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Absgtract. ITER relevant thermal shock loads have been peddrin the electron beam facility, JUDITH.
Dynamic erosion processes of fine grain graphitgben fiber composite (CFC) and W-1%08 were
observed by optical diagnostics. Collective smalitiple release which may correspond to erosiographite
binder phase was observed at 2 GWitmgraphite, whereas, distinguished particle s8eaas observed at the
same power density in CFC. The distinguished gartelease was concluded to be due to brittle detstn of
overheated PAN fibers which has lower thermal catidity in vertical direction. Most particles releed from
W-1%La0O; were appeared to be droplets splashed from théemaurface. The contribution of brittle
destruction in W-1%L#D; was not clearly observed in this particular thdratck loads. Release of tungsten
atoms and WO molecules was not observed by emisgiectrometer even at high power density, 1.1 GW/m
which caused melting of the surfaces, howeverasdeof LaO molecules was detected even at loweepow

density, 0.6 GW/fmwhere and the surface did not show significantifrezdion.
1. Introduction

Thermal shock loads in the order of several 10 M34ith duration of a few ms (plasma
disruptions) are predicted in ITER [1]. Carbon based materiatbqicafiber composite:
CFC) had been selected as plasma facing armor materials in ITERdsmRce it has a high
thermal shock resistance and high thermal conductivity. Howeseent studies show a
strong erosion of carbon based materials due to macroscopic eresisedcby brittle
destruction (BD) under plasma disruption condition [2-9]. Macroscopgi@ras associated
with a substantial material loss because the released g@srtaceé not re-deposited on
surfaces but create directly dusts. Moreover, brittle magesiath as tungsten and the alloys
that are the other ITER candidate materials in the diverteralap concerned from a view
point of material loss due to BD. Therefore, the detailed studiesatérial erosion under
thermal shock loads are necessary. In the present paper, dynamic erogesqsof plasma
facing materials under intense thermal loads were studied Wwly rdeveloped optical
diagnostics.

2. Experiments
2.1 Electron beam facility, JUDITH
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Thermal shock experiments were carried out in the electron Haaiity, JUDITH
(JUelicher Dlvertor Test facility in Hot cells) [10]. The e and schematic view are
depicted in figure 1. Advantages of high heat flux testing bgtein beam are the flexible
operation (pulse length: ~1 ms up to continuous work) and homogeneous hea loadi
large areas. Thermal shock tests have been carried outiroeleéeam facilities, JUDITH
[2-9], JEBIS [11] and OHBIS [12] by using capacitor modes, i.ertghase modes. The
power density is limited by maximum beam currents, accateratbltages and minimum
diameters of the beam spot. A relatively high acceleratiomg®elts used in electron beam
facilities in order to achieve the high power with a limited beaiment. The disadvantages
are relatively large penetration depth caused by the higheaatteh voltage, high energy
reflection and no possibility to apply magnetic fields around thigets. The large
penetration depth causes volumetric heating rather than surfatteghie the targets (120
keV electrons can penetrate 1Q@ in carbon materials). Furthermore, a heat flux of
energetic electrons will not be influenced by vapor clouds creatéwnt of targets. The
vapor clouds are considered to reduce significant heat influx due te#tdlux shielding
effect [13]. Consequently, the thermal shock tests by energktatran beam might
overestimate the erosion rate compared with plasma disruption ma&kaNevertheless, it
is worth using electron beam facilities for systematic studie material behavior under
thermal shock loads.

The electron beam facility, JUDITH, is installed in hot calbdratory, which enable to
perform thermal shock tests on neutron-irradiated and toxic matdika beryllium. It is a
great advantage to investigate full variety of ITER candidatatenals including
neutron-irradiated samples. The target samples are loaded inuanvdryy an energetic
electron beam (120 keV). The electron beam had a full width halfrmaxi(FWHM) of
about 1 mm at the target and the beam was scanned typicdll@vtO kHz on the surface
to obtain homogeneous thermal loads. The incident power density achiee$suGW/ni

in this facility.
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Fig. 1 Electron beam facility, JUDITH, (a) view from the adesthe hot cell, (b) the
schematic drawing.
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Fig. 2, Observing volumes of optical diagnostics in JUDITH.
2.2 Diagnostics

