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Abstract: W-1% LayO3 has been irradiated by a single laser pulse (A = 1064 nm, pulse duration
T~ 15 ns, pulse energy Ep ~ 4], spot size ® = 200 um, surface power density [ = 8.5 x 10'! W-cm~2)
to simulate the effects of transient thermal loads of high energy occurring in a tokamak under
operative conditions. The samples have been then examined by scanning electron microscope (SEM)
observations to investigate erosion effects and surface morphological features. A surface depression
forms in the spot central area surrounded by a ridge due to the movement of molten metal. Owing to
the burst of gas bubbles, hemispherical cavities of about 10 um and deposited droplets are observed
in the ridge while the zones surrounding the ridge thermal stresses arising from fast heating and
successive cooling produce an extended network of micro-cracks that often follow grain boundaries.
The results are discussed and compared to those obtained in a previous work on pure bulk W.
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1. Introduction

Owing to its excellent thermo-mechanical properties W is a promising plasma-facing material and
a candidate for building the armor which will protect the divertor of ITER (International Thermonuclear
Experimental Reactor) [1-5]. W armor can be made by using tiles of bulk material or, alternatively,
the parts that protect can be coated with a W layer realized through suitable deposition technologies
such as plasma spray (PS) in vacuum [1,6-8], air plasma spray (APS) [9-11], physical vapor deposition
(PVD) [12,13] and chemical vapor deposition (CVD) [14].

In addition to a steady state heat flux of 5-20 MW-m~2, W is expected to resist transient high
energy events, such as disruptions, edge localized modes (ELM) and vertical displacement events
(VDE) [5]. In fact, the effects of steady thermal loads have been extensively investigated, while few
papers can be found in the literature regarding transient high heat loads, which severely degrade
W armor with consequent lifetime reduction, contaminate plasma and may even cause plasma
disruptions [15,16].

The interaction between W and plasma has been investigated in fusion devices [17-19] or through
laboratory simulations [20-30]. In previous works [29,30] a high-power laser source was used by
present investigators to simulate a high thermal load released in a very short time on a small surface
area (diameter ~200 pm) of PS and bulk W, and the effects of the laser pulse have been examined
independent of the specific microstructural features of the samples.

Despite its remarkable characteristics such as high thermal conductivity, low vapor pressure,
low tritium inventory and the highest melting point among all metals, W presents a significant
drawback, namely a high ductile-to-brittle transition temperature (DBTT) that involves poor
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machinability at room temperature leading to an increase of production costs. DBTT of polycrystalline
W ranges from 473 to 573 K depending on specific microstructural conditions and impurity level [31].
It has been demonstrated that the addition of 1 wt. % of LayO3 particles dispersed into W is an
effective way to overcome the problem of a scarce ductility: dispersed particles enhance toughness by
strengthening grain boundaries. Moreover, with respect to pure W, W-1% LayO3 has higher thermal
shock resistance, creep resistance and recrystallization temperature [32-34] and no grain growth was
observed even after heat treatment at 1750 °C for 2 h [35].

Melt layer erosion of W-1% Lay;O3 was observed by Yuan et al. [36,37] in experiments carried out
at the neutral beam facility GLADIS by applying heat loads expected for VDEs in ITER. Morphology
evolution of the alloy and crack formation under transient heat loading and thermal fatigue tests were
investigated by Zhang et al. [38]. Thermal fatigue tests carried out by these investigators suggested
that W-1% LayO3 exhibits worse performance than pure tungsten when exposed to thermal loads.

The aim of the present work is to examine the specific behavior of W-1% Lay;O3 submitted to
a single laser pulse in the same experimental conditions used to test PS and bulk W [30]. In particular,
attention is focused on the effects of dispersed particles on heat transfer and surface morphology of
the samples. The results have been discussed and compared to those obtained on bulk W.

2. Materials and Experimental

2.1. Sample Characteristics

The examined W-1% La;O3 was supplied by PLANSEE (Metallwerk Plansee, Reutte, Austria).
The main thermo-mechanical properties are reported in Table 1.

