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The damage of deformed double forged pure tungsten (W) and tungsten alloyed with 5 wt.% tantalum (WTa5)
have been studied in experimental simulations of ITER-like transient events (surface heat load of 0.45 MJ/m? and
the pulse duration of 0.25 ms) with quasi-stationary plasma accelerator QSPA Kh-50. The plasma exposures were
performed for targets maintained at room temperature and preheated at 200 or 300°C. The large and fine cracks
appeared in result of plasma impacts. The high number of repetitive plasma loads below the melting threshold led to
the clear degradation of thermo-mechanical properties of the affected surface layers on tungsten. Comparative
analysis of the cracks propagation to the bulk is presented for both W and WTa5 samples.
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INTRODUCTION

Lifetime of Plasma Facing Materials (PFM) is a
critical issue for successful implementation of fusion
reactor project [1-3]. Tungsten is chosen as the main
plasma facing material for ITER and DEMO divertor
design due to its advantageous properties: high thermal
conductivity, high temperature strength and stability,
high recrystallization temperature and high spattering
threshold for hydrogen [2,3]. Analysis of tungsten
lifetime of PFM has been performed with number of
simulation facilities (e-beams, lasers, linear devices,
plasma gun and QSPA) [4-14]. In spite of extensive
R&D efforts, the macroscopic erosion of tungsten due
to the brittle destruction (cracks, debris and dust
particles), as well as material modifications and
properties changes after repetitive plasma pulses
required addition studies. Possible synergetic effects,
induced by the combined heat and particle loads, remain
also key issues which have to be comprehensively
studied at the fusion-reactor relevant conditions [4, 7].
The most important issues for simulation experiments
with plasma accelerators are studies of properties of
different tungsten grades [8, 10-15]. Issues related to
tungsten damage in the course of a large number of
plasma exposures should also be studied. In this paper,
some evaluations of the mechanisms of damage of pure
tungsten and tungsten-tantalum alloy under ELM
conditions are presented. The important issue the
damage of tungsten under a large number of plasma
exposures with heat load below the melting threshold is
also discussed.

1. EXPERIMENTAL DEVICE AND
DIAGNOSTICS

Heat load tests of tungsten with energy density,
pulse duration and particle loads relevant to ITER
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transient events have been carried out in a QSPA Kh-50
quasi-stationary plasma accelerator [10-13]. The main
parameters of the hydrogen plasma streams are as
follows: ion impact energy about 0.4 keV, maximum
plasma pressure 0.32 MPa, and the stream diameter
18 cm. The plasma pulse shape is triangular, pulse
duration 0.25ms [13]. The surface energy loads
measured with a calorimeter were 0.45 MJ/m? (below
tungsten melting threshold (0.6 MJ/m?)) [10-14].

Surface analysis of exposed samples was carried out
with an optical microscope MMR-4 equipped with a
CCD camera and Scanning Electron Microscope (SEM)
of the JEOL JSM-6390 type. Precise measurements of
the surface roughness with a T500 Hommelwerke tester
T500 were also performed.

X-ray diffraction (XRD) has been used to study
structure, sub-structure and stress state of targets. 3-29
scans were performed using a monochromatic Cu-Ka
radiation [10]. Computer processing of the experimental
diffraction patterns was performed using the New
Profile 3.5 software package. The analysis of diffraction
peaks intensity, profiles, width (B), angular positions
were applied to evaluate texture, coherent scattering
region size. Changes of phase state on the surface were
obtained from XRD spectrum analysis. The asymmetry
parameter (0B) of a diffraction profile was also
estimated. The asymmetry (6B=0) is attributed by the
presence of complexes of point defects [10]. The sign of
OB is caused by the type of defects: vacancies (6B>0)
(in other words, the diffusion maximum appear on left
from the main peak) or interstitial atoms (6B<0) (when
the diffusion maximum on right from main peak).
Residual macro-stresses (o) and the lattice parameter in
the stress free state (ap) were determined using a-sin®y —
plots by the peaks (400) located in the precision area of
angles [10]. It should be mentioned, if lattice parameter in
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the stress free state (ap) is less than the corresponding
reference value (ar= 0.3165 nm) then a lot of vacancies
are present the structure. If ap>aer the surplus interstitial
atoms are observed the structure. It can be also
attributed to some penetration of heavy impurities into
the materials.

