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Steady high-flux helium (He) plasma with energy ranging from 50 eV to 90 eV is used to fabricate a fiber-form
nanostructure called fuzz on a polycrystalline molybdenum (Mo) surface. Enhanced hydrogen (H) pulsed plasma in a
wide power density range of 12 MW/m2-35 MW/m? is subsequently used to bombard the fuzzy Mo, thereby simulating
the damage of edge localized mode (ELM) to fuzz. The comparisons of surface morphologies, crystalline structures, and
optical reflectivity between the original Mo and the Mo treated with various He™ energy and transient power densities are
performed. With the increase of He ion energy, the Mo nano-fuzz evolved density is enlarged due to the decrease of filament
diameter and optical reflectivity. The fuzz-enhanced He release should be the consequence of crystalline growth and the
lattice shrinkage inside the Mo-irradiated layers (~ 200 nm). The fuzz induced by lower energy experiences more severe
melting damage and dust release under the condition of the identical transient H plasma-bombardment. The H and He are
less likely to be trapped due to aggravated melting evidenced by the enhanced crystalline size and distinct lattice shrinkage.
As the transient power density rises, the thermal effect is enhanced, thereby causing the fuzz melting loss to aggravate and
finally to completely disappear when the power density exceeds 21 MW/m2. Irreversible grain expansion results in huge
tensile stress, leading to the observable brittle cracking. The effects of transient thermal load and He ion energy play a
crucial role in etching Mo fuzz during ELM transient events.

Keywords: molybdenum nanostructured fuzz, pulsed-H plasma, edge localized mode, etching process

PACS: 52.40.Hf, 52.55.Pi, 52.55.Rk

1. Introduction

The resistance of plasma-facing material (PFM) to high-
flux ions and heat load is indispensable to the stable operation
of nuclear fusion devices.!!! Compared with other high refrac-
tory metals, the proposed alternative molybdenum (Mo) ex-
hibits prominent advantages in withstanding such an extreme
radiation environment due to its lower sputtering yield, higher
thermal conductivity, and specific heat of vaporization,?!
while maintaining high optical reflectivity®! and reducing hy-
drogen isotope retention!*! after interaction with the high-
flux particles. Thus considering such an excellent perfor-
mance, crystalline Mo is regarded as one of the basic candi-
date plasma-facing materials for part of the first wall in the
tokamak device. !

Recently, helium (He) plasma-induced nanostructures in
fiber form, called fuzz, have been observed on high refrac-
tory metal surfaces such as W or Mo under various plasma

conditions in tokamak and linear plasma devices.[®~'4] The
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formation mechanism of the fuzz structure is attributed to
the trapping of He by thermal vacancies in these materials.
The holes and protrusions induced by near-surface He bubbles
act as seeds for forming the finer nanostructures.!'>! The fila-
ment is fragile and porous, for it contains swelling He bubbles
that have been observed by transmission electron microscope
(TEM) in previous studies, %! so that it is easily detached from
the metal surface. The detailed studies have been carried out
to confirm the formation conditions of such structures under
the condtion of a certain surface temperature and incident ion
energy, revealing that the fuzz can easily develop on the metal
surfaces as long as the operation condition is satisfied.[!”-18]
More importantly, type-I edge-localized mode (ELM) is
usually generated when the tokamak plasma operates in the
H-mode.!"”! Considerable energy flows together with high-
density deuterium—tritium ion flows are deposited on the

e. [20

plasma-facing surface.!?’! Nevertheless, the critical issue of

whether the He-induced modification is detrimental to the
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plasma-facing surface remains controversial. On the one
hand, it has been found that the W nanostructure can suppress
the surface cracking and D retention during transient plasma
exposure.?! On the other hand, the lower mechanical and
thermal strength of W nanostructure reduce the transient dam-
age threshold./??! The interactions of fuzzy surfaces with tran-
sient loads simulated by plasma gun and laser reveal that the
arcing is more prone to occur on fuzzy surfaces during ELMs,
leading the impurities and dust to release.!?’]

As one of the candidate materials for plasma-facing first
mirror materials, Mo is a kind of high Z material similar to W.
Even a small amount of Mo fuzz injection can contaminate the
confined plasma, causing the plasma to cool down and finally
threatening the sustainability of controlled fusion.?*] Pulsed
Nd:YAG millisecond laser has been used to simulate transient
heat loading to study the deformation of this structure during
ELMs, revealing that the mass loss of Mo fuzz nanostructure
and the rate of emission increase with the energy density and

[25] However, the research work on the

pulse count increasing.
interaction between Mo fuzzy surface and pulsed plasma load
is still lacking. Thus it is necessary to investigate the erosion
process of Mo fuzz facing the high-density transient plasma.
In this paper, to replicate the irradiation conditions of

plasma-facing materials, Mo fuzz nanostructure induced by
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steady He plasma is bombarded by an H-stabilized high-
current plasma beam. Compared with previous irradiation
methods, its extreme loading condition combining high heat
load and ion fluxes is even closer to ELMs in the fusion-
plasma environment. Moreover, the irradiation conditions can
be flexibly adjusted by using helium ion energy and transient
heat load. The synergistic effects of He ion beam and H tran-
sient thermal load on the morphological and crystalline struc-
tural evolution of Mo fuzz during ELMs are systematically
studied in the present experiment. This study emphasizes a
better understanding of the damage of Mo nanostructured fuzz
during transient events and a reference for sustaining the per-
formance of Mo plasma-facing materials in future fusion de-
vices.

2. Experimental details

The pristine Mo disks each with a diameter of 20 mm and
thickness of 1.5 mm were used as samples in the irradiation
experiment. Prior to He and H plasma exposures, the sam-
ples were mechanically polished into a mirror-finished sur-
face. Then the polished samples were cleaned thrice in a turn
by deionized water, ethanol, and acetone in sequence to re-
move the surface residues and finally dried in the blast oven.

i Phase II Mo fuzz nanostructures removal
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Fig. 1. Scheme of two-step strategy for plasma irradiation of Mo samples.