Table 1. Thermo-mechanical properties of W-1% LayOs.

Properties of W-1% Lay O3

Density (g-cm™2) 18.90
Thermal expansion coefficient « (K1 4.7 x 1076

Thermal conductivity (W-em~1 K1) 1.20

Thermal diffusivity (em?-s71) 0.472
Young’s modulus E (GPa) 410
Poisson’s ratio 0.3

Yield Stress oy (MPa) 765
Ultimate Tensile Strength (MPa) 870
Micro-hardness HV 410

After mechanical polishing the material was etched and observed by light microscopy
(microscope Union Optical Co., Ltd., Tokyo, Japan). Surface etching was made by sample immersion
for 90 s in a boiling solution of 1 mL HyO, (30%) in 100 mL of water. The image in Figure 1 shows that
the W grains have an average size of about 100 um and LayOs particles of 10-15 um with irregular
shape are homogeneously dispersed in the matrix.

Scanning electron microscopy (SEM Hitachi SU70, Hitachi, Tokyo, Japan) evidenced also La;O3
particles of smaller size (~1 pm). In Figure 2 the particles of larger size are indicated by yellow arrows,
those of smaller size by red arrows.
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Figure 1. Light microscopy image of W-1% La;O3 showing the distribution of dispersed particles of
larger size.

Figure 2. SEM image evidences the presence of two types of particles: the larger particles (~10-15 pm)
are indicated by yellow arrows, the smaller ones (~1 pum) by red arrows.

X-ray diffraction (XRD) measurements have been carried out using a Philips PW 1729
diffractometer (Philips, Eindhoven, The Netherlands) with Cu-K« radiation (A = 0.15405 nm). The XRD
diffractogram displayed in Figure 3 was recorded in step scanning mode with 2@ steps of 0.05° and
counting time of 5 s per step. Owing to the low amount (1 wt. %) of La,O3 the XRD diffractogram
shows only a weak {110} reflection of the compound (file 40-1279, JCPDS-ICDD database [39]).

To investigate crystalline texture the relative intensities of the W main reflections have been
compared with those of the same material with random grain orientation (file 4-806, JCPDS-ICDD
database [39]). The results, summarized in Table 2, show that W grains have two weak {100} and {211}
texture components.
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Table 2. Comparison between the relative intensities of main reflections of W-1% LayO3 and those of
W with random oriented grains.

{hkl} Random W-1% Lay O3

110 100 100
200 15 27
211 23 40
90
W 110
—~ 60
= W 211
[72]
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Figure 3. XRD diffractogram of W-1% La,O3.

2.2. Laser Source

Transient thermal loads of high energy occurring in a tokamak during operative conditions have
been simulated by the interaction with a single laser pulse delivered by the Nd:YAG laser, Tor Vergata
Laser-Plasma Source (TVLPS) [40]. The source used in present experiments is a non-commercial
laser composed by a Nd:YAG oscillator( Quantel Sa, Orsay, France), based on 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 used in present experiments are: wavelength A = 1064 nm, pulse duration
T~ 15 ns, pulse energy Ep ~ 4 ], Transverse Electromagnetic Mode is TEMO00, P-polarized, focal spot
size ® =200 um, surface power density on the focal plane I =8.5 x 10! W-cm~2. The parameters
correspond to a plasma electronic temperature Te ~ 1.023 x 10° K at the critical surface [40] and allow
simulation of the material degradation during the plasma disruption process.

To avoid spurious interaction with gases present in the atmosphere, the samples were allocated in
a vacuum chamber (P =~ 10~ bar). Laser focusing determines levels of energy density sufficiently high
to ionize elements such as O, N and C with consequent production of plasma that hinders laser-target
interaction because it absorbs the major part of laser beam energy. Moreover, the specific scope of
the work was to investigate the effects of plasma-W interaction in a tokamak, which operates in high
vacuum conditions. A laser beam is focused on the target, mounted on a support with an incidence
angle of 45° to minimize debris projection nearby target (see Figure 4).

