motion
causes the W-0 sample to yield. As the strain increases to 2.5%,

more of these initial dislocations move, leading to strain bursts.
They eventually move out of the crystal, and the defect density
experiences a marked decrease. By the time the strain increases
to 5%, many of the defects have cleared the sample, and only
some long straight screw-character dislocations remain, as seen
in the in situ video (Movie S1). Long straight screw
dislocations are common in deformed BCC metals, due to
their substantially low mobility compared to nonscrew
dislocations at ambient temperature.25 As no new defects are
produced during deformation, the net density of defects
continually decreases with strain until only a few dislocation
segments remain by strains of 10 and 15%. As a result, the
material does not strain harden. At the end, we see that most of
the deformation is accommodated by dislocation glide
concentrated in a slip step at the right edge of the crystal.
Such localized deformation explains the jerky flow and
unstable plasticity signified in the corresponding stress−strain
curve.
For comparison, Figure 2b presents images taken from the

compression test video of the most highly irradiated sample,
W-20 (Movie S2). It contains numerous dislocation loops and
segments, and He bubbles, 1−2 nm in diameter, which are
expected consequences of irradiation. When strain is applied,
these dislocations glide, but not as easily as seen earlier in pure
W. They move in a stick−slip manner and jump in small steps
from one position to another. For example, we see that the
glide behavior for a small curved dislocation involves advances
via a series of bowing out events (Movie S2), indicating that
motion is difficult. While they eventually leave the crystal, new
dislocations nucleate from the He bubbles or other existing
defects.14−16 As a result, the dislocation density does not
decrease with strain. Even at strains of 10 and 15%, the

Figure 1. Anomalous strengthening in irradiated W. (a) Engineering compressive stress−strain curves of W pillars with different levels of radiation
defects. (b) Comparison of strengthening in irradiated W measured in experiments and predicted by models.
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dislocation debris is everywhere in such a 30 nm thick foil, as
indicated by the black dots in the images (Figure 2b). This
explains the straining hardening and stable plasticity seen in
the W-20 crystal. Even at the end of compression, many
residual dislocations still remain in the W-20 thin foil. The size
of He bubbles is increased after compression due to
dislocation−bubble interactions,14−16 as shown in Movie S2.
Glide difficulty for a collection of dislocations can be

assessed on the basis of the rate dislocations accumulated in
the sample as strain is increased and on their average velocity.
In Figure 2c, the variation in dislocation density and
dislocation length with strain are compared for material with
different He concentrations. In the W-20 crystal, the
dislocation density increases slightly during straining and
until it saturates at 1 × 1015/m2 at a final strain of 15%.
However, in the W-0 crystal, the dislocation density
continuously decreases to a level of 1013/m2. The average
dislocation length remains constant in W-20, while they are
much longer in the final stages and fluctuate with straining in
W-0. The shorter dislocations in the W-20 move slower, on
average two-thirds slower, than the longer dislocations in W-0
(Figure 2d). The dislocation velocity measured in W-0 is a
conservative estimate since dislocations can move much faster

than can be captured by the time resolution of the video
camera.
Wavy dislocation morphologies serve as another sign of glide

difficulty. Figure 3 shows examples of the evolution of the
morphology of many individual dislocations in the W-0 and W-
20 samples under high-resolution TEM observation. Note that
even under high resolution, the region shown in the W-20
crystal is nearly free of visible irradiation defects just like the
W-0 crystal. In W-0, the two long dislocations seen are initially
straight. Under increasing strain, we witness only a slight
bowing out in the middle part or near the head of the
dislocation, as labeled by yellow lines in Figure 3a. In W-20,
the one dislocation shown in Figure 3b is initially short,
approximately 7 nm in length. As strain is applied and
increased, the movement of the dislocation is distinct from that
of the dislocations in W-0. The dislocation starts to bow out
and form into a half-loop; then the diameter of the loop
increases thereafter. With further loading, some portions of the
loop move forward such that the loop takes on an elliptical
shape, before finally leaving the crystal at the sample surface.
The curvature in the dislocation line is proportional to the
resistance to dislocation glide. The average dislocation
curvature in W-20 is measured to be 3.5 times of that in W-

Figure 2. Dynamics of dislocations under straining in W. (a) Dislocations moving fast and disappearing at the surface in pure W under straining.
(b) Dislocations bowing out slowly and being trapped by radiation defects. (c) Evolution of dislocation density and length with increasing strain.
(d) Comparison of dislocation slip velocity and curvatures in pure W and W-20.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.1c01637
Nano Lett. 2021, 21, 5798−5804

5800

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c01637/suppl_file/nl1c01637_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01637?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01637?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01637?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c01637?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c01637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


