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Abstract

High-purity a-titanium was implanted with helium to observe cavity morphology — size, number density, and form
(i.e., bubbles vs. voids) — effects on materials strength. Increasing implantation temperatures lead to an Arrhenius-

type (i.e., exponential) increase in cavity size, a transition from spherical bubbles to faceted voids, and a marked
increase in strength (~20-50%). Implanted samples deformed uniformly in contrast to nano-compression of
unimplanted or alloyed titanium, but pillars with the largest faceted voids developed a type of bulging localized
deformation. Affected voids were repeatedly sheared, becoming rough and shrunken. Dislocation-cavity interactions
and the role of helium content within cavities are considered.
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Prolonged irradiation of structural materials with energetic particles results in the accumulation of excess
microstructural defects, diminished confidence in component performance, and increased overall cost [1]. To
develop long-life materials and systems, radiation-induced alterations to microstructural and mechanical properties
must be understood. Decades of work have been performed to link the damage structures of ion-beam and neutron
irradiations [2-4], allowing the creation of comparable damage in shorter times but without hazardous sample
activation. The limited penetration depth of ion irradiation, however, necessitates micro- and nanomechanical
techniques capable of testing local properties. Nano-indentation is a widely-used and useful option for such tests [5,
6] but lacks key capabilities (e.g., measurement of bulk-like properties, in situ observation of deformation
mechanisms) offered by nanoscale uniaxial — compression or tension — testing [7-11]. Such nano-compression
testing was selected for the present work because the ability to more precisely control for orientation effects and to
observe localized deformation in situ provided sufficient utility to outweigh common concerns from pillar size and
surface effects [12-17] and from heterogeneous obstacle distribution within pillars.

The evolution of interstitial helium, either externally implanted (e.g., ion implantation) or transmuted within
neutron irradiated materials, is known to enhance cavity swelling [18-20] and embrittlement [21-23] — particular
points of interest in the study of irradiation effects. More general effects of helium content and morphology on
materials strength, in contrast, are only partially understood. In this work, the cavities formed in materials by the
introduction of helium are divided into two broad categories: (1) bubbles, which are small, spherical, and contain
pressurized helium; and (2) voids — which are larger, often faceted, and composed mainly of vacancy defects. Such
cavities have long been recognized as sources of radiation hardening, ranging from strengthening factors, a, of ~0.2
for bubbles to ~1.0 for voids [24-29]. This behavior is complicated by variations with helium pressure for bubbles
[30-32] and with size, temperature, and point of impact (i.e., with moving dislocations) for voids [33, 34]. These
complications are only magnified by the focus of many experimental works on specific damage structures (e.g.,
mimicking various conditions in light water or fast reactors). Each difference in helium dose, dose rate, temperature,
and implantation method affects the form of cavities and, thus, their contribution to materials strength. In this study,
we restrict such variations to implantation temperature and consider the role of helium cavity morphology (i.e., size,
number density, bubbles vs. voids) in a-titanium. The pure metal was chosen for this work to avoid confounding
effects from alloying elements or engineered features (e.g., cold work) and to ease comparison with previous
nanomechanical testing.

The samples studied were high-purity titanium produced during a previous study [35] and composed of ~30
um @, equiaxed grains with a strong (0001) texture. Thinned disks of the material were first electropolished to
remove surface mechanical damage (10s pm per side) and were then implanted (normal to the prepared surface)
with 200 keV He* ions using the Danfysik Ion Implanter at the Ion Beam Materials Laboratory (IBML) at Los
Alamos National Laboratory [36]. Constant fluence and beam flux (2x10'7 ions/cm?, ~2x10'3 ions/cm?s; ~15 at%
He, ~15 appm He/s) were used to produce the SRIM [37] simulated implantation profile shown in Figure 1(a), while
implantation temperatures were varied between samples (340-500 °C) to observe the effects on bubble morphology.
Sample temperature and system vacuum (< 5x107 Torr) were monitored continuously to minimize beam heating
and surface oxidation effects. Pillars for nano-compression testing (~0.7 pm square, ~2 aspect ratio) were cut from
the cross-section face of implanted samples using a Thermo Scientific Helios 600 focused ion beam (FIB) system.
This process allowed testing of both implanted and base material pillars within individual grains and is shown
schematically in Figure 1(b-c). To minimize the possibility of helium diffusion into the base material being tested,
implanted and base material pillars were cut = 3 pm apart.

