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Abstract: Molybdenum (Mo) is considered a plasma facing material alternative to tungsten (W) for
manufacturing the divertor armours of International Thermonuclear Experimental Reactor (ITER).
Transient thermal loads of high energy occurring in a tokamak during the service life have been
simulated through a single laser pulse delivered by a Nd:YAG/Glass laser, and the effects have then
been examined through scanning electron microscopy (SEM) observations. An erosion crater forms in
correspondence with the laser spot due to the vaporization and melting of the metal, while all around
a network of cracks induced by thermal stresses is observed. The findings have been compared
to results of similar experiments on W and literature data. The morphology of the crater and the
surrounding area is different from that of W: the crater is larger and shallower in the case of Mo,
while its walls are characterized by long filaments, not observed in W, because the lower viscosity
and surface tension of Mo allow an easier flow of the liquid metal. Most importantly, the volume of
Mo ablated from the surface by the single laser pulse is about ten times that of W. This critical aspect
is of particular relevance and leads us to conclude that W remains the best solution for manufacturing
the armours of the ITER divertor.
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1. Introduction

Plasma facing materials (PFM) of future nuclear fusion reactors will be exposed, in addition to
a steady state heat flux, to transient events of high energy such as disruption, edge localized modes
(ELM), and vertical displacement events (VDE). The large heat fluxes occurring during transient events
induced by plasma instabilities may lead to the melting and vaporization of PFMs with the consequent
contamination of plasma and the damage of PFM components.

At present, tungsten (W) and W-1%La,0Oj3 alloy are the most promising materials for manufacturing
the divertor armours of ITER [1-5]. W has the highest melting point of all metals and exhibits excellent
thermo-mechanical characteristics, a low sputtering rate, and a tritium inventory; therefore, thin W
coatings on graphite and carbon fibre composites have already been adopted in reactors like JET [5]
and ASDEX-U [6]. The drawbacks of W are the poor machinability at an ambient temperature and
the high ductile-to-brittle transition temperature. Moreover, the resistance to thermal shocks during
ELMs is also a matter of concern [7] because a fibrous nanostructure forms on the W surface due to
low-energy He ion irradiation with detrimental effects on the thermo-mechanical properties [8].

The dispersion of LayO3 particles in the W matrix improves the toughness [9], enhances the
resistance to thermal shocks and creep, increases the recrystallization temperature, and hinders grain
growth at a high temperature (up to ~1750 °C).
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Some studies were also carried out to assess the effects of the dispersion in W of other oxides
(Y203, TiO, etc.) or other elements (Ta, Ti), with controversial results [10,11]. In fact, some properties
resulted in being improved; however, the added components often involve the generation of W dust
into plasma; thus, as of now, all the required conditions to develop a reliable divertor armour have not
been satisfied.

Recently, molybdenum (Mo) has attracted increasing interest as a possible PFM alternative to
W [12-16]. As shown in Table 1, Mo is a high-Z refractory metal with very good physical properties
(density, melting point, boiling point, and thermal conductivity), even if it is a little inferior to W. On
the contrary, the ductile to brittle transition temperature (DBTT) of Mo is much lower, and it exhibits a
better resistance to thermal shocks [15-17].

Table 1. A comparison of some physical properties of W and Mo: atomic number Z, density p, melting
point Tyy, boiling point T, thermal conductivity &, ductile to brittle transition temperature DBTT, latent
heat of fusion Epy, and latent heat of vaporization Ey.

pa at20°C o o & o Em Ey
Metal z  PRT S TmlCL Tel°Cl (o By peay DBTTEICH (o Vel [igmole-1]
Y 74 19.25 3422 5555 110 +400 354 824
Mo 42 10.22 2623 4639 142 -20 32 598

Another relevant advantage of Mo to W is its behavior under prolonged irradiation by 14 MeV
neutrons of a fusion power plant. W transmutes to osmium (Os) via rhenium (Re) and forms the
W-Os-Re alloy. Cottrell [18] calculated that five years in a fusion power plant will have transmuted
pure W into an alloy of about 75 (at.%) W, 13 (at.%) Os, and 12 (at.%) Re, a composition close to that of
the brittle o phase. In the same irradiation conditions, Mo would produce 1.1% Tc and 0.65% Ru after
5 years, well inside the primary Mo phase field at 1500 °C.