In order to observe the dynamic erosion processes, optical diagrustie been developed.
The erosion processes under thermal shock loads can be roughlfiedasgb two
processes: macroscopic and microscopic erosion. The macroscopon erosesponds to
particle release due to brittle destruction and/or splashingpltémsurface. It was observed
by photodiode array (PDA) aligned above the target surface. Bheadiation from hot
particles was detected by the PDA with near-infrared cufitdéf (850 nm). The observing
volume is 1.8 x 7.6 mm (shown in figure 2) at 4 different points alongldatron beam axis.
The microscopic erosion corresponds to releases of atomic and motsuajaonents due to
sublimation or evaporation at high temperatures. It was detegtechission spectrometer.
Emission spectrometer could detect ultraviolet (200 nm) to infid@@D nm), however, the
transmission of optics and optical fiber limited the observing lgagéh in a visible range
(380 nm - 800 nm). The observing volumes are shown in figure 2. A siolgiepyrometer
was pointing at the loaded hot surface with an observing ar@a-@&f mm. The pyrometer
provided an average surface temperature in the observing areaiviEynisas fixed at
values of 0.9 for carbon based materials and 0.3 for W-1@l aConsequently, the
measuring temperatures were 600 - 48D case of carbon based materials and above 700
°C in case of tungsten alloy. Current measurements wece pagformed to monitor
“absorbed current” (electric current through the samples) bgumieg the electric potential
of a grounded resistor Q).

2.3 Samples and experimental conditions

Fine grain graphite (R6650, SGL-Carbon), CFC (NB31, SNECMA Motord Ve 1%La0;



4 FT/P1-20

(a) Graphite (R6650) |  (b) CFC (NB31) (c) W-1%La,0,

Fig.3, time integral image during thermal shock tests on (a) graphite/&¥G
4.6 ms, (b) CFC, 2 GW/m4.6ms, (c) W-1%L#D;, 1.1 GW/M, 4.6 ms.

(Plansee) with dimensions of 25 x 25 x 10 fnmere loaded by the electron beam at room
temperature. The loading power density and the duration were 0.6M/&°Gand 4.6 ms,
respectively. All high power density shots were applied on sanedls (~16 mf), therefore,
the increase of bulk temperature was negligible.

3. Results and discussion
3.1 Thermal shock tests on carbon based materials, graphiteand CFC

In case of graphite, two components of particle release due tte lal@struction were
considered: large particles and small particles which anesmonding to graphite grain
clusters and binder phase, respectively [5,8,9]. At the present power densityatasttere
observed as shown in Fig. 3(a). This is the small partickasel from graphite target. The
surface temperature reached above 3@ the thermal shock test (Fig. 4(a)). Absorbed
current started to drop around 20@ and the current exceeded zero point to negative after
the shot (Fig. 4(b)). It is caused by thermal electron eams&iom the hot surface.
According to the surface temperature excursion, there was maficgigt disturbance from
the thermally emitted electron since the experiments weferpexd with energetic electron
beam (120keV). As can be expected by the collective releaseatif garticles, continuum
was observed in PDA signals (Fig. 4(c)). All signals sthtb appear around 3 ms when the
surface temperature was high enough (>26)@&nd disappear immediately after the shot.
These results indicate relatively fast speed of released pafitles

CFC showed particle release due to brittle destruction at paevsity 2 GW/rh (see bright
traces in Fig. 3(b)). The PDA signals showed rather distinguisaeitie release (Fig. 4(f)).
The maximum surface temperature was around 28D0This was lower than graphite.
However, one should note that the temperature is averaged over the rgpseea. The
particular CFC, NB31, has ex-pitch fibers with high thermal condtictand PAN fibers
with lower thermal conductivity in the vertical direction. Thecdl overheating could
apparently occur at PAN fibers. In fact, pitch fiber did not show remarkable natidific
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Fig.4, time evolution of surface temperatures (Temp.), absorbedntuir(lab), PDA
signals during thermal shock tests on (a) - (c) graphite, 2 GW/fms, (d) - (f) CFC , 2
GWI/n?, 4.6 ms, () - (i) W-1%L#; , 1.1 GW/m, 4.6 ms.