To best represent materials strength: (1) pillars were cut as close to the (2110) crystallographic orientation as
practicable to maximally activate prismatic slip ({1010}(1120)); and (2) resolved shear stresses were reported using
measured compressive true stresses and the appropriate Schmid factor for each pillar (typically m~0.43). (While
this compression orientation could also activate {1121} deformation twinning, post-deformation dissection of the
pillars — discussed later — ruled out this mechanism.) Pillars were compressed to varied plastic strains (&, > 0.15) at
a constant strain rate (~0.01/s) using a Hysitron PI-85 picoindenter mounted within a Thermo Scientific Magellan
400 scanning electron microscope (SEM) for in situ observation of compression. Sample materials — implanted and
deformed — were prepared using standard FIB lift-out techniques and characterized using a combination of
transmission electron microscopy (TEM), scanning TEM (STEM), and transmission Kikuchi diffraction (TKD),
with TEM and STEM carried out in a Thermo Scientific Titan operating at 300 kV and TKD performed in a Thermo
Scientific Apreo SEM operating at 30 kV.



Our study revealed differences in titanium strength and slip-mediated deformation after helium implantation
— especially with helium cavity size — and presents a significant departure from traditional expectations of hardening
with obstacle size and spacing. Beginning with a comparison of implanted and base titanium, the stress-strain curves
presented in Figure 2(a) show an obvious increase in flow stress with implantation, compared to the base material,
and with increasing implantation temperature, among the implanted samples. This point is further confirmed by the
average, normalized yield strength values (0.2% offset) presented in Figure 2(b) for each condition. In addition to
differences in strength, the stress-strain curves in Figure 2(a) highlight differences in plastic deformation. While
stress drops were occasionally observed for base material stress-strain curves (arrow annotation), slip for helium
implanted pillars was universally smooth.

To understand these differences in mechanical behavior, we must first understand the variations in helium
cavity diameter, number density, and form (i.e., bubbles vs. voids) present in the implanted samples. Helium
morphology in the titanium samples was strongly dependent on implantation temperature, as shown in Figure 3.
Relatively small increases in implantation temperature relative to the melt point, Ty, (0.32Ty to 0.40Ty) led to
marked increases in mean cavity diameter, d., (7.7 + 0.3 nm to 53.8 *+ 4.0 nm) and corresponding decreases in
number density, N,, (1.1x10?* m™ to 1.5x10?! m*). Measurements for each implantation temperature are presented
in Table 1 along with values for the swelling, S, of the implanted material and for the surface-to-surface mean planar
spacing, A3", of cavities. The swelling was calculated using the following equation [38, 39]:
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where V. is the mean cavity volume. The mean planar spacing was calculated using the size-corrected formula

provided by Martin [40],
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where o is the standard deviation in cavity diameter. (Swelling values are not considered in the following analysis
but are reported here for completeness.) Closer examination of the size trend reveals strong, Arrhenius-like (i.e.,
exponential) behavior, as shown in Figure 3(f). This form is reasonable, given the dominance of diffusion in past
modeling of helium defect nucleation and growth [41], and supports the major role of helium diffusion in
determining d. and N, here. Further, a transition was observed between the spherical bubbles at 340 °C, Figure 3(a),
and the faceted voids recorded for samples at and above 410 °C, Figure 3(b-c). While such transitions are often
reported with increasing size [42-45], two aspects of these voids are noteworthy. First, comparison of TEM
micrographs and TKD orientation maps, as shown in Figure 3(c-¢), reveals that these facets include basal ({0001})
and pyramidal ({1011}) close-packed planes. Second, smaller voids appear plate-like and markedly thinner in the
(0001) direction, suggesting that void growth begins along the basal plane. Such a staged nucleation and growth
process would be consistent with reports of irradiation-induced void growth in HCP metals [46-48].

