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Early stage irradiation effects on incipient plasticity are quantitatively investigated in single-crystallinemolybde-
num using nanoindentation pop-in tests. Defects produced under low-dose ion irradiations, even when they are
hardly detected by ion-channeling technique, can significantly reduce the critical stress for the elastic-plastic
transition, through acting as heterogeneous dislocation nucleation sources. The density and strength of defects
are derived using a unified model convoluting homogeneous and heterogeneous mechanisms. In addition to
the increased defect density, defect strength is found to decrease with increasing irradiation dose, suggesting a
growth in defect size, which is further evidenced by combined analyses between pop-in and hardness tests.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Quantitative characterization of early stage defect production and
evolution in ion-irradiated materials is essential to both fundamental
materials science and various application fields [1–3]. For example,
it bridges atomistic simulations, which primarily focus on the low
dose regime, to the experimentally observed microstructure and
property evolution after long-term irradiations [3–5]. In addition, it
is required in developing and validating novel design concepts of
irradiation-resistant materials that suppress early stage damage
accumulation [6, 7].

Nonetheless, quantification of low-dose ion irradiation damage has
been a long-standing challenge, mainly attributed to the small defect
size and the limited penetration depth. The former leads to difficult
statistical analyses in microscopic studies; the latter makes thin film
samples required for electrical resistivity measurements [8], which
usually brings a tedious or challenging sample preparation process,
especially when specific material microstructures and configurations
are required.

Pop-in phenomenon refers to the sudden displacement excursion on
the load-displacement curves during nanoindentation tests, and arises
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from the onset of elastic-plastic transition [9–13]. In crystalline
materials, pop-in originates from homogeneous dislocation nucleation
at the theoretical strength, if no lattice defects are initially present.
Pre-existing defects can serve as heterogeneous dislocation nucleation
sources that require lower initiation stresses [9, 13], see Fig. 1a; the
defect density and strength can both be derived from the cumulative
probability distribution of the pop-in loads using a statistical model
[9]. Pop-in load is very sensitive to crystal damage, which probably
leads to the fact that pop-in has hardly been observed in previous
nanoindentation studies on irradiated materials, without quantitative
knowledge on how pop-in behavior progresses under irradiations
[14, 15].

In this study, we investigate the impact of ion irradiation on the
incipient plasticity of single crystallineMolybdenum (Mo), and demon-
strate nanoindentation pop-in test as an effective quantificationmethod
in studying early stage irradiation damage. Utilizing a statistic model,
pop-in tests can quantify not only the density of defect clusters, but
also the change in defect strength, which is further correlated to the
defect size. Moreover, the damage accumulation is compared with
that characterized using ion channeling, a widely used technique for
irradiated single-crystals [16].

Pure Mo (99.99% purity) with (100) surface was homogenized at
1600 °C for 4 h under vacuum. The samples were ground and polished
using a standard metallographic procedure, and then electro-polished
in a solution of 12.5% H2SO4 and 87.5% CH3OH at a DC voltage of 10 V
to remove the surfacemechanical damage. The samples were irradiated
with 10MeVNi ions at room temperature,with fluences from2.5 × 1012

to 1.6 × 1014 cm−2 and a constant flux of 3.5 × 1011 cm−2 s−1 [17]. The
profiles of displacement and implanted ions were estimated using SRIM
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Fig. 1. Illustration of concepts and experiments. (a) Schematic illustration of the dominant mechanisms of nanoindentation pop-in before and after ion irradiations. “┴” represents the
Frank-Read sources, e.g. dislocations, and “*” represents the defect clusters acting as heterogeneous dislocation nucleation cores. (b) SRIM predicted damage and ion profiles after
10 MeV Ni ion irradiations in Mo at the fluence of 1 × 1013 cm−2; the inset is the enlarged depth region of 0–500 nm at all four fluences. (c) The arrangements of indents of
nanoindentation tests.
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[18] simulation in the Kinchin-Pease mode, assuming a threshold dis-
placement energy of 33 eV [19], as shown in Fig. 1b. The damage peak
is located at ~2.2 μm, and the local displacement dose only gradually
changes in the surface regime to a relatively small extent (inset of
Fig. 1b). Since pop-in occurs within a few tens of nanometers from sur-
face (as will be shown below), the surface dose values, rather than the
peak values, are used in the present study, ranging from ~7.5 × 10−4

to 4.8 × 10−2 displacements per atom (dpa). Almost no implanted Ni
ions were introduced in the surface region. Ion channeling measure-
ments were performed using 3.5 MeV He ions with a 155° scattering
angle [17].