After the pretreatment process, the treated Mo samples
would experience the irradiation process. As shown in Fig. 1,
the treated pristine Mo samples were irradiated in two steps.
In step 1, the Mo nano-fuzz structure was successfully synthe-
sized by steady high-flux helium plasma with helium ion en-
ergy raging from 50 eV-90 eV. After being exposed to helium
plasma, the Mo fuzzy samples were bombarded by enhanced
H-pulsed plasma, thereby simulating the fuzz damage caused
by transient events like ELMs. In step 2, the prepared fuzzy
samples were divided into two groups. For group 1, taking
into account the dispersion of helium ion energy interacting
with the plasma-facing components (PFC) in a fusion device,
Mo fuzz nanostructure induced by various He ion energy in

a range of 50 eV-90 eV was irradiated by density-fixed H-
pulsed plasma. For group 2, six Mo fuzzy surfaces prepared by
identical He ion energy (80 eV) were respectively treated by
pulsed-H plasma with higher or lower power density in a wider
range. The power density of pulsed-H plasma (12 MW/m’—
35 MW/m?) was adjusted by the discharge power, thereby
simulating the aggravated serious ELM transient events. The
designed two experimental groups aim to comprehensively in-
vestigate the influence of helium ion energy and transient ther-
mal load on the erosion process of fuzz nanostructures after
ELMs.

To achieve the experimental strategy discussed above, lin-
ear plasma devices have played an important role in simulating
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operating conditions to study the interactions between high-
heat-flux plasmas and surfaces. During being exposed to the
He plasma exposure, steady high flux He plasma was gener-
ated by the linear plasma device based on a single cathode
discharge as shown in supporting information0, Fig. S1.[26]
The prepared samples were clamped on a molybdenum holder
located on the plasma beam downstream at 40 cm. The ther-
mocouple was placed beneath the irradiated molybdenum sur-
face to timely monitor the temperature during the He plasma
irradiating the sample, the temperature range for fuzz forma-
tion induced by different helium ion energies was 850 K-
930 K, which was within the necessary temperature range
of Mo surface fuzz nanostructure growth (800 K-1050 K).
The discharge power of 10 kW, the gas flow of 5 stan-
dard liters per minute (SLM), and the axial magnetic field
of 0.25 T were used to generate a magnetized cylindrical
plasma beam. Steady He plasma irradiation was performed
at a flux of 5.0x10?2 jons'-m~2-s~! and a total fluence of
1.2x10% jons-m~2. The energy of He ions was adjusted by
the negative bias voltage applied to the molybdenum target,
ranging from —50 V to —90 V. The energy of He™ was chosen
to replicate the working conditions of plasma-facing materials
in future ITER with the steady He flux to the plasma-facing
components being at energy in a range of 20 eV-100 eV. Be-
sides, the necessary condition for growing the Mo fuzz struc-
ture in previous studies show that the incident He ion energy
was in a range of 50 eV-100 eV. Therefore, the He™ energy
range for fuzz fabrication was determined to be within 50 eV—
90 eV. Fuzz nanostructures at different ion energies could form
on the pristine sample surface that is injected vertically by the
steady-state He plasma flux.

The Mo fuzzy surface having been exposed to the steady-
state He plasma, its response to transient loads is investigated
by using a high-current plasma beam combining high-flux
ions and heat loads.!”’! The working gas was H, for the sake
of simulating the escaped hydrogen particles interacting with
PFM. The H ion density in a stabilized high-current plasma
beam was enhanced in a three-circuit experiment designed in
a compact linear device. The apparatus consisted of three
pulsed discharge circuits, a vacuum chamber, and magnetic
field coils, thereby allowing a high-density pulsed plasma to
pass from the plasma generator to bombard the fuzzy molyb-
denum samples (see supporting information in Fig. S2). The
plasma densities during the pulse were measured by using a
single-channel CO; laser dispersion interferometer. The heat
load density of pulsed plasma was determined by the voltage
and current data detected by Rogowski coils. Note that the
pulse width was around 1 ms and the heat flux could reach
35 MW/m? to replicate the condition of transient events in fu-
ture tokamak devices. For choosing the transient power den-
sity, the transient power density was determined by the dis-
charge voltage of discharge circuit. The experimental appa-

ratus consisted of a large primary vacuum chamber to which
a smaller chamber is attached for housing solid Mo target #2.
The purpose of the configuration was to permit a high-current
pulse to pass through the full length of the primary chamber.
Power supplies #1 and #2 were set to be triggered simultane-
ously followed by power supply #3. We adjusted the supply
voltage of power supply #3 in a wide range of 1000 V-2000 V,
and the internal increase of voltage supply was 200 V. With
the increase of voltage supply, the enhanced transient power
densities were measured by internal voltage and current of the
pulsed plasma beam. The rise of voltage supply in gradient
aimed to closely simulate severe transient events growing in
the fusion device. By comparing the extents of damage from
various pulsed-plasma irradiations, the transient thermal load-
dependant study can be carried out. Such studies have been
recognized as increasingly important for the success of ITER
and further fusion-energy development.

Several characterization methods were used to system-
atically track the evolution of the molybdenum surface after
being irradiated by the plasma. For morphological studies,
the topographical evolution of irradiated samples was visu-
ally observed by ex-situ field emission scanning electron mi-
croscopy (FE-SEM) and the optical profiler. To better quanti-
tatively characterize the feature of irradiated surface, the root-
means-square (RMS) roughness was also obtained by optical
profiler graphs. Reflectivity measured by ultraviolet-visible
spectrophotometer (UV-VIS) was an effective indicator of the
fuzz nanostructure density. The wavelength of the light for the
optical reflectivity measurement was in a range of 250 nm—
850 nm, together with ex-sitfu mass loss measurement, en-
abling the qualitative analyzing of the density of fuzz due to
the transient loading process. For crystal structure analysis,
the grazing incident x-ray diffraction (GIXRD) measurements
from 30° to 90° with an incident angle of 1° were used to
analyze the crystal structure change of molybdenum surfaces
before and after being irradiated. Our characterizations could
provide a reference to a better understanding of the damage
of edge plasma to plasma-facing materials during transient
events.

