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We grew nanotendril “fuzz” on tungsten via plasma exposure and performed transmission Kikuchi diffraction
(tKD) in scanning electron microscopy of isolated nanotendrils. 900 °C, 10** He/m?sec, 4 x 10?° He/m? exposure
of tungsten produced a deep and fully developed nanotendril mat. tKD of isolated nanotendrils indicated that
there was no preferred crystallographic direction oriented along the long axes of the tendrils, and the grain

boundary character showed slightly preferential orientations. Tendril growth is sufficiently non-equilibrium to
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prevent any preference of growth direction to manifest measurably, and that new high-angle boundaries
(with new grains and grain-growth axes) nucleate randomly along the tendrils during growth.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

In a magnetic fusion energy (MFE) system, such as a tokamak, the
plasma-facing materials (PFMs) will be bombarded by a combination
of deuterium/tritium ions and helium ions, while at high temperature
and subjected to severe neutron irradiation. Tungsten is the primary
candidate for the ITER project tokamak's divertors, and is the current
front-runner for solid-wall and solid-divertor concepts in future toka-
mak designs [1]. However, nanostructure growth - so-called nanofuzz
or nanotendrils, often microns long and <100 nm in diameter - de-
velops on tungsten surfaces during helium bombardment, and are not
presently understood in detail [2-7]. This is one of the factors that
may limit the applicability of tungsten (or indeed, many materials [8])
in the plasma-materials interaction environment.

The present understanding of nanostructure formation is primarily
informed by molecular dynamics (MD) or other theory approaches
[9-18], with relatively limited (although valuable) experimental infor-
mation [5,6,8,19-21]. Still poorly defined is how fuzz transitions from
the short incipient state of early growth - well-studied by MD - into
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the long and stably-growing state during later growth. Under the earli-
est growth conditions (perhaps 10> He/m? and below), before the fuzz
develops, the surface of the tungsten begins to facet, and the degree and
type of faceting on each grain is strongly related to the surface normal of
the individual grains [22]. By the time the fuzz has grown into a devel-
oped and surface-covering mat (perhaps 10?° He/m? and higher), the
surface appears uniform and underlying grains are not discernable.
This must imply that by the time the fuzz reaches a steadily-growing
condition, the different underlying grain orientations do not affect the
tendril growth. We hypothesize two possible mechanisms for this: (1)
A given nanotendril growth axis - that is, a given crystallographic direc-
tion along the long axes of the tendrils - is strongly preferred, and the
underlying grain orientations rotate near the substrate/tendril interface
into this particular orientation. Based on loop-punching arguments and
surface energy arguments, this privileged axis might be (111} if found.
Contrariwise, (2), it is possible that no particular tendril long-axis crys-
tallographic direction is preferred, and growth can proceed roughly
equally regardless of the underlying grain orientation, with no selection
needed.

To test these two hypotheses, we used transmission Kikuchi diffrac-
tion (tKD) [23-25] to interrogate a large number of individual
nanotendrils to obtain a statistical view of the tendril axes and the
intra-tendril grain boundary characters. We found no discernable
preference for any given long-axis orientation, which we interpret to
support hypothesis (2) above.

Experimentally, a specimen of mirror-polished polycrystalline tung-
sten was exposed to a He plasma in PISCES-A at the University of
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Fig. 1. Scanning electron micrographs of the surface of the nanotendril-coated tungsten surface.

California San Diego [26]. Conditions were 900 °C, 50 eV ion energy,
~10%3 He/m?s, 4000 s, to a total fluence of ~4 x 10%° He/m?. The result
is a thick (~1000 nm) mat of well-developed fuzz tendrils, of diameter
~20-30 nm; Fig. 1. Itis also notable that the substrate grain size (rough-
ly 1 um) is much smaller than the field of view in Fig. 1a, but no grain
contrast propagates to the surface, as noted above.

Samples for transmission Kikuchi diffraction were prepared by
putting a drop of methanol onto the fuzzy surface, putting a drop of
methanol onto a 3 mm & copper-mesh TEM grid with a continuous
carbon film covering it, gripping the copper grid with tweezers,
and then swiping the grid across the surface of the fuzzy sample.