The erosion/redeposition characteristics of pure Mo and W are similar [19], but the fractional
hydrogen isotope retention is lower in Mo than in W [20].

In this work the specific conditions of transient events have been simulated by irradiating Mo
samples through a Nd:YAG/Glass high power laser source, suitable to release a high thermal load in a
very short time (~15 ns) on a small area (~200 um) and to reach a surface power density on the focal
plane of about 1.7 x 1012 W-cm™2.

The effects of the laser pulse on the sample surface have been then investigated through 3D surface
analysis and scanning electron microscopy (SEM) observations. The same experimental procedure
was adopted in previous works of present authors to study the behavior of W (bulk and plasma
sprayed) [21,22] and W-1%La,O3 alloy [23]. The results are discussed in comparison to those previously
obtained by us on W, the principal candidate material for building the armours of ITER, and in general
to literature data. A recent critical overview about material erosion of candidate materials like W and
Mo is reported in [24].

2. Material and Experimental Section

2.1. Sample Characteristics

The material (purity of 99.9 wt.%) examined in the present work was supplied by PLANSEE
(Metallwerk Plansee, Reutte, Austria) in the form of plates with a thickness of 25 mm, which were cut
to obtain samples with dimensions of 25 mm x 20 mm (Figure 1a).
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Plate surface Cross-section

Figure 1. Picture(a) and (b) sketch of the sample. The structure of the examined Mo samples:
plate surface (c), cross-section (d).

The structure of Mo grains on the plate surface and in the cross-section (Figure 1b) has been
examined through light microscopy. After conventional metallographic surface preparation, the sample
has been etched by immersion for 60 s in a boiling solution of H,O 100 mL with HyO; (30%) 1 mL,
and observed by using an optical microscope (Union Optical Co., Ltd., Tokyo, Japan).

Figure 1c,d shows how the grain structure is different on the plate surface (c) and in the cross-section
(d). Alarge part of the plate surface is covered by grains with a mean size D of about 40 um, while some
zones exhibit smaller grains of about 5 um (Figure 1b). In the cross-section, small grains (~5 pm) are
the dominant feature, and only few grains of larger size are present and show elongated substructures.

The Mo samples were then characterized through X-ray diffraction (XRD, diffractometer Philips,
Eindhoven, The Netherlands). Figure 2 displays the XRD pattern obtained by focusing the beam on
the plate surface.
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Figure 2. The XRD pattern of the examined Mo.
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The XRD pattern displayed in Figure 2 was collected by operating in a step-scanning mode
with Cu-K« radiation (wavelength A = 0.1508 nm), 26 steps of 0.05°, and a counting time of 5 s per
step. To assess the possible presence of preferred grain orientations, the relative intensities of the
main reflections have been compared to those reported in the JCPDS-ICDD database [25], file 42-1120,
and corresponding to a material with random oriented grains. The results displayed in Table 2 show
that Mo used in the present experiments exhibits a strong {110} texture.

Table 2. A comparison of the intensities of main reflections to those reported in the
JCPDS-ICDD database.

Miller Index {hkl} 110 200 211 220 310
JCPDS-ICDD 100 16 31 9 14
Sample 100 8 9 6 4

To determine the cell parameter and the dislocation density, high precision peak profiles were
recorded with 26 steps of 0.005° and a counting time of 5 s per step. The cell parameter a resulted in
0.3150 nm, very close to the value of 0.3147 nm given by the JCPDS-ICDD database.