3. Results and discussion
3.1. Preparation of Mo fiber-formed fuzz nanostructures

When the incident ion energy is below the threshold for
atom displacement, strong morphology changes, such as blis-
ter formation have been observed recently, which is especially
pronounced in the case of low-energy helium ions.!?®! The
molybdenum surfaces exposed to low energy (50 eV-100 eV)
helium ions with large fluences are found to form nanostruc-
ture consisting of nanoscale filaments named fuzz.!'®! Detailed
studies have been conducted to explain the formation mecha-
nism of such structures, which is related to the coalescence
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of helium bubbles finally inducing swelling of the surface.!!6]

The variations of Mo nano-fuzz induced by different helium
ion energy are systematically characterized in this section.

3.1.1. The surface morphological characterization for
denser fiber-form fuzz

Significant morphology changes are observed on the sur-
faces of Mo samples due to nano-fuzz formation. The sil-
very surface gradually turned optically black because the op-
tical reflectivity of the molybdenum surface can reduce signif-
icantly to almost 0% due to the presence of denser Mo fuzz.
As shown in Fig. 2(a), the FE-SEM images of a pristine Mo
sample each show a flat and clean surface with few scratches
formed during mechanical polishing. After being irradiated by
the high-flux He plasma with energy of 50 eV, the surfaces of
samples are found to have a great many of pinholes together
with protrusions. With the help of active surface diffusion, the
large bubbles push up the surface, resulting in the formation
of blisters. And the burst of blisters causes the protrusions
to form. The nucleation and growth of helium bubbles will
intersect with the metal surface, forming protrusions and pin-
holes when He ion energy is relatively low. The surface rough-
ness including the holes and protrusions act as seeds for form-
ing the finer nanostructures. A similar observed experimental
phenomenon was also reported by Cipiti et al.?! As illus-
trated in Fig. 2(c), since the implanted He atoms are difficult
to dissolve in metals, substitutional and interstitial He atoms
tend to be trapped by thermal vacancies and collide with each
other. 13! Rapid diffusion and accumulation of He atoms lead
He bubble to form in the near-surface region, which should
be responsible for a large number of protrusions and holes on
the rough surface. With the increase of helium ion energy, it
can be observed from Fig. 2(a) that the surface is fully covered
with thinner fiber-form filaments with the increase of density
originating from the original pinholes and protrusions. More
elongated and intertwined filaments are formed on the top of
the thicker protrusions, and more filaments and filamentous
attachments are stacked and adhered to cover and wrap the
protrusions as shown in Figs. 2(c). To further compare the
morphology of fuzz after being treated by He plasma with var-
ious energy, the three-dimensional (3D) appearances are mea-
sured by the optical profiler to investigate the development of
the fuzz structure as shown in Fig. 2(b). The maximum alti-
tude discrepancy with plasma energy is displayed in 3D im-
ages from the optical profiler, in which the fuzzy surface is
much rougher than that of the pristine surface and the rough-
ness degree is accelerated by the enhancement of He plasma
energy. As illustrated in Fig. 2(c), the stress field created by
the He bubbles distributing in the fuzz layer will promote the
upward migration of Mo atoms to the top of the structure, pro-
viding an advantageous driving force for the growth of the
tendril fiber form of nanostructure known as fuzz.l3!! Newly
formed bubbles in the bottom layer of protrusions migrate and

grow. Owing to the significant volume diffusion, the edge be-
comes sharper and the dips turn deeper in this process, which
should be the root of increasing maximum height discrepancy
of fuzzy surface. The swelling of He bubbles inside the nano-
fuzz structure makes finer the tendril fiber at higher He energy,
accelerating the fuzz development and the surface rougher ten-
dency.

The morphological evolutions of nanostructured Mo sur-
face under various He ion energy are systematically evaluated
in terms of fuzz diameter, RMS roughness, and optical reflec-
tivity, which are summarized in Fig. 3. To better quantitatively
compare the fuzz difference to study the formation process of
the fuzz, the obtained micrographs are equally divided into 25
parts in Image J software, 4 points of each fragment (totally
100 points) are selected to measure the diameters of fuzz fila-
ments. Finally, the average fuzz diameter data are gained from
the above-measured points via statistics with residual error bar
added in Fig. 3(a) (displayed by redline). The diameter of the
observed fiber-form filament is reduced from 58 nm to 39 nm
with the enhancement of He ion energy as shown in Fig. 3(a).
With the rising of plasma energy, the composite clusters of
He and vacancy cross the energy barrier, and the mobility of
He bubbles is improved, which makes He bubbles grow into a
villus structure. Because of the discontinuity of the fuzz struc-
ture, the accumulation of heat makes the fuzzy surface rise,
resulting in a temperature gradient and the stronger migration
capability of the He-vacancy defect in the fuzz tip. Higher
temperature accelerates the migration rate of nano-scale He
bubbles in the fuzz structure, and it is conducive to the thin-
ner fiber-form nanostructure growth observed at higher mag-
nification in the inserted FE-SEM. This should be attributed
to the growth of helium ion energy, playing a significant role
in diffusion processes as in the present case.[*”] The grain
boundary diffusion takes place at lower temperatures whereas
volume diffusion becomes significant only at higher tempera-
tures. Since grain-boundary diffusion is orders of magnitude
faster than volume diffusion, grain boundary is the pathway
which the material transports through and so is the scenario
With the increase of heat load
induced by growing helium ion energy, volume diffusion is

in a low-porosity material.