Present experiments were carried out on polished samples; the roughness parameters
Ra=0.024 ym and Rg=0.030 um were measured by means of a surface roughness tester
(Mitutoyo SJ-410, Mitutoyo, Kawasaki, Japan).

The total reflectivity, namely the sum of the specular reflectivity and diffuse reflectivity,
has been determined for the samples in as-received condition and after mechanical polishing through
a spectrophotometer (Lambda 950 from PerkinElmer Company, Waltham, MA, USA) in the wavelength
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range of 400-2400 nm. For the wavelength used in these experiments (A = 1064 nm) the reflectivity
was about 60% and 48% in the case of polished and rough surface. To determine the reproducibility
the same sample has been measured several times and the maximum deviation of the measured value
for the total reflectivity varied by £1.0%. In fact, the conditions are the same as those used for testing
pure W and described in detail in ref. [30].

Laser beam
Spectrometer

W target

Figure 4. Experimental set-up: the laser beam is focused on the target with an incidence angle of 45°.
The spectrum from plasma induced by laser pulse is recorded through a spectrometer.

The spectrum recorded from plasma induced by laser pulse was acquired in the wavelength range
300-1100 nm using a spectrometer USB 2000 model (Ocean Optics, Winter Park, FL, USA).

After laser pulse exposure the surface morphology was characterized through SEM observations
and non-contact measurements carried out by means of a 3D optical profiler (New View 5000 system,
Zygo Corporation, Middlefield, CT, USA).

3. Results

The laser pulse produces remarkable surface changes on an area with a diameter of about 2 mm,
namely much larger than the focal spot (® = 200 um). Such area can be easily identified also by visual
inspection because it exhibits a brighter color with respect the other material. Figure 5 displays a SEM
micrograph at low magnification of the zone affected by laser pulse.

Figure 5. SEM micrograph a low magnification of the area affected by laser pulse.
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In the center of the affected zone a surface depression of conical shape and diameter of about
300 pm is observed. It forms where the laser beam has the highest intensity and the major part
of energy is released leading to material vaporization and melting. Since the laser pulse has
a Gaussian shape a temperature gradient forms with decreasing values from the center to the periphery.
Such temperature gradient determines liquid movement along the radial direction leading to the
formation of a ridge around the surface depression.

In Figure 6a the zone affected by the laser pulse is that inside the red circle. The surface morphology
has been carefully investigated by SEM observations performed along a radial direction from the center
of the depression towards the unaffected zone. The depression (1), the ridge around it (2), the outer
zone (3), the border between affected and unaffected zones (4) and the unaffected zone (5) exhibit
different features depending on their specific thermal history due to the distance from the laser spot.

The depression (point 1) is shown in Figure 6b: the surface morphology with filaments oriented
along the radial direction is due to the combination of two phenomena occurring in liquid metal,
namely the radial movement of the molten pool and the droplet splashing, followed by re-solidification
during cooling. Details at higher magnification are displayed in Figure 6c. It is noteworthy that La,O3
particles are not observed in the depressed zone.

On the ridge and in the zone all around the depression (points 2 and 3) there is relevant surface
roughening. Thermal stresses due to fast heating and successive cooling produce an extended
network of micro-cracks that often follow grain boundaries (Figure 6d,e). The compressive stresses
caused by surface expansion during thermal loading and the tensile stresses caused by the shrinkage
during cooling are responsible for the crack formation. Cracks often follow grain boundaries because
a different crystal orientation corresponds somehow to a different heat transfer capability thus thermal
stresses tend to concentrate in the boundaries. In analogous experiments the same features were
already observed by us [29,30] in bulk and plasma sprayed W and by Chong et al. [23] in vacuum
plasma sprayed W.

Figure 6. Cont.
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Figure 6. W-1% LayO3: SEM micrographs showing different zones of the area affected by laser pulse.
The numbers in each micrograph correspond to the zones indicated in (a): the depression (b—c),

the ridge around the depression (d—e), the outer zone (f), the border between affected and unaffected
zones (g) and the unaffected zone (h).