The dislocation density p has been determined from the line broadening of XRD peak profiles.
The total line broadening 37 of a peak is the sum of two contributions due to the size D of coherently
diffracting domains (3p), namely the grains, and to the micro-strains ¢ (¢):

Br=PBp+B:= +2¢etan® @

Dcos®
0 being the Bragg angle and K = 0.89. Since the mean D value is ~10 pm, 3p is negligible and 1 = (3.
The dislocation density p has then been calculated using the Williamson-Smallman relationship [26]:

p = e /kob? ()

where & = 16.1 and ky = 1 are constants, and b = 0.18186 nm is the modulus of Burgers vector.
The dislocation density p resulted in 2.0 x 10! cm~2.

The samples were also submitted to Vickers micro-hardness tests (Shimadzu corporation, Kyoto,
Japan). The mean value obtained from 20 tests (300 g, 10 s) was 211 + 5 HV. The yield stress oy = 540 MPa
was determined from the FIMEC test [27].

2.2. Laser Source

The plate surface of the Mo samples have been irradiated (see Figure 1) by a single laser pulse
delivered by the laser system—Tor Vergata Laser-Plasma Source (TVLPS) [28], a no-commercial
device which consists of a Nd:YAG oscillator, based on the Q-switched technique, followed by four
amplification stages. The first two are also Nd:YAG, while the last ones are Nd:Glass. The pulse
parameters of the present experiments are: wavelength A = 1064 nm, pulse duration At = 15 ns,
pulse energy E, ~ 8 J, Transverse Electromagnetical Mode is TEMO0O, P-polarized, focal spot size
® =200 um, and surface power density on the focal plane I = 1.7 X 10'> W-cm~2. The plasma electronic
temperature at the critical surface (T, = 1.218 X 10° K) simulates the conditions of transient events
occurring in a tokamak due to plasma instability.

The experiments were carried out in a vacuum chamber (P ~ 10~ bar), and the laser beam hits
the samples with an incidence angle of 45° to minimize debris projection near the target. More details
about the experimental set-up are reported in previous works [21-23] on W (bulk and plasma sprayed)
and W-1%LayO3 alloy, which were irradiated in the same conditions.

A spectrometer USB 2000 model (Ocean Optics, 4301 Metric Drive, Winter Park, FL, USA) was
used to collect the spectrum from plasma induced by a laser pulse.
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After laser irradiation, the surface morphological changes of the Mo samples were studied through
SEM observations (Hitachi SU70, Hitachi, Tokyo, Japan). A 3D surface analyzer (TalySurf CLI 2000,
Taylor Hobson, Leicester, UK) was used to get level profiles in the zone hit by the laser spot.

3. Results and Discussion

Figure 3 displays the spectrum recorded from plasma induced by a laser pulse through the
spectrometer USB 2000. It only exhibits the lines of Mo, whereas those of other metals are not present.
Some lines of low intensity corresponding to O are also detected and can be attributed to native oxide

on the sample surface.
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Figure 3. Spectrum recorded from plasma induced by a laser pulse (wavelengths from 250 to 1000 nm).

The zone on the sample surface affected by laser pulse irradiation is almost circular with a diameter
of ~2.2 mm (Figure 4), i.e., much larger than that of the laser spot (® =200 um).

Figure 4. The surface zone affected by the laser pulse.

As shown in the SEM micrographs of Figure 5, an erosion crater with a diameter of ~300 um
(a) forms in the central area of the laser spot where the beam has the highest intensity. The laser
intensity has a Gaussian shape; thus, its maximum is at the centre, and it radially decreases toward
the periphery. The larger fraction of the energy is released in the central part of the spot, causing the
melting and vaporization of the metal; the crater formation is due to the ejection of part of the molten
metal. Figure 5b displays a drop of the ejected metal fallen and re-solidified in a zone near the



Coatings 2020, 10, 67 60f 12

crater. Sinclair et al. [16] demonstrated that the surface melting of Mo begins when the energy density
reaches a value of ~1.0 MJ-m~2 and that the droplet formation and boiling starts from ~1.4 MJ-m~2,
namely values much lower than those involved in the present experiments.