SEM imaging and tKD were performed with a JEOL JSM6500F
field-emission scanning electron microscope (SEM). tKD was
performed using an EDAX Hikari I electron backscatter diffraction
(EBSD) system and OIM software suite v7. If the usual sense of
sample tilt for EBSD is considered positive, the tKD samples were
run with 30° tilt in the negative sense. Samples were mapped with
6-7 mm working distance, 25-30 keV accelerating potential, and
3-5 nA probe current. Scans were typically a few hundred nanome-
ters on a side, with 5-10 nm pixel pitches, 2 x 2 or 4 x 4 pixel binning
on the EBSD camera, and 10-20pixels/s. Scans were kept short
(<5 min) to ensure negligible sample drift. Data cleaning consisted
only of removing pixels of low image quality; no dilation, neighbor
correlation, or other destructive cleanup steps were performed in
post-processing [27]. A “mag-I-cal” specimen,' made from (001)
orientated silicon with (101) in plane, and known spacings of SiGe
layers, thinned by ion milling, was examined to confirm that tKD
measured orientations to better than 4 5° to the outside world, and
magnifications to better than 20%. All of the patterns were saved
during mapping, for later reindexing and reanalysis if necessary.
The only phase identified was BCC tungsten, space group Im3m.

Thirteen tendrils or tendril clusters were interrogated via tKD;
Fig. 2a shows a typical SEM image. The image quality (IQ) map,
which shows the sharpness of the tKD patterns on the EBSD camera
and are therefore maps of the patterns' quality, are shown in Fig. 2b.
A map of the crystallographic orientation in the out-of-the-page ori-
entation, colored according to the inset unit triangle, is presented in
Fig. 2c. Black lines denote high angle (>15°) grain boundaries, and
cyan lines denote low angle (2-15°) boundaries. In Fig. 2b and c,
two small marks, ‘d’ and ‘e,’” denote two typical tKD patterns that
are presented as Figs. 2d-2e. Although the patterns are not excellent,
mainly due to the necessity for dynamic background subtraction,
they are fully suitable for consistent indexing if significant care is
exercised in choosing the Hough transform parameters. Similar
results are seen from another dataset, Fig. 3a-c.

1 http://www.technoorg.hu/product/magical/description/

The important point to take away from the data in Figs. 2-3, and the
eleven other datasets we obtained similarly is that both intratendril
grain boundaries are present, and the tendrils are generally only one
grain wide, which means a given orientation down the tendril axis can
be obtained for most grains.

Interestingly, and perhaps surprisingly, no preferred tendril growth
axis is observed, Fig. 4a (and online Supplemental information Fig. S1).
If there is a preferred axis, it is too statistically weak to be observed
here. The unit triangle in Fig. 4a can hold all of the tendril long-axes ori-
entations (due to tungsten's symmetry), and the points for individual
grains (N = 34) are spread across the unit triangle. We also measured
the axis/angle pairs that describe the grain boundaries, and plotted
these in Figs. 4b-c. In Fig. 4b, the axis/angle pairs are plotted on the unit
triangle at the axis location, and the points are sized and colored by the
angle. The histogram of angles alone, Fig. 4c, shows a very slight prefer-
ence at 60°, but generally a random assortment of angles. Note that for
angles between 58 and 62°, the points are colored red to denote this
narrow range of angles in a noticeable fashion. In the grain boundary
analyses, no low-angle boundaries (<15°) were examined. For all of the
data in Fig. 4, we used the “g” option in EDAX OIM Analysis software,
meaning that the average orientation of the grains, rather than the partic-
ular pixel within a grain selected by the computer mouse, was used to
determine the tendril long axes or grain boundary axis/angle pairs.

We return to the two hypotheses stated in the introduction: (1) A
given nanotendril growth axis is strongly preferred, leading to rotation
of the tendril axes from the substrate into the preferred orientation, or
(2) no particular tendril long-axis crystallographic direction is pre-
ferred, and growth can proceed roughly equally regardless of the under-
lying grain, with no selection needed. Our results, in which no
preferential long axis is observed in a data with reasonable (N = 34)
statistics, appear to support hypothesis (2). Because the tendrils are
polycrystalline, with widely varying grain orientations within a single
grain, we can in fact conclude that not only are given orientations not
preferred, but the orientation of a single grain in a tendril need have
no relationship to the underlying substrate grain.

The {101} plane has the lowest surface energy in tungsten, and the
slip plane of punched prismatic loops - the presumed mechanism of
at least early-stage tendril growth [11] - is {101}, with a slip direction
of (111) [28]. Therefore, it might be expected that tendrils would have
a (111) long axis, with {101} low-energy planes bounding the faces of
the tendril with normals roughly perpendicular to the <111} length.
Clearly, from our tKD measurements, this is not occurring, but rather a
uniform and random array of long axes are present.