Surface analysis of exposed sample was carried out
with MMR-4 optical microscope, equipped with a CCD
camera. Weight loss measurements were also performed.

2. EXPERIMENTAL RESULTS AND
DISCUSSION

Double forged samples of pure tungsten (W) and
tungsten alloyed with 5 wt.% tantalum (WTa5) were
used for the plasma loads tests. Samples have sizes of
12x12x5 mm. All samples were supplied by Plansee
AG (Austria), prepared and delivered from
Forschungszentrum Julich (Germany) [6]. Before each
plasma pulse, the surface temperature of one part of
pure W targets had been near a room temperature (RT).
Other part of samples had been preheated to 200 or
300°C with special heater [11]. Surface pattern, damage
and structure of tungsten samples have been analyzed
after plasma irradiation.

2.1. FEATURES OF PURE W UNDER HIGH
NUMBER OF REPETITIVE PLASMA
EXPOSURES

Samples of pure W were used for the high number
(up to 400 pulses) plasma loads tests. Before each
plasma pulse, the surface temperature of all targets had
been near room temperature (RT). Samples had very
small initial surface roughness (Ra~0.1um, R,~0.4 um,
Rmax~ 0.5 um) (Fig. 1). The compressive residual macro
stresses of ~-200 MPa was registered in surface layers
of targets in initial state. The microhardness is
Hv = 650 kg/mm?. Lattice parameter ap= 0.31641 NM<ayr
i.e. excess vacancies presents in structure. It agrees with
sign of asymmetry parameter (6B ~5%) associated with
excess number of vacancies complex [10].

The high number of plasma pulses result in surface
modification. The melting onset of edge of cracks was
observed whereas other surface remained non-melted
(see Fig. 1,b). Melted edges ejected some nm-particles.
Such small particles are able to be melted even for
rather small heat loads below the surface melting
threshold [14]. Thus, surface modification may cause
changes of physical properties of the surface layer and
thus influences the material behavior under the high
plasma heat loads [9, 10, 14]. Plasma irradiation results
in a symmetrical tensile stress in a thin sub-surface
layer. Measurements demonstrated that the maximal
value ~350 MPa of residual stress in the thin sub-
surface layer appeared as result of the first plasma
pulses. Increasing the number of plasma pulses led to
some relaxation of residual stress (up to 250 MPa). At
the same time the microhardness of the exposed surface
was also slightly decreased (up to Hv =450 kg/mm?)
with a further increase of the exposition dose. This
could be caused by annealing of vacancies in the
irradiated structure. It agrees with slightly increases of a
lattice parameter up to 0.31647 nm. The asymmetry
became negative and rose with an increase in the
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number of pulses. Width of diffraction profiles (i.e. an
average dislocation density) weakly changed in the
surface layer.

Near linear rise of roughness is observed under
plasma irradiation with heat load below melting
threshold. The maximal values of roughness parameters
(Ra=02um, R;=12um, Rmx~1.7pum) were
received after 400 plasma pulses. A network of macro-
cracks developed on the tungsten irradiated with 10
pulses of 0.45 MJ/m? [10]. A rise of the irradiation
pulses number led to some growth of cracks width and
splitting of crack mesh (see Fig.1). Both width and
depth of cracks were somewhat increased. The cracks
and growth of some edges of grains caused the
development of a surface profile.