Fig.5, Microstructures of loaded surfaces. (a) CFC, 2 G\W46 ms, (b) W-1%LD;,
0.6 GW/nd, (c) W-1%L&0;, 1.1 GW/ni, 4.6 ms.

whereas, PAN fibers showed strong erosion as shown in Fig. B{A)signals in numbers

of tests at the same condition showed that no particular imitiaémperature (averaged
surface temperature) where the particle release appasi@BA signals. This also indicates
that particle release started at local overheated pointsnitiaion temperature depends on
the local structures and local thermal properties. Consequenidy,cdancluded that CFC

would be suffered from macroscopic erosion because of local overhesgtogated with its
inhomogeneous structure.

Figure 6 shows spectra in front of targets. Microscopic erosienreleased atoms and
molecules are observed by emission spectrometer. Figure 6(&))asttbw spectra from the
graphite and CFC samples, respectivelyS@an bands ands®ands around 400 nm, were

observed predominately [14,15]. Strong CII lines were observed in CR€geas, no ClI
lines were visible in graphite in this particular condition. This indicéi@isthere were
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Fig.6, Spectra during thermal shock tests on (a) graphite, 2 GW#8ms, (b) CFC, 2
GWI/n?, 4.6ms, (c) W-1%LgD;, 0.6 GW/nS, 4.6 ms.

differences in released species from targets by differertace morphology and/or
excitation processes in front of target due to different surface temperdibes

3.2 Thermal shock tests on W-1% L a,03

Figure 3(c) shows time integral image during a thermallshest on W-1%Lg0;. Patrticle
release was observed at 1.1 GWfor 4.6 ms as shown in the image. Most of the particles
traces suddenly increased the intensity at a point traveling Bamythe surface, i.e. dark
traces to bright traces. A possible reason is a sudden chamgeissivity due to a phase
change, possibly liquid to solid phase. As shown in Fig. 4(g), the suéiaperature raised
more than 340 which is the melting point of tungsten. Molten surface was obsertved
1.1 GW/nf (Fig. 5(c)). PDA signals (Fig. 4(i)) showed also particlease during thermal
shock tests. It was found that the particle release startbd aery end of the shot when the
measured surface temperature reached aboveé@0UBese results indicate that most of the
particles from W-1%Lg0; released after melting, namely, splashing of droplets. At arlow
power density, 0.6 GW/Mmno particle release was observed and the surface did noasnelt
depicted in Fig. 5(b). Accordingly, it is concluded that particlease from W-1%L#; was
caused by splashing of the melted layer and particle rediessen brittle destruction was not
dominant in this particular condition. Figure 6(c) shows spectrum obtaméant of
W-1%La0; target at a power density 0.6 G\W/for 4.6 ms. Tungsten atom, WI lines (e.g.
400 nm) and WO bands were not observed even at the higher power densBy/bd
which caused surface melting. However, LaO molecular bands [14] clearly observed
even in this low power density, 0.6 GW/mvhere the surface temperature arrived at around
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2500 °C and the surface did not show significant modification. It meansthieat 303
particles dispersed in the bulk tungsten dissociated below mettimgetature of tungsten
and released from the surface. In fackQshas melting temperature around 2800 It was
molten and evaporated during the thermal shock loads. As it is oftervedbsertungsten
alloy, severe cracking was observed at the vicinity of th#inmgespots. Taniguchi et al
reported that the weight loss of W-1%08 was greater than that of pure tungsten at 1.25
GWI/n? for 2 ms [17]. It indicates that adding4G in tungsten does not mean improvement
of tungsten performances and it causes introduction of additional tgnparivacuum
chamber.

4. Summary

Dynamic erosion processes were observed by optical diagnastatsctron beam facility,
JUDITH. Collective small particle release was observediiie ©f graphite, at 2 GW#nfor

4.6 ms, whereas, distinguished particle release was observed infdaB€ in the same
condition. The distinguished particles from CFC were concluded to draesgs of PAN
fibers. W-1%La0O3; seemed to release mainly droplet due to melt layertsplantribution

of brittle destruction in W-1%L©3 under thermal shock tests was not clearly observed in
this particular condition. Release of W atom and WO speciesotasbserved even at 1.1
GW/m’ which caused significant melting of the surfaces, however, eetifdsaO molecules
were clearly detected even at low power density, 0.6 G\Winere the surface did not show
significant modification.
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