activated significantly.!33! Thus the grain-boundary diffusion
is dominated when helium ion energy is 50 eV, leading the
crude protrusions to start to grow. And the development of
the sharper and denser fiber-form filaments is the result of vol-
ume diffusion at higher helium ion energy. Owing to the the
swelling of He bubbles inside the fuzz induced by the higher
energy irradiation, the part of the longer fuzz structure grows
in more random orientations. Therefore, it it is reasonable to
observe in Fig. 3(a) that the measured RMS roughness of the
fuzzy surface increases with the improvement of incident ion
energy. The optical reflectivity is the ratio of radiant energy
reflected by an object to the total radiant energy, which mainly
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depends on the nature of the surface condition, especially the
roughness. According to Bechmann’s reflection probability
model,?*! the reflectivity R is given by

R = Roexp(—(4mrcos6/1)?), (1)

where Ry is the reflectivity of an ideal smooth surface of the
same material, r is the RMS roughness. This model does
not consider the interaction between light and metal, so there
will be a certain error with respect to the actual value, but
the changing trend of reflectivity, caused by the change of

i

(i) Pristine “

&

500 nm

o
N

roughness, is still of reference significance. Thus as shown in
Fig. 3(b), the reflectivity of fuzzy surface is much lower than
that of the pristine surface due to the increased RMS rough-
ness. It is also reasonable to observe that the reflectivity of
the Mo fuzzy surface induced by higher helium ion energy de-
creases due to the rougher nano-tendril fuzzy surface. The op-
tical reflectivity of the surface decreases due to the presence of
Mo fuzz nanostructures, and the degradation degree of optical

property can be enhanced by increasing the fuzz density. 33!
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Fig. 2. (a) FE-SEM micrographs of Mo samples before and after being exposed to He plasma with high flux at ion energy in a range of 50 eV-90 eV,
(b) 3D images of Mo samples before and after being exposed to He plasma with fixed high flux at ion energy in a range of 50 eV-90 eV, (c) schematic
diagram for fuzz formation on Mo surfaces after being exposed to high flux helium plasma.
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Fig. 3. Morphological parameters of nanostructured Mo surface varying with He ion energy, showing (a) RMS roughness of pristine and fuzzy molyb-
denum surfaces (left axis) and fiber-form filaments diameter (right axis) versus ion energy, and (b) reflectivity spectra for pristine and nanostructured

Mo surfaces irradiated by He ions with different energies.
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3.1.2. Crystal structure analysis from GIXRD pattern

Since the thickness of the fuzz layer is hundreds of
nanometers, the grazing incident x-ray diffraction (GIXRD)
is adopted to analyze the change of the fuzz layer. Scanning
Mo surfaces is at an incidence angle of 1°, corresponding to
an information depth of ~ 2 um, so the degree of fuzzy sur-
face evolution can be evaluated by GIXRD measurement re-
sults. It can be observed from the pattern that there exist four
strong diffraction peaks of (110), (200), (211), and (220), for
the crystal structure of the molybdenum sample can be indexed
as a body-centered cubic (BCC) structure. It can be observed
from Fig. 4(a) that the diffraction peak positions of pristine
molybdenum shift toward the small angle side after being ex-
posed to He plasma and the extent of each peak position shift is
weakened by the rise of ion energy. Moreover, the diffraction
peaks of the Mo surface after He plasma treatment becomes
narrower with the increase of ion energy, indicating the grains
growing in the fuzzy layer.

To better quantitatively investigate the crystal structure
evolution, the structural parameters of Mo surfaces before and
after being irradiated by He plasma are precisely calculated
from the obtained GIXRD patterns.*®! For the lattice constant
calculation, the Nelson—Riley function is used to achieve high-
precision measurements of lattice parameter, which is given as
follows:

cos2 6
9 )

where 0 represents the peak position of diffraction peak, a

cos2 6

2

an~ —
sin 6

is the lattice constant gained from four diffraction peaks ac-
cording to Bragg law. It is plotted against the extrapolation
function, and a straight line can be drawn through the points.
The lattice constant corresponding to the value of O for the
extrapolation function gives the true value of the lattice con-
stant a. As for crystalline size, the peak broadening is the sum
of widths due to small crystallite sizes and lattice strains. The
Bcos 0 is plotted against sin 8, where B is the full width at half
maximum (FWHM) of the diffraction peak and 6 is the peak
position, B and 0 are related by

BCOSQZ%+nSin9. 3)

The crystallite size L can be calculated from the intercept by
using the appropriate value of k (1.0) and A (the wavelength
of Cu Ky). As shown in Fig. 4(b), the lattice constant and
crystalline size of the pristine sample, obtained from the mea-
sured peak positions of the crystal plane, are summarized and
compared intuitively. On the one hand, the crystal lattice turns
larger after having been treated by He plasma. This can be
attributed to the fact that the He atoms diffuse into the near-
surface layer of the substrate and occupy the interstitial sites
in its sub-surface after having been irradiated by He plasma.

As a result, the expanded crystal lattice is identified by the
diffraction peak shifting to a small angle. On the other hand,
the increasing surface temperature may be responsible for the
growth of crystalline size. The grain boundary (GB) is one of
the main nucleation regions of He atoms in metals since the
He atoms exhibit a closed-shell electric structure and tend to
sit at the sites with larger space, both substitutional and inter-
stitial sites at GBs can provide larger space than those in the
bulk, and thus He atoms prefer to stay in GBs.!*’! The clear
decoration of helium atoms at grain boundaries in bright-field

1.1381 has also supported

TEM micrographs by El-Atwani et a
the tendency of helium clusters to nucleate bubbles on grain
boundaries. The tendency of He toms to accumulate at grain
boundaries is a specific manifestation of the tendency of He
atoms to accumulate at all types of free (excess) volume. Va-
cancies are also known to segregate at grain boundaries, creat-
ing the possibility of even more bound He atoms there.**! The
fewer the grain boundaries, the fewer the He atoms trapped in
the near-surface region. Thus, the crystal lattice parameters of
the fuzz layer generated at higher ion energy are smaller than

those formed at lower ion energy.
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Fig. 4. (a) GIXRD patterns of Mo samples before and after being exposed
to He plasma with high fluxes at various ion energies: 50 eV, 60 eV, 70 eV,
80 eV, and 90 eV. (b) Structural parameters obtained from x-ray measure-
ments of fuzz molybdenum samples prepared by various ion energies.