Hemispherical cavities of about 10 um and deposited droplets are features typical of the ridge.
Such morphology, previously described by Shi et al. [41], is due to boiling in the overheated melt
layer: the cavities indicate the formation and growth of bubbles that finally burst inducing droplet
ejection. Some of the liquid droplets spray in the surrounding environment while others deposit on
the surface of the sample. To support the aforementioned explanation about the origin of the observed
cavity/droplet morphology Figure 6e displays a bubble (indicated by the arrow), which solidified
before bursting.

In an outer zone (point 3) the surface is rough but hemispherical cavities are no more observed
(Figure 6e); here long cracks connect the largest La;O3 particles (indicated by arrows). This zone
underwent a thermal shock but did not melt.

The zone near the border between the affected and unaffected zones (point 4) substantially does
not exhibit roughening. The surface is flat and few cracks running along grain boundaries can be
observed (Figure 6g).

Finally, observations carried out in a more external position (point 5) show the typical
microstructure of the as-supplied material (Figure 6h). The morphology of the area irradiated by the
laser pulse, recorded by the 3D optical surface profiler, is displayed in Figure 7a.

From data collected on the irradiated area and shown in Figure 7a it was possible to determine
its geometry. A representative profile is displayed in Figure 7b: the radius of the depressed region is
~150 um, the depth ~13 um and the ridge height ~1 um. Profiles recorded along different directions
exhibit a good repeatability; the depression depth and the ridge height are the same while slight slope
changes indicate the not perfect circularity of the depression. The zone all around the ridge exhibits
an irregular profile that corresponds to roughening observed by SEM.
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The spectrum recorded from plasma induced by laser pulse is shown in Figure 8, where the lines
of W, La and O are clearly identified. The lines of La and O are detected on visible and near infra-red
parts of the spectrum. This confirms that both the phases present in the material, i.e., W and La;O3,
underwent phase transformations leading to liquid, vapor and plasma.
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Figure 7. Morphology of the area irradiated by the laser pulse (a). Representative depth profile (b).
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Figure 8. Spectrum recorded from plasma induced by laser pulse (wavelengths from 200 to 1100 nm).
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4. Discussion

When the laser pulse hits the W-1% LayO; target the electrons of the material absorb the photons
from laser beam and are excited to higher energy levels in the conduction band. By the collisions
of these electrons with other electrons and lattice phonons they transfer energy and increase lattice
oscillations, hence the temperature of the solid. The mechanism depends on pulse duration and is
described in the literature (e.g., see [42]). The conversion of light to heat occurs in a time of about
10713 s, i.e., 10 orders of magnitude shorter than the laser pulse duration, thus the phenomenon can be
considered as instantaneous. After the heat is generated on the material surface in correspondence of
laser spot, it spreads in all directions giving rise to vaporization and melting in the zone around the
spot and crack formation in the outer area. Melt layer erosion is the dominating damage mechanism
for metallic armor in nuclear fusion reactors under high heat loads, and determines their lifetime.
Thus, the attention of present study is focused on this point.

Owing to the rapid heating induced by the laser pulse, several physical phenomena occur in the
material in successive steps and very short time.

When W matrix is still solid La,O3 undergoes the following phase transformations:

LayO3 (s) -> 2LaO (g) + 1/2 Oy (g), enthalpy Hy = 1.78 MJ-mol~! [43], T > 2300 K;

Lay O3 (s) -> LayOs (L), enthalpy Hy ~ 0.18 MJ-mol~1 [44], T > 2588 K.

With reference to the solid-gas transformation the release of LaO molecules has been detected
even at low power density (0.6 GW/m?) in electron beam experiments at the Judith facility, where the
surface did not show significant modification [45]. In present experiments La and O are present also in
the plasma (see Figure 8).

At higher temperatures, vaporization and melting of W take place, giving rise to a pool of molten
metal with gases inside. Further heating leads to melt boiling at T > 5828 K with bubble formation.

The observed morphology of depressed area and ridge depend on: (i) heat propagation, (ii) melt
motion and (iii) bubble evolution.

