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Abstract

The behavior of pure sintered tungsten under repetitive plasma heat loads of ~1 MJ/m? (which is relevant to ITER
ELM:s) and 25MJ/m? (ITER disruptions) is studied with the quasi-steady-state plasma accelerator QSPA Kh-50. The
ELM relevant heat loads have resulted in formation of two kinds of crack networks, with typical sizes of 10-20 um and
~1mm, at the surface. Tungsten preheating to 600°C indicates that fine intergranular cracks are probably caused by
thermal stresses during fast resolidification of the melt, whereas large cracks are the result of ductile-to-brittle transi-
tion. For several hundreds of ELM-like exposures, causing surface melting, the melt motion does not dominate the pro-
file of the melt spot. The disruption relevant experiments demonstrated that melt motion became the main factor of

tungsten damage.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The major part of ITER divertor armor is foreseen to
be made of tungsten plates. Armor erosion caused by
disruptions and edge localized modes (ELMs) is a criti-
cal issue for a good performance of the tokamak.

For the disruptions, the heat loads to ITER divertor
components are anticipated to be of order Qg;s, = (10—
100)MJ/m? with load duration ¢=1—10ms [1]. Such
an energy range is far above of that in available tokam-
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aks. Therefore, at present for experimental study of
plasma—target interaction under the high heat loads
powerful plasma accelerators are applied [2,3]. In turn,
the experimental results obtained are used for validation
of predictive models [4-6]. Quasi-steady-state plasma
accelerators (QSPA), which are characterized by much
longer duration of the plasma stream in comparison
with pulsed plasma guns, are especially attractive for
investigations of macroscopic erosion of tokamak armor
materials, under the loads expected at ITER off-normal
events.

For ELMs, extrapolation of the erosion effects ob-
tained at the present-day tokamaks to the transient peak
loads of ITER also remains uncertain [7,8]. Recent
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Table 1

Parameters of QSPA Kh-50 plasma streams in different working regimes

Disruption simulation

ELM simulation regime 1

ELM simulation regime 2

Plasma stream energy density (MJ/m?) 25-30

Heat load on target surface (MJ/m?) 0.65-0.7
Plasma load duration (ms) 0.2-0.25
Half-height width of load (ms) 0.1-0.14
Shape of heat load Triangular
Maximal plasma pressure (bar) 16-18
Average plasma density (10'® cm ™) 4-8
Plasma stream diameter (cm) 10-12
Impact energy of ions (keV) <0.6

0.9-1.0 1.2-1.5
0.45 0.7-0.75
0.25 0.25
0.1-0.12 0.17
Triangular Bell-shaped
4.8 3.2

1.5-2.5 0.5-0.7
12-14 18

~0.2 ~0.4

experimental observations from different machines
pointed out similarities and open questions, which re-
quire further investigations are overviewed in [9]. The
power loads on current tokamaks associated with the
type I ELMs generally do not affect the lifetime of diver-
tor elements. However, the ITER ELMs may lead to
unacceptable lifetime [9,10]; their loads are estimated
as Opim = (1-3)MJ/m? at = 0.1-1ms [1] and the repe-
tition frequency of an order of 1 Hz (~400 ELMs during
each ITER pulse) [7]. Special investigations on material
behavior at the ELM relevant loads are thus also impor-
tant. To estimate the range of tolerable loads the effects
of ELMs on the lifetime of plasma facing components
should be experimentally simulated for large numbers
of impacts with varying energy density.

This paper presents our experimental investigations
of tungsten erosion mechanisms relevant to the disrup-
tions and the type I ELMs anticipated in ITER.

2. Experimental setup

Experiments were carried out with the quasi-steady-
state plasma accelerator QSPA Kh-50 [2,11]. The sam-
ples of pure sintered tungsten of EU trademark with
the sizes of 50 x 50 x 10mm have been multiply exposed
to hydrogen plasma fluxes in the guiding magnetic field
of 0.54T. The target irradiation scheme is described in
detail in [2]. The diameter of the plasma stream exceeds
the target size. Therefore, to form a necessary impact on
the target surface, special diaphragms were used. After a
definite numbers of exposures, the patterns of target ero-
sion were analyzed. Surface analysis was performed with
the use of profilometry, optical microscopy, microhard-
ness, roughness and weight loss measurements. For
monitoring the specified surface regions after different
numbers of exposures and for melt thickness measure-
ments, special micromarkers (of 4-10 um in size) were in-
serted into these regions with a diamond pyramid used
in microhardness tests.