3.2. Response of various Mo fuzz nanostructures to ELMs

Owing to the energy dispersion of helium ions interacting
with the plasma-facing materials, it is necessary to investigate
the influence of He ion energy on the response of fuzzy molyb-
denum surface to the density-fixed pulsed plasma. Nano-fuzz
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molybdenum surfaces, produced by the steady He plasma with
various ion energy in a range of 50 eV-90 eV, are subsequently
exposed to pulsed plasma with the same power density. The
selected power density of H-pulsed plasma (21 MW/m?) is
medium to avoid total fuzz removal, which is suitable to the
studying of the etching process of fuzz structures induced by
different ion energies. Like the Mo nano-fuzz formation study,
the morphological evolution and the structural evolution of
fuzzy surfaces after thermal shock induced by pulsed plasma
are further investigated.

3.2.1. Morphological study of different Mo nanostruc-
tured fuzz melting damages

Melting can be clearly seen on the nano-structural fuzzy
surface after a single H plasma shot. Figure 5 displays the sur-
face morphologies of the regions irradiated by pulsed plasma,
observed with an FE-SEM. The absence of fuzz on the surface,
due to the molten droplet and dust release, can be observed in
Fig. 5(b1). A large number of nano-pores can be seen to exist
with a few nano-tendril fiber-form structures after being bom-
barded in Figs. 5(b2). As shown in Figs. 5(b3)-5(b5), the top
layer of fuzz appears to begin melting after having been bom-
barded by pulsed plasma. Since He atoms occupy the intersti-
tial sites in fuzzy surfaces, the thermal conductivity is greatly
degraded by the accumulation of He clusters and the formation

of He bubbles, % which should be the root of the fuzz melting
aggravating with the helium ion energy decreasing.

More importantly, it is worth noting from the obtained
micrographs that the extent of melting tends to be aggravated
by the decrease of incident He ion energy. The response of
the fuzzy surface to pulsed plasma loading is highly related
to the condition of forming the fuzz, especially the incident
ion energy. Combined with the results of the crystal structure
analysis in Subsection 3.1.2, the crystallite size of the fuzzy
surface decreases with the ion energy decreasing, meaning that
the density of grain boundaries is higher. The He atoms tend to
occupy the substitutional and interstitial sites in grain bound-
aries, which is evidenced by the larger lattice constant. The
cluster of He atoms, which is a poor conductor of heat, leads
the thermal resistance of the grain boundaries to increase. Un-
der the same heat flux, a larger heat transfer temperature differ-
ence between grains needs to be maintained in the established
heat transfer process. Therefore, the decrease of crystallite
size inevitably weakens the heat transfer process of the fuzz
layer and accelerates the degradation of thermal performance.
During pulsed plasma bombardment, the fuzzy surface treated
with the lower incident ion energy is more prone to the occur-
rence of severe melting damage and even molten droplet and
dust release.

-
(24),80 eV

i A
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500 nm
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¥ !“,‘."‘

Fig. 5. Surface morphologies of Mo fuzzy surface (al)-(a5) prepared by He plasma with various ion energies ranging from 50 eV to 90 eV and (b1)—(b5)

subsequently bombarded by a single H-pulsed plasma.

The 3D images of bombarded fuzzy surfaces are obtained
by an optical profiler (see supporting information in Fig. S3).
The tips of the fuzzy layer are shrunk by melting damage and
dust release, reducing the density of nano-tendril fiber form
structure as depicted in Fig. 6(b). It is reasonable that the
fuzzy surface is smoother after having been bombarded by
pulsed plasma than those unirradiated ones. To further quan-
tify the damage extent of various fuzz nanostructures under the
same transient load conditions, the change of RMS roughness
data after bombardment is shown in Fig. 6(c). From the fig-
ure it can be seen that the measured surface RMS roughness
becomes smaller, suggesting that the fuzzy surfaces evolve

more smoothly than prior-irradiated ones. Furthermore, the
roughness of fuzzy surface prepared by lower-energy He ions
changes more greatly, which is consistent with more severe
damages evidenced by FE-SEM micrographs. Apart from op-
tical profiler measurement, the reflectivity spectra are gained
to compare the erosions of various fuzzes after pulsed load
in another way. As shown in Fig. 6(d), the optical reflec-
tivity of the fuzzy surface induced by lower-energy He ions
recovers more than that induced by higher-energy ions af-
ter pulsed loading, meaning that the fuzzy surface by lower-
energy ions tends to present more severe melting damage and

turn smoother according to the introduced Bechmann’s reflec-
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tion probability model. The above discrepancy of the fuzz
damage degree should be attributed to the various resistances
to transient loads. Since the volume diffusion is increasingly
activated by the improvement of ion energy, the fuzz filament
turns thinner and the number and density of filaments on the
top of the protrusion gradually increases during fuzz develop-
ment. As illustrated in Fig. 6(a), the filaments on the adjacent
protrusions are wound around each other and these entangled
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filaments will weaken the intensive transient thermal effect of
plasma on its covered area. The denser structure is more con-
ducive to the thermal response to the pulsed loads but the sur-
face temperature is not easy to reach so fast that the severe
molten dust release occurs. Thus the fuzzy surface prepared
by higher-energy ions is more likely to survive after the same

transient plasma treatment.

(b) Transient hydrogen plasma
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Fig. 6. (a) Schematic diagram for fuzz formation on Mo surfaces after being exposed to high flux helium plasma, (b) schematic diagram for fuzz
removal by transient hydrogen plasma bombardment, (c) curves of RMS roughness versus ion energy for He-induced fuzz and fuzz irradiated by pulsed
H plasma, (d) optical reflectivity spectra for various nanostructured surfaces exposed to pulsed loads.