(i) Heat propagation

In experiments carried out on bulk W in the same conditions [30] the present authors observed
the formation of an analogous morphology with conical shape, radius of ~40 um and depth of ~75 pm.
In fact, it was narrower and deeper than that observed in W-1% La;Oj3 (see Figure 9). Moreover, the
erosion effect due the single laser pulse is higher in W-1% LayO3 than in pure W since the quantity of
material removed is more than double.

Figure 9. SEM micrographs of the depression (a) and ridge (b) in bulk W [30].
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This is in good agreement with the results obtained by Taniguchi et al. [46] in an electron beam
irradiation facility. These investigators attributed the phenomenon to the dissociation and release from
the surface of LapOj3 particles before W melting.

To explain such differences a possible effect of crystalline texture has been considered. The
speed of phonons traveling through a single crystal depends on the specific direction thus a preferred
grain orientation in polycrystalline materials remarkably affects heat transfer. However, the relative
intensities of the strongest XRD reflections (Table 2 in Figure 3) indicate that W-1% La;O3; and bulk
W examined in the previous work [30] have similar textures thus such a factor cannot be considered
responsible for the behavior of the two materials.

The main microstructural difference between the materials is represented by the La,O3 particles,
which act as scattering points for phonons. In the case of pure W the scattering occurs only at grain
boundaries whereas reinforcement particles in W-1% LayOj3 are also active scattering centers. The
thermal conductivity C of a polycrystalline material can be written as [47]:

C
C= gR
1+ OdK

)

being d the mean distance between scattering centers and Cy the grain interior thermal conductivity.
Co depends on temperature [48]:

234.199
T

Co = 1.0834 —1.052 x 1074T + )
being Ry the Kapitza resistance (Rx = 2040 T~3 according to Khalatnikov’s power law [49]), that is
usually expressed in kW~!.cm? and represents a measure of the resistance to thermal flow [50].

Figure 10 shows the thermal conductivity of W and W-1% LayO3 vs. temperature, calculated
through Equations (1) and (2). For bulk W the value of d is 65 um (mean size of equiaxed grains), for
W-1% LapO3 d = 10 pm (mean distance between La, O3 particles).

1.6
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\ —e—-d=10umW-1%La,0,
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T T T T T T
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Figure 10. Thermal conductivity of W and W-1% La,O3 vs. temperature calculated through Equations
(1) and (2).
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It can be observed that above ~1250 K the effect of the mean distance of scattering centers
(grain boundaries or particles) on thermal conductivity is negligible and the two curves substantially
overlap whereas at lower temperatures they progressively diverge. Therefore, the heating of solid
material by laser pulse is different in the two materials both in the initial stage when temperature
increases and in the final stage of cooling. Owing to the larger scattering of phonons by W-1%, LayO3
heat tends towards a more homogeneous propagation in all the directions thus depression forms in a
larger shallower area than in pure W.

(i) Melt motion

After melting, the liquid metal is flushed to the periphery, an erosion area appears and a ridge
forms around its edge. Under the assumption that the driving force for melt motion is the gradient of
surface tension, Bazylev and Wuerz [51] developed a fluid dynamics simulation model to calculate
the profile of depression and residual melt layer for W with different absorbed heat loads. The model
considers all the forces acting on the liquid including the thermal ones. If « is the surface tension
coefficient, the gradient of surface tension (k, = dx/0T) assumes negative values. According to this
model, at a given heat load the depression profile depends on k,: the higher the gradient of surface
tension, the lower the depression depth i and the ridge height /1. Of course, as heat load increases,
depression depth and ridge height increase too. Depression depth and ridge height are indicated in
Figure 11, which schematically displays the depression produced by a laser pulse.