0, which is consistent with the nearly 3 times increase in the
yield strength in W-20 over W-0, as seen in Figure 1. In theory,
the maximum stress required to move this dislocation through
this sequence is that associated with overcoming line tension to
form a half-loop between the l = 7 nm pinning points. Using

values for W, this stress is estimated by τ = αGb
l

(where G =

161 GPa is the shear modulus, b is the value of the Burgers
vector of dislocation, l is the spacing of the initially straight
dislocation segment between pinning points, and α = 0.2 for
helium bubbles with sizes less than 2 nm26−28), to be no less
than 1.26 GPa. This value is unusually high, signifying that it
was difficult to move this dislocation in the irradiated W-20
sample.
Material hardening by irradiation is estimated on the basis of

the size and distribution of irradiation defects, such as bubbles,
observable by state-of-the-art microscopy. Three analytical
models have been applied to forecast material hardening:
Bacon−Orowan, Friedel equation, and DBH models,26−28 (see
the SI for detailed formulations). These models predict Δτ, the
increment in critical resolved shear stress (Δτ) experienced by

a dislocation gliding on a plane containing an array of bubbles,
with a given spacing, diameter, and pressure. They differ,
however, in the penetrability of bubble, from sliceable
(Bacon−Orowan) to impenetrable (DBH). On the basis of
extensive TEM microstructure measurements of bubble size
and spacing, their internal pressure and density were calculated
(see Table S1). The corresponding Δτ estimates from the
Bacon−Orowan, Friedel equation, and DBH models26−28 are
shown in Figure 1b and compared with Δτ extracted from the
deformation behavior in Figures 1−3. The Δτ in irradiated W
pillars ranges from 0.75 to 1.6 GPa, which is outstandingly
greater (by 60%) than all model predictions. These same
hardening models, despite their different assumptions, typically
predict Δτ in FCC, HCP, and nanolaminated met-
als,14−18,26−28 well within 10%. The large 60% gap between
theory and experiments strongly indicates that hardening in
irradiated W cannot be explained simply by the formation of
He bubbles.
To identify the missing component contributing to

irradiation hardening, we first compare the amount of He in
TEM-visible bubbles and the total implanted He. The

Figure 3. Bowing out of dislocations under straining. (a) Straight screw dislocations produced in pure W under straining. (b) Dislocations
obstructed by hidden radiation defects, forming a bow-out configuration in W-20. This behavior indicates that the mobility of edge and screw
dislocations are comparable in this case.

Figure 4. Hidden He−V complexes and their interaction with dislocations. (a) Percentage of helium bubbles and hidden He−V complexes in the
matrix. (b) Interaction energy of defect complexes.35−37 (c) Hardening by dislocation−He−V complex interactions in irradiated W.
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implanted He in a specific pillar can be estimated via Nimplanted
= XHeF, where XHe is the atomic percentage of He ion at fixed
depth, obtained from the stopping and range of ions in
materials (SRIM) simulation (see Figure S1) and F is the
fluence of ion implantation. XHe is averaged according to the
size of the pillar and the number of He in bubbles. Nbubbles is
estimated according to the size and internal pressure of the
bubbles.26−31 We used three different methods to calculate the
average He per bubble (see the SI for details). Figure 4a shows
that all methods indicate that the percentage of He ions in the
He bubbles corresponds only to a small fraction of the total,
ranging, on average, from just 1.6% for W-1.9 to at most 13%
for W-9. Remarkably, most of the implanted He atoms still
reside in the lattice but outside of the He bubbles. For
comparison, we performed similar calculations on He-
implanted metals with distinct crystal structure, FCC and
HCP.14−18 In these metals, nearly 100% of the He atoms are
found in the TEM-visible bubbles. However, clearly in W, the
majority of the irradiation defects are still dispersed in the
lattice at an atomic scale, undetectable by high-resolution
TEM.
The unexpected defect distribution raises two questions.

First, why does the large fraction of irradiation defects in W, as
well as BCC metals in general, not diffuse and coalesce even
after high-temperature irradiation? Second, is the well-known
UIH in BCC metals related to large amounts of the TEM-
invisible defects? To address these questions, it is essential to
first consider the mobility of irradiation point defects in W and
the binding energy of dislocations with these point defects.
According to ab initio calculation, self-interstitials are highly
mobile, while vacancies in W have a migration energy of 1.7
eV, which is at least two to three times that for FCC and HCP
metals.32−34 In general, most vacancy (V) migration energies
in refractory metals are larger than 1 eV, explaining the
difficulty in the migration and clustering of vacancies that is
characteristic of BCC metals, especially Cr, Mo, and W.28