3.2.2. Crystal structure evolution of various fuzz after
transient irradiation

After the treatment of pulsed-H plasma, the evolution
of phase structure at the fuzzy layer is analyzed by GIXRD.
The measurement conditions are identical to those of the fuzz
formation study. The measured patterns (see supporting infor-
mation in Fig. S4) show that the peak positions have returned
to the larger angle side, and the widths of the diffraction
peaks also turn narrower than those of prior-irradiated fuzzy
surfaces. To further compare the evolutions of structural pa-
rameters of various fuzzes after transient events, the lattice
constants and crystallite sizes of fuzzy samples before and
after being irradiated are calculated by the discussed methods
and the results are shown in Fig. 7. From the figure it follows
that with the increase of ion energy, the extent of damage to
the crystal lattice constant declines and the crystalline size
growth after the irradiation of the pulsed plasma gradually
diminishes. When the lattice parameter declines, the high-flux
helium irradiation produces the vacancy defects (V), which

will interact with helium to form He-V clusters. According
to the density functional theory, there exist more H trapping
sites around He—V, and the binding energy of H ion with He—
V is smaller than that of H ion with V.[*!1 As H ion capture
center, the presence of He—V at the fuzz region makes the H
ions diffuse to the surface more easily, which can inhibit the
accumulation and deep diffusion of H ions.*?! Therefore, part
of He ions, together with captured H ions by He-V, are ther-
mally desorbed from the bombarded fuzzy surface, leading
the lattice constant to shrink as indicated in Fig. 7(a). Be-
sides the thermal desorption, the x-ray can penetrate deeper
into the bulk Mo due to the removal of the fuzz layer, more
structural information from unirradiated regions can be con-
tained in the GIXRD patterns, reflecting on the weakened
shift of peak position and decreased lattice constants. For
the crystalline size growth, high temperature produces strong
thermal effects during intensive pulsed irradiation, leading the
molybdenum fuzzy surface to melt and the crystallite to con-
tinuously expand during the rapid cooling, which is evidenced
by FE-SEM. Nevertheless, it has been universally received
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that the tendency of He ions (as well as H ions) to accumu-
late at grain boundaries is a specific manifestation of isotope
tendency to accumulate at all types of free (excess) volume
where contained are the substitutional and interstitial sites for
the He-V cluster and H ions trapping. Vacancies are also
known to segregate at grain boundaries, creating the possi-
bility of even more bound He ions and H ions there. Owing
to the intensive thermal effect, the grown crystalline size can
reduce the density of grain boundaries, which in turn provides
less free space for isotope retention thereby reasonably ex-
plaining the reduction in lattice constants. Furthermore, it is
worth noting that the fuzzy surfaces produced at lower-energy
ions evolved more greatly in terms of lattice parameters and
crystallite size. Various erosion degrees of the fuzz layer
should be responsible for this phenomenon. According to the
FE-SEM micrographs and optical reflectivity measurements,
the Mo nano-fuzz turns denser with the increase of helium
ion energy. Denser nano-fuzz structure with lower porosity
is more beneficial to heat-shielding during transient thermal
deposition. To some extent, the transient thermal response
of fuzzy surfaces is more degraded by the decrease of He
ion energy. Owing to less protection from dense filaments,
the fuzzy surfaces induced by lower-energy helium ions are
more directly faced with the transient plasma bombardment
and more prone to the occurrence of serious molten fuzz re-
moval, which is evidenced by morphological study. The more
intensive thermal deposition can accelerate the growth of crys-
tallite size as shown in Fig. 7(b). The effect is also reflected by

(a) 3.170 —s— He induced fuzz
— .. | —*—Fuzz irradiated by pulsed H plasma|
«¢ 3.165[ —
+ .\
g 3.160f '\'
Z ~—
5 3.155r
S .
it /
S 3.150r1 o
E /‘/
S 3.145} .
| |
3.140T1
Pristine 50 60 70 80 90
Ion energy (eV)
32
(b) —=— He induced fuzz
. 30 F —e— Fuzz irradiated by pulsed H plasma
E/ 281
g 26
2}
o 24r
=
= 22
®
g 20 -
>
—
O 18f
16

Pristine 50 60 70 80 90
Ion energy (eV)

Fig. 7. Structural parameters obtained from x-ray measurements of different
fuzz molybdenum samples and pulse-irradiated fuzzy samples; curves of (a)
lattice constant and (b) crystallite size versus ion energy.

the larger evolution of lattice constants. As the fuzz layers in-
duced by lower-energy He ions are more greatly removed after
transient events, on the one hand, x-ray can penetrate deeper
beneath the fuzz nanostructure layer with more severe erosion,
meaning that the penetration depth of the x-ray is more likely
to exceed the irradiation range. The diffraction result includes
both the ion irradiation region and the matrix. The structure
of bulk material can affect the peak position of patterns, fi-
nally result in the more reduced lattice constants. On the other
hand, H ions are more likely to be trapped by more He—V clus-
ters and thermally desorbed by lower-density grain boundary
resulting from the expanded crystalline grain during the inten-
sive transient loading. [+’!

3.2.3. Ex-situ mass measurement of various damaged
Mo nano-fuzz

To provide the quantitative reference for evaluating the
various extents of damage to Mo nano-fuzzes, the total mass
loss of fuzzy surfaces after pulsed-H plasma treatment is mea-
sured by electronic balance and it is plotted as a function of He
ion energy as shown in Fig. 8, where can be seen the growth of
fuzz mass loss with the decrease of He ion energy. The nanos-
tructured fuzz induced by lower-energy He ions is more prone
to the occurrence of dust release in the pulsed load process,
which is consistent with the scenario in the above FE-SEM
micrographs. Linear regression is fit to establish the quantita-
tive relationship between the mass loss and He ion energy, and
the following expression is obtained:

Amion energy = 0.084E +15.4, 4)

where Amiog energy Tepresents the mass loss of fuzz and E de-
notes the He ion energy. The coefficient of determination for
this regression is high, meaning that the data fit the regression
line well. It can be seen from Fig. 8 that the fuzz nanos-
tructures induced by lower-energy He ions are more easily
removed from the molybdenum surfaces, which also supports
The fuzz
induced by lower-energy He ions increases the potential of

the above morphological and structural studies.

plasma contamination, which more attention should be paid to
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Fig. 8. Total mass loss of fuzzy Mo surface prepared by pulsed bombardment
of different ion energies.
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during transient events that have occurred during the H-mode
in the tokamak.