Nanoindentation tests were performed using Nanoindenter XP
(Nano Instruments Innovation Center, MTS Corporation, Knoxville,
TN), in the same region before and after irradiations in an alternating
pattern for each dose as shown in Fig. 1c. A Berkovich triangular pyra-
mid indenter with a blunt tip was used, and the effective tip radius
Fig. 2. Load-displacement curves and ion channeling spectra. (a) Typical load-displacement cu
enlarged area with displacement below 40 nm. (b) RBS/C spectra of Mo from 2.5 × 1012 to 1.6
was calibrated as R = 310 nm using a standard tungsten sample [20].
The tests were conducted in the continuous stiffness mode (CSM)
[21], at a constant _P=P=0.05 s−1, where P is the load. About 100 indents
were performed at each condition for lowuncertainty. The indentswere
separated by at least 20 μm to avoid interference.

Typical displacement-load curves that correspond to the average
pop-in load are shown in Fig. 2a for the pristine and irradiated samples.
Before pop-in, the load-displacement, P-h, curves fit well the Hertzian
equation,

P ¼ 4
3
Er

ffiffiffi
R

p
h3=2; ð1Þ

where Er is the reduced modulus, indicating a pure elastic response. As
shown in the inset of Fig. 2a, pop-in load is very sensitive to irradiation
damage, and is dropped by 70% after irradiation to the lowest fluence,
rves of Mo after irradiations with fluence from 2.5 × 1012 to 1.6 × 1014 cm−2. Inset is the
× 1014 cm−2. Inset is enlarged for the lowest two fluences.
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2.5 × 1012 cm−2, corresponding to a surface dose of 7.5 × 10−4 dpa.
With increasing irradiation fluence, pop-in load keeps decreasing grad-
ually, and reaches the detection limit of ~0.05mN (below 5 nm) after ir-
radiations at 1.6 × 1014 cm−2, corresponding to ~4.8 × 10−2 dpa. Such a
rapid decrease in pop-in load probably caused the disappearance of
pop-in after high dose (N0.5 dpa) irradiations [14, 15].

In contrast to the high sensitivity of pop-in load, ion channeling
technique exhibits much weaker response to the low dose irradiations.
As shown in Fig. 2b, the increase in backscattering yields is barely ob-
servable at the two lowest fluences (where the pop-in load drops
most rapidly), due to its limited detection resolution on slight lattice
distortion. The increase in channeling yield becomes more significant
for higher doses (stronger lattice distortion), where the pop-in tests be-
come insensitive.

To correlate the pop-in behavior to irradiation-induced defects,
pop-in load is converted to the critical shear stress at pop-in, τmax,
of the material [22, 23] through

τmax ¼ 0:31� 6Ppop−inE
2
r

π3R2

 !1=3

: ð2Þ

The cumulative pop-in probability, ftotal, versus the shear strength of
the material is shown in Fig. 3a (from 100 indentations with maximum
load of 1.5 mN), which can be described by

f totat ¼ 1−qhetero � qhomo: ð3Þ

Here qhetero and qhomo represent the survivability from homogeneous
and heterogeneous dislocation nucleation, respectively, and can be
described by