Figure 5. SEM micrographs displaying the zone irradiated by the laser pulse: (a) the crater; (b) the
splash of molten metal ejected from the crater; and (c) a detail of the crater at a higher magnification

showing some cracks.

Another effect resulting from the Gaussian intensity profile of the spot is the occurrence of
a temperature gradient in molten metal leading to a liquid movement along the radial direction,
giving rise to the typical morphology of crater walls shown in the detail of Figure 5c and to the
formation of a ridge around the crater. The crater walls are decorated by radially oriented filaments
that are produced by the movement and successive solidification of the liquid metal.

The thermal stresses arising from the rapid heating and successive cooling of the external zone of
the crater lead to the nucleation and growth of cracks like those shown in Figure 5c.

The morphology of the area affected by the laser pulse has been recorded through a 3D surface
analyzer (see Figure 6a), and 10 level profiles of the crater, such as that displayed in Figure 6b,
have been measured along different directions. The mean diameter and depth was 300 + 9 and
17 + 2 um, respectively; thus, the aspect ratio of the crater (depth/diameter) is ~0.05666. The shape of
the crater is quite different from that produced in W under the same experimental conditions (crater
diameter = 75 pm, depth = 25 ym, and aspect ratio ~0.333 [21]), namely in the case of Mo it is larger
and shallower. Such difference can be explained by considering the specific microstructure of the
examined Mo and W samples and its relation with the thermal conductivity affecting the heat flow
through the materials. Since the correlation between incoming and outgoing phonons is destroyed
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by the scattering occurring at an interface like a grain boundary [29,30], the thermal conductivity C
decreases with the decreasing grain size d and can be written as:

Co

C= RxCo

=—0 ®)
14+ =5

where Cj is the grain interior thermal conductivity and R is the Kapitza resistance that measures the
interface resistance to the thermal flow [31,32].
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Figure 6. (a) The morphology of the laser irradiated zone measured through a 3D surface analyzer. A
level profile of the crater determined from the image in (a) is displayed in (b).
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W has equiaxed grains; thus, there is not a preferred direction for the heat flow, as a result of
which the crater diameter and depth are comparable. On the contrary, in the case of Mo, heat moves
easier along the surface than in the perpendicular direction because it encounters a lower number of
interfaces (see Figure 1b,c), giving rise to a larger and shallower crater.

However, the most important difference between the behaviour of the two refractory metals
regards the volume of material ablated from the surface by the single laser pulse. A rough estimation of
such a volume has been made by considering the crater like a cone. From this calculation, the ablated
volume in the case of Mo is about ten times that of W. This strictly depends on the latent heat of fusion
Eyp and latent heat of vaporization Ey of W, which are remarkably higher than those of Mo (see Table 1).

After melting, the liquid metal is flushed to the periphery, and its viscosity and surface tension
determine the morphological features of the crater and surrounding zones, which are different from
those of W because in that case [21,22] solidified drops decorating the crater walls have been observed
but the long filaments displayed by Mo have not (see Figure 5).

The surface tension of Mo, determined by Paradis et al. [33] through the oscillation drop technique
in conjunction with a vacuum electrostatic levitation furnace, can be expressed as:

o(T) =229 x 10° = 0.26(T — Trn) (mN-m™}) (4)
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while that of W is [34]:
o(T) = 2.48 x 10° — 0.31(T — Tp,) (mN-m™ 1) (5)

The surface tension values of molten Mo and W vs. temperature, calculated according to
Equations (4) and (5), are plotted in Figure 7.
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Figure 7. Surface tension of W and Mo vs. temperature, calculated according to the relationships of
Paradis et al. [33,34].

The viscosity trends of liquid Mo [33-35] and W [36] vs. temperature are given by the
Equations (6) and (7), respectively, and are plotted in Figure 8.
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Figure 8. Viscosity of W and Mo vs. temperature, calculated according to Equations (5) and (6).
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On these grounds, it is clear that the lower viscosity of Mo allows an easier flow of the liquid
metal, leading to the formation of long filaments (see Figure 5) that are not observed in the case of W.