3.3. Aggravated fuzz erosion by enhanced transient power
density

The presence of such a fragile structure represents a se-
rious threat to the sustainability of the confined plasma dur-
ing transient events because the removal of even a small quan-
tity of fuzzes can lead the plasma to immediately cool down.
Thus it is indispensable to study the response of nanostruc-
tured fuzzes to various transient conditions. The fuzzy sam-
ples are treated firstly with He plasma with the same flux
(5%10%2 m~2-s71) and plasma energy (80 eV). For the tran-
sient power density-dependent study, the density and heat load
of pulsed hydrogen plasma are both adjusted by the voltages
applied to the power supply system. The density and heat load
of pulsed plasma are set by adjusting the discharge voltage
from 1000 V to 2000 V in gradient to simulate the growing
severe operating environments. The degrees of fuzz damage
caused by the irradiations of various pulsed plasmas can be
characterized in terms of morphology and structure.

3.3.1. Recovery of Mo fuzzy surface morphologies by
enhanced pulsed plasma

Figure 9 shows the FE-SEM images of pulsed-H plasma-

treated Mo fuzz surfaces as a function of power density. It

can be observed from the obtained micro-graphs that the melt-

(a) Pristine Mo

ing loss of nano-fuzz is exacerbated with the improvement of
discharge power. For the discharge power below 21 MW/m?,
the fuzz structure appearing on the top surface results from
the process of melting and re-solidification, which is evi-
denced by the formation of coral-like protrusions. With the
discharge power exceeding 21 MW/m?, nano-tendrils (fuzz)
begins to disappear, leading to smoother surfaces, and the
widened cracks are observed in Fig. 9(h). Owing to the ab-
sence of nano-fuzz of the fuzzy surface resulting in the lack
of heat shielding, bulk Mo material directly faces the tran-
sient plasma loads. The rapid change of surface tempera-
ture leads to strong thermal stress and severe brittle crack-
ing. Under transient thermal shock, the surface temperature
rises rapidly above the ductile-brittle transition temperature
(DBTT) of molybdenum, and the grains are also expanded,
resulting in strong compressive stress and plastic deformation.
The irreversible expansion of the surface remains until the sub-
sequent cooling process. During rapid cooling, the expansion
of the grain volume shrinkage occurs immediately, resulting in
huge tensile stress. With the enhancement of H-pulsed plasma,
the increasing H flux makes more vacancies, resulting in the
formation of H clusters. The growth of these clusters leads the
hardness of the implanted specimen to increase.**! Combined
with considerable tensile stress caused by the intensive ther-
mal load, the embrittled Mo material is easy to produce brittle
cracking when the temperature drops below DBTT.

Fig. 9. Surface morphologies of (a) pristine and (b) fuzzy Mo samples prepared by He plasma with high flux, and (c)—(h) subsequently bombarded by

single H-pulsed plasma with improved power.

As demonstrated in the 3D images obtained from the op-
tical profiler (see supporting information in Fig. S5), the irra-
diated fuzzy surfaces become smoother due to the mass loss of
nano-fuzz. The maximum height of irradiated fuzzy surfaces
is slashed, corresponding to the shrinking of nano-structural
fuzz as shown in the FE-SEM images. The fuzzy surface
treated by higher power density becomes smoother and even

closer to the condition of the pristine surface. According to

the micrographs observed by FE-SEM and optical profiler,
the fuzz nanostructure is intensively melted and even removed
from the surface on the severe transient conditions. To further
compare the damage degree of Mo fuzz by increasing pulsed
load, the RMS roughness is summed up in Fig. 10(a). More-
over, the changing tendency of RMS roughness shows that the
fuzzy surfaces evolve into smoother surfaces, which matches
well with the morphological evolution as a function of pulsed
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load intensity. The decline of the measured roughness results
within the damaged area, together with the absence of fuzz
evidenced by the topography by FE-SEM and the measured
mass loss, indicates that the melting is induced by pulsed heat
loading and more serious droplet release can be triggered off,
finally resulting in flatter Mo surfaces with lower fuzz density.

Since the optical reflectivity of Mo nanostructured fuzzy
surface offers an effective way to qualitatively characterize the
evolution of fuzz in the transient loading process, reflectiv-
ity spectra are obtained for different pulsed load exposures as
shown in Fig. 10(b). The optical reflectivity of the He-treated
surface was nearly 1% due to the growth of nanostructured
fuzz, which is much lower than that of the polished pristine
surface. After the transient plasma bombardment, the ob-
served recovery of surface optical reflectivity suggests the den-
sity of Mo fuzzes decreasing with the enhancement of pulsed
load, which can be attributed to the deteriorated melting and
more severe damage to nano-fuzzes. The fuzzy surfaces re-
sulting from higher pulsed load treatment turns smoother ac-
cording to the obtained RMS roughness. If there is no nano-
filaments’ block and the protrusions are wiped due to melting
damage, the smoother metal surface can reflect the incident
light in a more specific direction, thus obtaining higher optical
reflectivity shown in the above reflectivity spectra.
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Fig. 10. (a) Power-density-dependent RMS roughness of fuzzy surfaces ir-

radiated by enhanced pulsed loads, and (b) reflectivity spectra for pristine
surface and fuzzy surfaces bombarded by enhanced pulsed loads.