With these aspects of the helium implanted titanium in mind, we may consider the observed differences in
mechanical behavior more fully. Prior testing of Ti-5 at.% Al alloy by Yu et al. [49] resulted in localized
deformation, in the form of prominent shear steps, and large accompanying strain bursts for pillars at least 0.5 um
on a side. This material is reasonably equivalent to the titanium base material tested here (e.g., solid solution,
prismatic slip), and the stress drops observed in our base material stress-strain curves are consistent with the
behavior reported by Yu. If stress-strain instabilities in pure titanium are thus attributed to localized slip, then the
smoothness of implanted material stress-strain curves, Figure 2(a), takes on a greater significance. Here, helium
cavities — either bubbles or voids — act as obstacles to dislocation motion, as evidenced by the observed increase in
strength with implantation. When sufficient cavities are distributed throughout a pillar, they block preferred slip
systems (i.e., increase dislocation mean free path), prevent dislocation avalanches, and lead to homogeneous
deformation [50, 51].

A similarly important point is raised by the increasing materials strength shown in Figure 2(b). While cavity
strengthening was expected to operate similarly to precipitation hardening, where the barrier to dislocation motion is
inversely proportional to A5* [40, 52], increasing implantation temperatures instead brought significant increases in
strength both at yield and with work hardening. This strengthening can be contextualized by recent theoretical



modeling by Chen et al. [53], who considered the interactions of dislocations with arbitrarily shaped, faceted voids
intersected by the slip plane. Chen found that the in-plane angles between facets and the slip direction (i.e., the
cross-section shape of voids in the slip plane) strongly influenced the degree of bowing required for dislocations to
bypass the faceted voids. This results in an increasing critical resolved shear stress with increases in either void size
or void spacing, relative to the other. Although relatively new, the resulting constitutive model has been used to
reproduce experimental stress-strain data for irradiated copper, nickel, and 304 stainless steel [54] and was intended
to be universal with regard to crystal structure. Such strengthening from void shape is a promising mechanism for
the trends observed here but must be evaluated further before definitive conclusions can be drawn. In particular,
future work in this area should explore the impact of helium pressure (i.e., spherical voids, as studied by Chen,
versus spherical bubbles, as studied here) and whether evolution of the voids at higher strains — as discussed next —
invalidates the assumptions (i.e., static obstacles) of Chen’s dislocation dynamics model.

In addition to the noted increase in strength for material implanted at 500 °C, pillars for this condition
displayed a form of localized deformation separate from the shear steps previously discussed for base titanium
pillars. Here, distinct regions of the pillars were observed to bulge at strains above ~0.1, as shown in Figure 4(a).
FIB dissection of the affected pillars, as shown in Figure 4(b), allowed direct observation of both the uniformly
deformed and bulging regions of pillars. HAADF-STEM was used to minimize strain contrast and achieve a clearer
image of voids throughout the pillars, as shown in Figure 4(c). Voids were relatively equiaxed in the uniform
portion of the pillar but appeared collapsed in the bulging portion. Because collapsing voids were not anticipated
when designing these experiments, voids in both regions were thoroughly examined using bright-field TEM. Voids
were similar in size along their major axes, as shown in Figure 4(d-f), but facets of the collapsed voids were
noticeably rougher, with steps appearing on previously smooth pyramidal facets and a loss of obvious facets for the
most deformed voids. This finding suggests that the observed “collapse” results from repeated shearing by
dislocations.

Similar shear distortion of bubbles was observed by Ding et al. [55, 56] during in situ, nano-tension testing of
helium implanted copper. Ding found that helium bubbles in necking (i.e., localized tensile deformation) regions of
samples were repeatedly sheared by dislocations, leading to steps on bubble surfaces, elongation (aspect ratio
changes as large as 1 — 8), and eventual cleavage into multiple, smaller bubbles. In contrast, the voids studied here
were not noticeably elongated with shearing (i.e., similar size along their major axes), and no signs of cleavage were
observed. Although differences in material and deformation mode certainly contribute to these differences, the
authors propose that the helium content of the cavities is a primary cause. If Ding is correct that internal helium
pressure acts as a restorative force during repeated shearing, erasing some surface steps and maintaining a consistent
internal volume as the bubbles elongate, then voids composed primarily of vacancies would be expected to
experience no such outward force. Indeed, Osetsky and Bacon [57, 58] have shown that vacancies can be absorbed
by passing dislocations during shearing. Together, these points could explain why repeated shearing leads voids to
shrink in the compression direction without accompanying elongation. Lastly, it is worth noting that the wrinkled
appearance of heavily sheared voids, as shown in Figure 4(f), is a strong indication of additional active slip systems
beyond the desired prismatic slip. While testing to plastic strains of at least 0.15 allowed for a good representation of
materials strength, the exact strain and nature of activation is consequently lost for these additional slip systems
(e.g., does multiple slip cause bulging, vice versa). Future work in this area should explore any causal link between
multiple slip and localized deformation and better capture dislocation-cavity interactions as they occur. In particular,
this study found no clear evidence of cavities acting as dislocation sources (e.g., loop punching) — a phenomenon
reported in the literature [51, 59] and critical to material ductility.