To achieve the working regimes for simulation of
both the disruptive and ELM-like plasma impacts, the

plasma stream parameters were varied over a wide range
by changing the dynamics and quantity of gas filling the
accelerator channel and changing the voltage of the
capacitor battery. Calorimetry (both in the plasma
stream and at the target surface), probes and piezo-
detectors as well as spectroscopic measurements were
applied to determine the plasma parameters in different
regimes of operation [11]. Plasma parameters for re-
gimes chosen for simulation of disruption and type I
ELM heat loads are summarized in Table 1.

In the disruption simulation regime, the plasma pres-
sure was increased to approach the melt velocities to
those calculated for ITER disruption with plasma shield
pressure of 2—7bar [4] but with essentially longer dura-
tion. A strong vapor shielding effect in disruption simu-
lation regime is also measured. Due to the shielding only
a few percent of plasma energy reached the surface.

In the ELM simulation regimes, in spite of the de-
creased power levels, some shielding is also registered.
Even in the regime without surface melting the target
heat load is about half of the impact plasma energy.
The shielding in this case appears probably due to the
shock wave formation under the plasma stream interac-
tion with target surface. The layer of stopped plasma
being confined by magnetic field becomes not completely
transparent for the impacting plasma.

3. Experimental results
3.1. ELM relevant plasma exposures

In these experiments the melting threshold of tung-
sten target has been studied. Exposures of the perpendic-
ular target to 270 pulses in the ELM simulation regime 1
(see Table 1) at the heat loads below the melting thresh-
old showed that the surface roughness is caused by
cracks in the material. First plasma pulses primarily
form a network of the cracks with cell size of ~1mm.
The microhardness measurements showed that cracking
causes a decrease of the surface hardness. After a large
number of exposures the enlargement of the cracks
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and their penetration in depth is observed. The crack
network is stable, which enables its use as a reference
frame for microscopic analysis. Fig. 1 demonstrates that
the distances between the roughness peaks correspond
to network size. The shift of the whole roughness profile
relatively to the reference line and protrusion of fracture
edges indicates swelling of the surface layer. The grow-
ing cracks, which are developed in parallel to the sur-
face, were found in the bulk material by cross-section
analysis.

Microscopic observations showed that some small
material pieces (of 12-20um in size) appear inside the
crack meshes due to bifurcations of large cracks. The
subsequent separation of such pieces from the bulk does
not result in their ejection, but it immediately leads to
the piece melting because of decreased heat conduction.
This effect was also clearly seen for the spikes at the
crack edges in spite of other surface not being melted.

The melting threshold for the regime with triangular
temporal shape of the heat load was experimentally
determined as ~0.55-0.57 MJ/m>. However it decreases
after a large number of exposures: the fixed target load
of 0.45MJ/m? became sufficient for melting onset after
150 exposures that did not initially cause melting. Prob-
ably this effect is due to parallel cracks which decrease
heat transport to the bulk. Microscopic measurements
showed that the thickness of appeared melt is about
1 pm.

After an initial 10 pulses the mass loss was ~0.2mg/
cm?®. Afterwards the erosion rate decreases and becomes
rather constant. The increased initial loss is due to mate-
rial outgassing and removal of weakly bounded frag-
ments from the surface. Therefore, the mass loss rate
is calculated for the period of stable erosion process,
i.e. with exception of initial loss. After the next 250
exposures, the mass loss is ~0.4mg/cm? which corre-
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Fig. 1. Surface roughness profiles: (a) after 270 pulses in regime
1 and (b) 250 pulses in regime 2.

sponds to the erosion rate of 1.2nm/pulse, or
6 x 10" at/cm? per pulse. Probably the erosion is due
to sputtering. For applied dose of ~4 x 10ion/cm?
the sputtering yield is of 1.5 x 10™*at/ion.

Another target was exposed to 250 pulses in the re-
gime 2 with target heat loads above the melting thresh-
old. A melt layer appears with the thickness of tens of
ums resulting in considerably increased surface rough-
ness in comparison with regime 1 (see Fig. 1). During
the initial 100 pulses the roughness grows up to 80—
100 pm and then becomes rather unchanged in magni-
tude. The results indicate that besides surface cracking
the melting plays an important role in the roughness in-
crease. The influence of melt motion on the surface pro-
file becomes evident only with large number of pulses.
After 250 exposures a ridge at the edge of melt spot is
seen, but it still does not dominate the surface profile.

Fig. 2 shows the crumbled-off large material pieces
from the regions separated by large cracks due to subse-
quent exposures. The size of crumbled parts achieves
400 um. However, the sequential pulses also smooth the
edges of large cracks, restrict their growth, and lead to
recovering the smooth surface. Some molten edges move
into the crack voids. Thus, the melt motion covers some
cracks but new ones appear in places of vanished fractures.