qhomo ¼ exp − _n0

Z pop−in

0

dP
_P

Z
Ω
exp −

ΔΠ τshearð Þ
kBT

� �
dΩ

 !
; ð4Þ

and

qhetero ¼ exp −ρdefectVd

� �
; ð5Þ

where ṅ0 is the characteristic nucleation rates, kB is the Boltzmann con-
stant, T is the absolute temperature, dΩ is the differential volume, ΔΠ
(τshear) is the corresponding activation energy, ρdefect is the density of
heterogeneous dislocation nucleation sources (including the pre-
existing sources prior to the irradiation such as Frank-Read sources, as
well as the new sources generated by ion irradiation), and Vd is the
stressed volume size in which shear stress is higher than the defect
Fig. 3. Damage accumulation characterized from pop-in and ion channeling tests. (a) Cumu
experimental results and the lines are the simulated curves using Eqs. (3)–(5). (b) Modeled d
of irradiation dose for Mo irradiated with 1.5 MeV Ni, from ion channeling analyses.
strength, τdefect. Here defect strength is defined as the critical stress
above which dislocations can be nucleated at the defect. The Eq. (4) is
derived from thermally activated, homogeneous nucleation, and
Eq. (5) is based on a weakest-link-type statistics for heterogeneous nu-
cleation [9, 24]. There are only two fitting parameters in Eq. (4), being
the characteristic nucleation rate and the activation energy, which are
intrinsic and do not affect the heterogeneous nucleation sources. The
fitting procedure and the corresponding fitting parameters have been
elaborated in Ref. [20]. Eq. (5) models the activation of the heteroge-
neous dislocation nucleation sources, which is represented by the τdefect
and ρdefect. These two parameters critically depend on the irradiation
process and thus are key results of our work.

With increasing irradiation fluence, defect density increases, and
pop-in occurs more readily through the heterogeneous mechanism
since the stressed volume has a greater chance to contain nucleation
sites. The derived density and strength of irradiation-induced defects
are shown in Fig. 3b. The defect density increases rapidly in the low
dose regime of 10−3 dpa, but much more slowly with further irradia-
tions. This behavior qualitatively agrees with the previous TEM
observations on neutron-irradiated Mo [25]. The activation stress of
irradiation-induced defects decreases from ~0.42 to 0.24 τth (τth =
16.1 GPa) with increasing irradiation fluence, which are about one
order magnitude higher than that obtained for both residual defects in
as-prepared samples and the bulk samples after uniform compression
tests, ~0.04 τth (derived by using large indenters that generate large
stressed volumes, as reported in Ref. [20]). This finding indicates that
the type of dislocation nucleation source induced from ion irradiations
is qualitatively different from that induced by compression and sample
preparation (e.g. deformation). During mechanical compression tests
and sample preparation, dislocations in macroscopic length are intro-
duced, and the heterogeneous nucleation source for pop-in has been be-
lieved mainly Frank-Read type that can be readily activated [20]. In
contrast, low-dose irradiation in Mo introduces small interstitial-type
loops less than a few nanometers in size, mono-vacancies and vacancy
clusters [25, 26]. Such irradiation-induced defects also serve as local in-
stabilities, but the stress needed for dislocation nucleation is much
greater than that for Frank-Read sources.

Previous studies have reported that pre-existing vacancies or va-
cancy clusters can act as heterogeneous nucleation sites for dislocations
[10, 13, 27]. Among these works, Salehinia et al. have quantitatively es-
timated the impact of several types of (point) defects on the stress
needed for dislocation nucleation by molecular dynamics simulations
[27]. The critical stress of dislocation nucleation can be reduced by up
to 50% resulting from pre-existing point defects, which reasonably
agrees with our observed defect strength. Such reduction has also
been found enhanced with increasing cluster size (e.g. from 10, 20 to
lative pop-in probability versus the critical shear stress at pop-in. The symbols are the
ensity and strength of the irradiation-induced defects. (c) Relative disorder as a function
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50% formono-, di- and 55 vacancies, respectively),whichmight qualita-
tively explain our observation on the reduction of defect strength, since
the average size of irradiation-induced defect clusters increaseswith in-
creasing dose [25]. The impact of nm-size interstitial loops on the incep-
tion of plasticity is still unclear, which promotes a need for further
atomistic simulations.

Ion channeling is performed as a complementary technique to char-
acterize the irradiation induced overall lattice distortion. Lower energy
(1.5 MeV) Ni ion irradiations were performed to achieve a shallower
damage range (~850 nm) for proper data analysis. As shown in Fig. 3c,
overall relative disorder is quantified as a function of irradiation dose
in the range of 0.01–0.13 dpa at the damage peak of ~350 nm, using a
iterative dechanneling analysis procedure [28].

The derived relative disorder from ion-channeling increases approx-
imately linearly with increasing dose, which is different from what
shown in Fig. 3b from pop-in tests. This discrepancy occurs since pop-
in quantifies the density of defect clusters while ion channeling
evaluates the overall lattice distortion. With increasing dose, overlap
of collision cascades results in aggregation of small defect clusters,
making the density deviated from linear increase [4]. The present
results indicate a stronger dechanneling capability of a larger defect
cluster than a smaller one during early stage damage accumulation.