In summary, material complexity (e.g., alloying, cold work) and variations in implantation conditions (e.g.,
dose, dose rate) were sharply restricted in order to observe the distinct effects of helium cavity morphology on
strength and deformation. Helium implantation of high-purity a-titanium while only changing the implantation
temperature produced regular, expected helium morphologies that strengthened the samples and altered slip-
mediated deformation. Increasing implantation temperatures lead to an increase in size for helium cavities (i.e.,
bubbles and voids) and a transition from spherical bubbles to faceted voids. These changes were accompanied by a
marked strengthening of the implanted titanium versus the base material — a phenomenon explained by increasing
dislocation drag across facets. While helium implantation suppressed localized deformation in the form of
dislocation avalanches and shear steps, as reported previously, pillars of 500 °C implanted material displayed a type
of bulging localized deformation at strains of ~0.1. Voids in the affected regions took on a rough, shrunken
appearance attributed to repeated shearing from multiple slip systems. Unlike previous reports of similar



deformation to spherical helium bubbles, no elongation was observed for these voids — implying fundamental
differences based on helium within the cavities.
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Tables & Figures

Table 1 Measured and calculated descriptors of the helium morphology in high-purity titanium samples implanted at
340, 410, and 500 °C with otherwise identical conditions (i.e., fluence, beam flux).

Implantation Cavity Cavity Number Swelling, Planar
Temperature, Diameter, Volume, Density, S (%) Spacing,
T (°C) d, (nm) V. (nm?) N, (102 m?) A% (nm)
340 7.7+0.3 296 11.45+1.86 3.51 32.1
410 21.6+1.3 6480 1.134 £0.11 7.93 55.3
500 53.8+£4.0 143700 0.148 £ 0.01 27.0 70.3
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Figure 3 Helium morphology. (a-c) Under-focused (~1 um) bright-field TEM images of cavities in material
implanted at 340, 410, and 500 °C, respectively. Insets showing the unit cell orientation and three-dimensional
geometry of voids are provided for (b) and (c) to clarify the orientations of void facets. (d) Low-magnification image
of the foil shown in (c¢) (box). (e) Grain orientation maps from the samples shown in (b) and (c), with dashed lines
added to highlight the bands of faceted voids. (f) Variations in cavity size with temperature. Shading highlights the
transition to faceted voids at higher implantation temperatures, while symbol sizes are twice the 95% confidence
interval at each point.
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(a) Bulging Implanted Pillar (b) Pillar Dissection (c) Uniform and Bulging Regions

25 Nm

Figure 4 Localized deformation. (a) Still frame from in situ video, showing localized deformation (i.e., upper half)
observed for all pillars implanted at 500 °C. While this resembles artifacts from inhomogeneous implantation (e.g.,
densely packed voids near the implantation peak — material failure), recall that the implantation direction was
through the pillar thickness (i.e., into the image) — not along the compression axis. (b) FIB dissection of the pillar
shown in (a), highlighting voids both in and around pillars. (c) The final cross-section from (b) imaged using
HAADF STEM (mass-thickness contrast) and showing apparently collapsed voids in the bulging region (above
dashed line). Dashed boxes mark the sites of (d-f), in numbered order, and insets clarify the unit cell orientation and
three-dimensional geometry of voids. (d-f) Under-focused (~0.5 um) bright-field TEM images of faceted voids in
the uniform and bulging region of the pillar. Note the rougher facets and flattened aspect ratio of the voids in (e-f)
versus (d). A magnified, edge-on aligned view of one roughened facet, inset in (e), reveals steps indicative of
repeated shear, while the wrinkled appearance in (f) suggests multi-system slip.
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