In the case of W-1% LayOj3 the liquid metal is not made of pure W but contains also La and O
coming from the molten particles. The presence of these elements in the molten pool changes the
surface tension . Although specific data are not available in the literature some basic considerations
indicate that surface tension tends to increase. According to the theoretical work of Atterton and
Hoar [52], confirmed by a lot of experimental evidence, the surface tension of a liquid metal is
approximately proportional to the reciprocal of its atomic volume. Since the atomic volumes of W,
La and O are 38.79 x 1072’ m?, 65.45 x 1072 m? and 14.71 x 10~ m?, respectively, the addition
to W of a given amount of La and O with LayOj3 stoichiometry leads to a melt with an average
atomic volume lower than that of pure W thus « is expected to increase and a greater value involves
a decrease of i and 1 and a smoother depression-ridge morphology. Of course, greater the amount
of La and O in liquid W, higher the effect. To estimate the surface tension change and consequently
the quantitative agreement of present experimental results with the model of Bazylev and Wuerz [51],
X-ray photoelectron spectroscopy (XPS) measurements on the depression surface are underway.

h depression depth

h, ridge height

Melt front

Figure 11. Schematic section of the zone affected by laser pulse.
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The melt motion due to a gradient of surface tension determines the general shape of depression
and ridge. The filaments oriented along the radial direction are caused by the combination of melt
motion and the splashing of droplets of liquid metal due to recoil pressure effect.

(iii) Bubble evolution

The comparison of Figures 6 and 9 clearly shows that a few pores of large size (~10 pm) originated
by bubble bursts are present in the ridge area of W-1% Lay;O3 while in pure W the surface of depression
and ridge is scattered by a lot of small pores (<1 um). The result, in good agreement with the findings
of other investigators [53], suggests a different bubble evolution in the two materials.

Many small bubbles in pure W are clearly related to many nucleation sites, which reasonably are
the impurities present in W. In the case of W-1% LayOs3, La-gas bubbles, formed before W melting,
move across the molten pool going up towards the free liquid surface driven by gravity. Along their
path they swallow up the tiny impurity clusters by coalescence bringing them out of the melt. In fact,
such cleaning operation strongly reduces the number of potential nucleation sites for W vapor bubbles.
The result is the formation of few bubbles, which grow then to reach a larger size.

Our experiments demonstrated that W-1% La; O3 exhibits a worse performance than pure tungsten
when exposed to laser pulses, thus pure W seems a better choice if one considers the rate of erosion and
the impact on plasma of released impurities. In fact, the results support the findings of Zhang et al. [37]
in thermal shock and thermal fatigue tests.

5. Conclusions

To simulate the effects of transient thermal loads of high energy occurring in a tokamak
during operative conditions, the behavior of W-1% LayO3 submitted to single laser pulses has been
investigated through SEM observations and compared to that of pure W. The results can be summarized
as follows:

(i)  Anerosion zone forms in the laser spot central area surrounded by a ridge owing to the movement
of molten metal. La;O3 particles are not observed in the depression because part of them is ejected
while other parts melt and re-solidify together to W. In comparison to pure W the depression
is larger and shallower because the particles act as scattering centers for phonons and heating
is more homogeneously diffused. The morphology of depression and ridge are also affected by
a different surface tension, increased by the presence of La and O atoms inside liquid W.

(i) Hemispherical cavities of about 10 um and deposited droplets are features typical of the
ridge zone. The cavities are due to the bursting of bubbles that induces droplet ejection and
subsequently deposits of some of them on the surface of the sample. Such morphology differs
remarkably from that of pure W where depression and ridges are scattered with a lot of small
pores (<1 um). The explanation is given in terms of number of bubble nucleation sites for W
vapor bubbles: in the case of W-1% Lap;O3 La-gas bubbles moving across the pool of liquid metal
swallow up impurity clusters by coalescence and reduce the number of potential nucleation sites
with the result of a few bubbles growing then to reach a larger size.

(iii) In the zone surrounding the depression ridge thermal stresses due to fast heating and successive
cooling produce an extended network of micro-cracks that often follow grain boundaries.
This phenomenon was observed also in pure W.

In conclusion, present experiments demonstrated that W-1% La,O3 exhibits a worse performance
than pure W when exposed to laser pulses, thus pure W seems to be a better choice as plasma-facing
material in nuclear fusion reactors if one considers the rate of erosion and the impact on plasma of
released impurities.
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