Therefore, it is plausible that irradiation-induced vacancies
would be largely “frozen” in the lattice in BCC metals after
irradiation unlike in FCC or HCP metals.
Figure 4b summarizes the interaction energies of typical

defects in irradiated W, such as He−V, He-dislocation, and V-
dislocation.35−37 There is a strong interaction between He and
V, such as an interaction energy of −4.5 eV, which is the lowest
among all kinds of defects in Figure 4b. As a result, He ions are
likely to bind to a vacancy in W. The large quantity of hidden
He atoms are, therefore, an indication of hidden vacancies in
the W lattice. Together, they would form numerous stable
He−V complexes, the sizes of each being sufficiently small to
evade detection by microscopy.
We also note from Figure 4b the strong binding between

dislocations and He/V, indicating a strong pinning effect on
dislocation by those defect complexes. In particular, edge
dislocations are much more strongly attracted to the He/V
than screw dislocations, which would suggest that the
reduction in dislocation mobility, due to the He/V alone,
would be greater for the edge than the screw dislocation. In
previous work, the interaction of He−V clusters with edge
dislocations was found strongly attractive in α-Fe,38,39 and this
effect is similar to the obstruction of V−O complexes on screw
dislocation in Nb.25 Consequently, the presence of complexes
could lower the usual significant gap in mobilities between
screw and edge dislocations characteristic of pure BCC metals.
This implication is consistent with the in situ observations

made in Figures 2 and 3. The expanding dislocations in
irradiated W under deformation are nearly circular, indicating
that the edge and screw dislocation mobilities are similar in
value. Such is not the case in pure W (Figure 3a), where a
screw dislocation moves much slower than an edge, causing
dislocation loops to expand anisotropically leaving relatively
long, straight-line screw dislocations.40

To understand the effect complexes have on dislocation
motion, we carry out MD simulations of gliding dislocations
interacting with a He−V complex. Due to the anticipated effect
of character, simulations are repeated for an edge character
dislocation and a mixed character dislocation with nearly screw
orientation. Since the number of He atoms that can bind stably
to a vacancy in any given complex can vary from 1 to 6, in
simulation, we consider the full 1-to-6 range of He:V ratios.
Taking into account the high fraction of undetected He atoms
(over 80%), these ratios translate to a broad span of LHe−V,
He:V complex spacings, 1−9 nm. In simulation, the dislocation
becomes pinned upon impinging on the complex, and
provided that an applied critical stress is exceeded, it depins
from the complex, leaving the complex still intact as a cluster.
Figure 4c plots this critical stress versus He:V complex ratio
when assuming a fixed LHe−V. In all cases, the dislocations
require higher stresses in order to bypass the complex than
without, although the additional force required depends
sensitively on the size of the complex (number of He atoms)
and the spacing between two neighboring complexes. Both
mixed and edge dislocations need substantially higher stresses,
ranging from 0.5 to 1 GPa, to depin from the complex with
smaller LHe−V. Notably the critical stress for the mixed
dislocation, being nearly screw-oriented with a 19.5° character
angle, can be substantial, ranging from 0.5 to 2 GPa for the
range of He:V studied. The strengthening prevails provided
that the dislocation does not cross slip over the complex, which
occurs when He:V = 6. The calculations also confirm that the
screw to edge stress ratio reduces to 2−3, which is a substantial
reduction from 10 to 20, the ratios without complexes.41

With the support from MD simulation results and in situ
nanomechanical tests (Figures 2 and 3), we propose that, in
addition to those TEM-visible He bubbles, large quantities of
hidden He, vacancies, or He−V complexes obstruct the motion
of dislocations in irradiated W (because of LHe−V ≪ Lbubble),
especially for nonscrew dislocations, as indicated in Figure 4c.
According to the irradiation hardening increment in Figure 1b
and the Friedel hardening model,27 the average spacing of He−
V complexes is about 3−6 nm for W-9 and W-20 pillars. In this
case, the size of He−V complexes is only several angstroms,
which is invisible in a defected sample under normal TEM
observations. For these sizes, the MD simulations indicate that
complex spacings in this range of LHe−V can explain the
remarkable boost in shear strength of 1 GPa.
In summary, ultrahigh-irradiation hardening in W originates

from the strong interaction of dislocations with TEM-visible
He bubbles and those atomic-scale hidden defects, especially
vacancies and He-V complexes. In situ nanomechanical tests
and MD calculations identify that these complexes serve as
strong pinning points, especially for edge dislocations, raising
the critical stress to depin the dislocation by more than 1 GPa.
This mechanism is ubiquitous in BCC metals at low- to
medium-temperature range because of their exceptionally high
vacancy migration energy.
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