It seems likely that at the high temperatures and high fluxes
relevant to nanotendril growth, surface adatoms produced by loop-
punching events may have time to undergo surface diffusion and
lose their identity as punched loops, and attach to a convenient
new location on the growing tendril. (What would make a particular
location convenient, however, is not a question we can answer from
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Fig. 2. (a) SEM image of an isolated tungsten nanotendril on a continuous carbon film. The green box denotes the area of tKD mapping. (b) Image quality map. (c) Z-axis (out-of-the-page)
inverse pole figure colored map. Coloration is by the inset unit triangle. Black boundaries are high angle, cyan boundaries low-angle. (d-e) Typical tKD patterns from the marked points.
Pixel pitch: 8 nm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

this study.) The very high flux (~1023 He/m?sec, or in a perspective
more amenable to the size scale of these experiments, 100,000 He/
nm?sec) will produce a continuous perturbation of the evolving
structure and probably make selection of a thermodynamically
preferred orientation very difficult.

The grain boundaries' lack of preferred axes and nearly-random dis-
tribution of angles also implies lack of preferential selection; however,
the grain boundary axis-angles pairs to not appear to be entirely ran-
dom (see Supplemental information Figs. S2-S3). The preference to-
wards the (111)-(101) zone and towards higher angles is more than
can easily be attributed to random chance. Previously, work on de-
formed nanocrystalline tantalum [29] showed nanotwinning in this re-
lated BCC-structured metal, so it is worth future investigation if
nanotwins are appearing regularly in plasma-damaged tungsten.

It is somewhat surprising that there is not a skew towards lower-
angle grain boundaries. (We did not measure the LAGBs in Fig. 4, be-
cause so few were observed in these experiments.) If tendrils grew
by a continuous extrusion of the underlying grain, we might expect
a gradual rotation of the crystal lattice as the tendril twisted or
turned, leading to occasional subgrain low-angle boundaries formed
to relax the strain associated with the continuous buildup of strain.
However, relatively few low angle boundaries were observed (i.e.,
Figs. 2-3), and most of the boundaries were high angle. This may
imply an occasional nucleation of a new grain with a random
orientation, rather than a continuous lattice rotation. This leads to
questions that need to be addressed in future work, but the point
that can be concluded here is that small rotations within grains are
accommodated by occasional low-angle grain boundaries, but high-

angle grain boundaries form every 30-100 nm, presumably to
accommodate the growth strain. We will perform follow-up experi-
ments comparing tKD to transmission electron microscopy (TEM) to
determine if helium bubbles or other microstructural features are
preferentially formed at these high-angle boundaries; a large bubble,
for instance, would reduce the aggregate grain boundary area and
lower the energetic penalty of forming a tungsten-tungsten high-
angle boundary (but would have to balance against the energy of
the bubble). In fig. 3c, for instance, the yellow-colored grain shows
several unindexed (black) pixels in its center, where the low-angle
grain boundaries meet. These dead pixels could conceivably be a
bubble or bubble cluster, which is reducing the aggregate metal
thickness in the beam direction and therefore leading to a reduced
scattering intensity and concomitant inability to index the pixels’
tKD patterns [30].

0Oddly, multiple grain boundaries fall near the 60°{111} axis-angle
pair. Although the 60°{111} boundary is the coherent twin 33 boundary
in FCC structures, but in BCC structures it is a random boundary. The >3
boundaries are at 70.53°{112} or 109.47°{111} [31,32]. Thus, the slight
preference to 60°{111} boundaries in this BCC structure is somewhat
surprising, and difficult to explain. Manual indexing of stored EBSD pat-
terns (e.g., Fig. 2d-e), however, confirms that these boundaries are cor-
rectly indexed.

In summary, we have used transmission Kikuchi diffraction to exam-
ine the grain structures of isolated tungsten nanotendrils grown under
divertor-like plasma conditions. No preferred crystallographic direction
was found in the grains' long axes along the tendrils' growth directions,
which likely implies that growth is sufficiently fast and non-equilibrium

Fig. 3. (a) SEM, (b) image quality, and (c) Z-axis IPF maps from another tendril. In (c), colors and boundaries are the same as Fig. 2c. Pixel pitch: 5 nm.



C.M. Parish et al. / Scripta Materialia 127 (2017) 132-135 135

Count

15 20 25 30 35

(b) 11

N=47
001 : .- 101
. . . ° ]
| |
[ 10 20 30 40 50 60
Misorientation, °
N=47

40 45 50 55 60 65

Misorientation, °

Fig. 4. (a) Long axes of the tendril grains. (b) Axis/angle pairs of the tendril grain boundaries. (c) Histogram of the grain boundary misorientation axes. No grain boundaries <15° analyzed.

that any preferences from thermodynamics or dislocation slip for a
given axis is overwhelmed by the rapid growth, allowing random
growth orientations. There is a slight preference for certain high-angle
axis/angle pairs in the grain boundary distribution, but an explanation
will require further investigations.
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