3.3.2. Crystal structure evolution detected by GIXRD

The phase structures of fuzzy surfaces that have been
bombarded by the enhanced transient plasma, are analyzed by
grazing incidence x-ray diffraction. The incident angle is kept
at 1° and the scanning range is between 30° and 90° to de-
tect the information about the crystal structure of irradiated
regions. It can be seen from the patterns (see supporting infor-
mation in Fig. S6) that the phase structure of the body-centered
cubic remains even after growing intensive pulsed irradiation.
The diffraction peak position is observed to shift toward the
high angle direction, indicating the lattice constant of molyb-
denum decreases after pulsed irradiation, caused by compres-
sive stress accumulated in molybdenum. The narrower width
of the diffraction peaks after pulsed treatment suggests that
the molybdenum grains are coarsened. With the aggravation
of fuzz structure damage, x-ray penetrated deeper beneath the
fuzz layer and more structural information is obtained from
the matrix. To quantify the damage degree of fuzzes in terms
of phase structure, the lattice constants and grain sizes of the
fuzzy surfaces before and after being irradiated, together with
the pristine surface, are obtained from the GIXRD patterns.
As shown in Fig. 11, the enlarged crystal lattice of the fuzzy
surface shrinks gradually with the improvement of pulsed dis-
charge power. On the one hand, with the enhancement of fuzz
erosion, the matrix molybdenum material is more detected
by x-ray and the calculated lattice constants are increasingly
closer to the pristine ones. On the other hand, more He ions
and captured H ions are thermally desorbed from the original
fuzzy surface during enhanced transient loading due to seri-
ous damage to nano-fuzzes, thus less occupation by He and H
leads to the smaller lattice constant.
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Fig. 11. Lattice constant and crystallite size of pristine Mo sample and fuzzy
Mo sample subsequently bombarded by single pulsed-H plasma with im-
proved power densities.

According to Fig. 11, the crystallite sizes of the irradiated
fuzzy surfaces at higher discharge power are larger than those
of pristine surface or irradiated surface by low-power pulsed
plasma, indicating the growth of grain size during pulsed load-
ing. The irreversible expansion of the surface remains until

the subsequent cooling process. Thermal effects cause the
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molybdenum surface to melt. Rapid cooling will accumu-
late a lot of stress in the metal. Once the surface faces even
higher power-density transient plasma, when the surface stress
reaches the critical limit, the growing crystallite is no longer
resistant to plastic deformation, [*3! which is evidenced by ob-
served widening cracks left in FE-SEM after pulsed load treat-

ment.

3.3.3. Mo fuzz etching and removal extent determined
by mass loss measurement

The total mass losses of fuzzy surfaces after different
pulsed load treatments are measured by electronic balance and
they provide the quantitative reference for evaluating the ex-
tent of fuzz damage. The relationship between mass loss and
energy density is shown in Fig. 12, and it can be observed
from the figure that the mass loss of the removed fuzz and its
growth rate increase with the augment of energy density of the
pulsed plasma. To better quantify the relationship between the
mass loss of fuzzy surface and the pulsed energy density, the
exponential regression is used to fit the mass loss as a function
of energy density. The Ampyised 10ad TEPrEsents the mass loss
while Q denotes the energy density of pulsed plasma, and the
exponential curve fit yields the following equation:

Aipuised 1oad = 0.50244.¢02934(Q-17.0716) 14 7086, (5)

The exponential regression line matches well with the
mass loss data, evidenced by the high coefficient of determi-
nation (R?) for this regression. The obtained equation can be
used to predict the evolution of fuzz structure during the ELM.
The increasing mass loss can be attributed to the more severe
splashing of the melt layer by enhanced pulsed load, which
greatly aggravates the plasma-enhanced surface etching and
contamination. Prediction of potential contamination level is
of great importance in evaluating the maximum lifetime of
plasma-facing components in future fusion devices.

120

100
80 !
60 /

401 /

Mass loss (mg)

20T L

or = "

10 15 20 25 30 35
Power density (MW /m?)

Fig. 12. Variation of total mass loss of fuzzy Mo surface after having been
exposed to pulsed plasma with enhanced power density.

4. Conclusions

Molybdenum is currently considered as one of the most
promising candidate materials for future plasma-facing com-

ponents (PFC) due to its excellent thermal shock resistance
and high melting point. The formation of nano tendril fiber
structure (fuzz) on the molybdenum surface can be observed
after having been treated by high-flux He plasma as demon-
strated in the present work. During transient events that occur
during plasma instabilities, large heat loads together with ion
fluxes interact with the PFC, leading the fuzzes to be eroded
and splashed. Concerns over the thermal shock performance
of PFC necessitate the study of the evolution of fragile fuzz
during pulsed plasma loading. Compact linear plasma device
has great advantages in simulating steady and transient operat-
ing conditions and contributing to scientific studies of plasma
and surface interaction issues. In this paper, the response of
molybdenum nanostructured fuzzy surface to pulsed plasma
bombardment by linear plasma device is explored. The con-
clusions can be drawn and summarized as follows.

(i) The damage to the fuzzy surface is aggravated with
the increase of the pulsed-H plasma density. The melting of
fuzz tips can be observed and evolved more severely with the
increase of power density. When the power density of sin-
gle pulsed-H plasma exceeds 21 MW/m?, the nanostructured
fuzzes are removed, and cracking happens due to transient heat
load that can occur on the surface. The increased degradation
of the fuzzy surface is also evidenced by the grown crystallite
size and the recovery of the enlarged crystal lattice.

(ii) The degradation degree of fuzzy surfaces is enhanced
by the decrease of the He ion energy of steady helium plasma.
As the He ion energy decreases, the filaments of fuzz nanos-
tructures are not dense enough to provide heat shielding dur-
ing transient events. At the same time, more He ions tend to be
trapped in the fuzzy layer, evidenced by more expanded crystal
lattice which leads to lower thermal conductivity. The thermal
separation between fuzzy layer and molybdenum bulk ensures
thermodynamic non-equilibrium or a double layer in temper-
ature. When the heat flux intensity is sufficiently high and its
duration is short, the temperature of the fuzzy layer with worse
thermal shock resistance is more prone to reaching melting
point, resulting in more severe melting erosion and dust re-
lease. Correspondingly, more structural information from the
matrix material affects the peak shift, finally leading the lat-
tice constant to decrease. The expansion of crystalline is also
accelerated during more intensive thermal shock, resulting in
less H ions and He ions occupying the grain boundaries, which
is the root of shrinking crystal lattice constants.
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