Besides the large-size cracks, which have been regis-
tered in both regimes, fine intergranular cracks with

Fig. 2. Cells of crack mesh after 100 and 200 pulses in regime 2:
1- large crack, 2 — predamaged area, 3 — fine crack mesh, 4 —
crumbled edge, 5 — filled crack, 6 — pits.
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network of 10-30um were found on the resolidified
surface. They appear after the melt thickness exceeds
5-10um. Similar fine cracks were registered in the dis-
ruption simulation experiments [2]. Thus, this is an attri-
bute of pronounced melting only. Due to remelting, the
pattern of fine cracks changes from pulse to pulse. Fine
cracks become very important for the surface erosion
after several hundreds pulses. Fig. 2 demonstrates con-
siderable qualitative changes in the form of corrugation
and pits that appear with increasing dosage. Such
changes are accompanied by a growing mass loss rate
in the regime 2. As compared to regime 1, mass loss is
not constant and it increases by 2, 3 and 5 times in the
course of the first 100, next 100 and next 50 pulses
accordingly.

In experiments described above the target was ini-
tially at room temperature. During ITER operation
the temperature of divertor targets is expected to be well
above DBTT [7] and tungsten cracking can be mitigated.
Therefore additional experiments on exposure of tung-
sten preheated at 600°C have been started. The experi-
mental results obtained demonstrate an absence of
large cracks, while a fine crack network is still devel-
oped. Therefore, the nature of fine and large cracks
looks to be completely different. Probably the fine cracks
are caused by thermal stresses during fast resolidification
of the melt, whereas large cracks are the result of the
ductile-to-brittle transition.

3.2. Erosion of tungsten surface in disruption simulation
regime

Fig. 3 presents the surface profiles after the exposures
of inclined and perpendicular targets through the 2cm
diaphragm. As it is found from profilometry, the ridges
of resolidified material, indicating the melt motion, arise
at the melt edge. For perpendicular impacts, the height
of the ridge achieve 65um after 20 pulses. They grows
up to 130-240pm for 75 pulses, and the distance be-
tween ridge peaks achieves 2.3-2.4cm. The high value
of the surface roughness masks the erosion crater be-
tween the ridge peaks. The melt motion is accompanied
by splashing of the metal droplets of the sizes up to
100 um onto unexposed target surface. As it was demon-
strated in our previous experiments, the plasma pressure
gradient is the main force initiating the melt motion [2].

For inclined exposure of the tungsten target under
the angle of 20° to the surface, the formation of a mound
of resolidified material is observed only at the down-
stream part of the melt spot. The mound height is
~35um, which is twice less than that found for perpen-
dicular plasma impact. However, due to the inclination,
the incoming heat flux in this case is 3 times less than for
perpendicular exposure.

The cross-section of perpendicular target exposed to
75 pulses is shown in Fig. 4. Three zones are seen: a reso-
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Fig. 3. Surface profiles after 20 exposures in disruption
simulation regime: (a) inclined- and (b) perpendicular targets.

Fig. 4. Cross-section of ridge area: 1 —ridge, 2 — damaged layer,
3 — bulk.

lidified ridge of about 150pum (top), a damaged layer
with cracks down to 200 pum from the surface, and the
bulk structure (bottom). Under larger magnification
the structure of resolidified layer represents small equi-
axial grains, which seems to be a consequence of
quenching.

Mass loss measurements indicated that the contribu-
tion of evaporation to the target erosion remains below
0.1 um/pulse. For surface cracking the balance of the 2
processes is observed for increased number of exposures:
the cracks become completely covered by the molten
material but new thin cracks meanwhile appear.

4. Conclusions

The disruption simulation experiments showed that
the melt motion driven by a plasma pressure gradient
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dominates in tungsten macroscopic erosion, resulting in
droplet splashing and formation of the craters with
rather large edge ridges of displaced material.

The ELM relevant repetitive loads resulted in the for-
mation of fine intergranular cracks and cracks of large
sizes at the tungsten surface. For repetitive heat loads
resulting in surface melting, the melt motion is detected
with microscopy, but due to a low melt velocity it does
not affect the profile of the melt spot until after several
hundreds of pulses. The analysis of tungsten behavior
for plasma loads below and above the melting threshold
shows that fine intergranular cracks appear only under
exposures resulted in pronounced melting.

The first results of experiments on irradiation of
tungsten preheated to 600 °C indicate that fine intergran-
ular cracks are probably caused by thermal stresses dur-
ing fast resolidification of the melt, whereas large cracks
are the result of ductile-to-brittle transition effects.

Fine cracks trigger a growing mass loss rate and a
qualitative evolution of the sample surface starting after
a few hundreds of pulses. Thus the number of ELM-like
heat pulses applied in these experiments is still not suffi-
cient either for melt motion monitoring or for reasonable
prediction of material erosion in ITER. More exposures
and further variations of plasma stream energies have to
be performed in order to demonstrate the final damage
and to estimate tolerable parameters of ITER ELMs.
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