In a more external region outside the crater, from 300 pm to ~1 mm, the material exhibits bubbles
like those shown in Figure 9a,b and long cracks. Such cracks are due to thermal stresses occurring
in the metal after fast heating and successive cooling; as shown in Figure 9c, they depart from the
bubbles to then propagate through the material. Similar results have been recently published by Straus
et al. [37], who studied the damage of W and Mo surfaces induced by an ultraviolet laser radiation (A
~ 47 nm).

Figure 9. (a—c) The zone around the crater exhibits bubbles and long cracks often departing from
the bubbles.

Figure 10a shows a cross-section of the crater: the morphology and size of the grains differs
remarkably from that of the unaffected material (Figure 1c), since elongated substructures substantially
disappeared, and grains with a size of a few microns cover only a small part of the observed area.
The change can be explained by the grain growth induced by the strong heating in the zone close to
where the melting occurs. The same phenomenon is also observed in Figure 10b, taken from a zone
below the crater at a distance of about 500 um from the sample surface, even if in this case the effect is
limited because the larger distance involves a lower temperature increase.

Finally, no microstructural change has been detected at a distance of about 1 mm.

In future work, research will be focused on the regimes of high-energy exposure in order to explore
the effects of different thermal loads. Treatments suitable for improving the structure and mechanical
properties of Mo will also be investigated in order to get better behaviour under laser irradiation
and to eliminate surface cracking. Another aspect that deserves to be deeply examined is the role of
the original sample roughness, which can affect the erosion as well as tritium retention (e.g., see the
paper of Eksaeva et al. [38]). However, the most critical aspect evidenced by the present experiments,
namely the large volume ablated from the surface by the single laser pulse (~ten times that of W),
seems difficult to resolve because the latent heat of fusion and latent heat of vaporization are intrinsic
properties of the material and are not easily modifiable. On these grounds, W remains the first choice
for manufacturing the armours of the ITER divertor, even if the decrease of DBTT and the increase
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of ductility and fracture toughness are mandatory requirements for a successful application of the
material. Aiming for this goal, three approaches are currently being studied to ductilize W [17,39,40]:
(i) the preparation of W solid solutions (Re, Ir, Ta, and V are the most promising alloying elements),
(i) the synthesis of ultra-fine-grained W, and (iii) the synthesis of W composites. The last one consists
in reinforcing a W matrix through W fibres coated by an engineered interface and seems to guarantee
the best results.

Figure 10. (a) Cross-section of the crater and (b) of the zone just below.

4. Conclusions

The effects on Mo of transient high energy thermal loads occurring in a Tokamak during operative
conditions have been simulated through a single laser pulse delivered by a Nd:YAG/Glass laser.

The examination of the irradiated zone evidenced that an erosion crater forms in the spot’s central
area due to metal vaporization and the ejection of molten metal. The thermal gradient leads to radial
flushing of liquid metal, giving rise to a ridge around the crater and long filaments along the crater
walls. Moreover, in a more external area (up to a distance of about 1 mm from the laser spot center),
the surface shows bubbles and long cracks.

The results have been compared to those of previous experiments carried out in the same conditions
on W, the material considered to be the principal candidate for building the armours of ITER.

Although some morphological features, namely the presence of an erosion crater at the centre of a
more extended zone with surface modifications, are similar in Mo and W, these metals exhibit relevant
differences:

e the crater is larger and shallower in the case of Mo;

e the volume of Mo ablated from the surface by a single laser pulse is about ten times that of W
owing to the remarkably higher latent heat of fusion and latent heat of vaporization of W;

e  the morphological features of the Mo crater walls are characterized by long filaments, not observed
in the case of W, because the lower viscosity and surface tension of Mo allow an easier flow of the
liquid metal;

e  grain growth has been observed in a material layer of about 1 mm under the crater, with the effects
decreasing as the distance from the surface increases.

In conclusion, the higher erosion of Mo indicates that W remains the best solution for manufacturing
the armours of the ITER divertor.
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