Irradiation induced defects play two roles in nanoindentation tests.
Locally, it produces the weakest links that trigger the heterogeneous
dislocation nucleation, resulting in the reduction of pop-in load. At the
bulk limit, they serve as obstacles of dislocation migration, causing
strain-hardening. The depth-dependent nanoindentation hardness is
shown in Fig. 4a, in which the values below 85 nm are omitted due to
the pop-in and surface artificial. The size effects are significant in the
pristine Mo, which can be reasonably fit by the Nix-Gao model [29], as
shown in the inset of Fig. 4a,

H2 ¼ H2
0 1þ h�=hð Þ; ð6Þ

whereH0 is the hardness in the limit of infinite depth and h* is a charac-
teristic length that depends on the shape of the indenter. After irradia-
tions, especially when the fluence reaches 1 × 1013 cm−2, the size
effects are much weaker and are only significant in the first tens of
nanometers (omitted here). After correcting size effects, the hardness
change as a function of irradiation fluence is shown in Fig. 4b, which
can be described by

ΔH ¼ A 1− exp −BDð Þ½ �C ; ð7Þ
Fig. 4. Irradiation induced hardening and defect size evolution. (a) Nanoindentation hardness as
relationship in the pristine sample and that irradiated at the lowest fluence. (b) Change in nanoi
of irradiation fluence (normalized to the value at 2.5 × 1012 cm−2).
where D is the dose or fluence; and A, B, and C are fitting parameters.
The exponential term in Eq. (7) comes from the saturation in defect
density in the process of damage accumulation [30, 31]. The fitted pa-
rameter values are 1.59, 0.18, and 0.44 for A, B, and C, respectively,
when GPa and 1013 cm−2 are used as the units of indentation hardness
H and fluence D.

Taylor strengthening has been widely used to describe irradiation
induced hardening [32] as

ΔH∝Δσy ¼ αMGb
ffiffiffiffiffiffiffiffiffiffiffi
ρdef d

q
; ð8Þ

where M is the Taylor factor, ~3 for body-centered cubic lattice, α is a
material dependent constant, G is the shear modulus, b is the Burgers
vector, and d is the defect size. The hardness measurement itself can
only provide the product of defect size and density as a function of irra-
diation fluence. However, combined with the defect density informa-
tion from pop-in test, the evolution of defect size can be qualitatively
derived. Note that the absolute value of defect size cannot be derived
since the absolute value of α is unknown. As shown in Fig. 4c, the aver-
age defect size increases with increasing irradiation fluence with a de-
clining growth rate, consistent with the literature results [25], and
provides an evidence to our suggested origin of the decrease in defect
strength. Such agreements indicate that the characterization of defect
production and evolution using nanoindentation pop-in and hardness
tests are self-consistent and realistic. It needs to be noted that although
surface condition may be modified by ion irradiation, which may result
in uncertainties for pop-in tests, the present study is in the very low
dose regime and therefore such uncertainties are expected to be small.
Furthermore, the present study only provides the averaged results in
the region of interest, although the local dose only varies to a small ex-
tent; further depth-resolved characterizations are desired.

In the present study, nanoindentation pop-in tests have been dem-
onstrated as an effective quantitative method to study the early stage
damage accumulation induced by low-fluence ion irradiations. The
irradiation-induced defects in single crystalline Mo significantly reduce
the pop-in load. The defect production and evolution as a function of ir-
radiation fluence have been derived using a unified model convoluting
homogeneous and heterogeneous dislocation nucleation mechanisms.
Unlike ion channeling technique, nanoindentation tests can separate
the effects of evolving density and size of defects. Defect density
increases more rapidly in the lower dose regime. The strength of
irradiation-induced defects is one order magnitude higher than the
Frank-Read sources induced from mechanical straining, and decreases
with increasing irradiation dose, attributed to the growth of defect
a function of depth after irradiations to different doses. Inset shows the Nix-Gao size effect
ndentation hardness as a function of irradiation fluence. (c) Relative defect size as function
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clusters. To this end, combining ion irradiation and pop-in testsmay fur-
ther be used as a uniquemethod to study the effects of point defect clus-
ters on the incipient plasticity of materials.
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