Fig. 1. SEM images of the pure tungsten surface after 400
plasma pulses with different magnification

2.2. COMPARISON OF PURE W AND WTa5
EXPOSED TO PLASMA STREAMS

As it was shown earlier [10], the network of macro
cracks is formed on a pure W surface exposed to 100
plasma pulses below melting threshold at the initial base
temperatures of RT. Nevertheless, only separate major
cracks appear on WTa5 surfaces but the network of
cracks does not develop at the same conditions.
Therefore, the studies of the surface and sub-surface
layers pattern of pure W and WTa5 samples have been
carried out to reveal the damage of samples preheated to
different initial temperatures (Ti,) and irradiated by 100
plasma pulses with heat loads below the melting
threshold (Figs. 2, 5).

The irradiation of pure W preheated to 200°C result
in an appearance of only small isolated cracks on
exposed surfaces. (see Fig. 2,a). A corrugated structure
of hills and cracks appeared on the surfaces of WTa5 at
the same base temperature (Fig. 3,a). High exfoliation
of the surface layer of WTa5 sample was also observed.
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The cross-sections showed the crack appearance along
the surface. The maximum depth of cracks occurrence
was almost 300 um for pure W (Fig. 4,a) and 200 um
for WTa5 (Fig. 5,a).
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Fig. 2. SEM images of W surfaces exposed at
Tin = 200°C (a) and Tin = 300°C (b).The length of the
marker line is 100 um
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Fig. 3. SEM images of WTab5 alloy surfaces exposed at
Tin = 200°C (a) and Tin = 300°C (b). The length of the
marker line is 100 um

The SEM images demonstrated only small isolated
cracks on the exposed surfaces of pure W preheated to
300°C. Whereas large isolated cracks were observed on
the exposed WTab surface (see Figs. 2,b and 3,b). The
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plasma irradiation at the initial temperature of 300°C
caused a decrease in the depth of cracks occurrence up
to 200 um for pure W (see Fig.4,b). However, the
cross-section of WTab sample showed that some cracks
penetrated from surface to a depth of 2 mm (see
Fig. 5,b).
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Fig. 4. Cross-section of W targets exposed at

Tin = 200°C (a) and Tin = 300°C (b). The length of the

marker line is 100 um

man |,

Fig. 5. Cross-section of the WTa5 alloy targets exposed
at Tin = 200°C (a) and Tin = 300°C (b). The length of
the marker line is 200 um

CONCLUSIONS

Experimental studies of the macroscopic erosion of
double forging pure tungsten and tungsten-tantalum
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alloy have been performed with a QSPA Kh-50 quasi-
stationary plasma accelerator. The heat loads on the
surface were 0.45 MJ/m? (i.e., below the melting
threshold). The plasma pulse duration amounted to
about 0.25 ms.

The high number of repetitive plasma loads below
the melting threshold led to the clear degradation of
thermo-mechanical properties of the affected surface
layers of tungsten. A network of cracks appeared on the
exposed surfaces. The melting onset of edge of cracks
was observed whereas other surface remained non-
melted. The melted edges ejected the nm-particles. Such
small particles are able to be melted even for rather
small heat loads below the surface melting threshold.
Surface modification and development of cracks led to
an increases in roughness of the exposed surfaces. For
both double forging pure tungsten and tungsten-
tantalum alloy the cracks propagated to the bulk mainly
transversely and parallel to the irradiated surface.
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OCOBEHHOCTH 3P031H BOJIb®PAMA U CIIJTABA WTa5, OBJIYYEHHbBIX
IOBTOPAIOHNINMHUCS IIVTIASMEHHBIMHU HATI'PY3KAMM KCITY HUKE ITIOPOT A IIVIABJIEHUSA

B.A. Maxnaii, C.C. I'epawienxo, H H. Axcenos, O.B. buipka, H.E. I'apkywa, C.B. Manvixun, C.B. Cyposuuyxuii,
H.B. Kyaux, B.B. Cmanvuos, C.H. JIeoeoes, I1.5. Illesuyx, M. Wirtz, M AI. Cadoeckuii

W3yuensl moBpexaeHus Je)OPMUPOBAHHOTO JBOHHOW KOBKO# umctoro Bosbdppama (W) u ¢ nerupyromeit
5 00.% no6askoit TanTana (WTa5) npu sKCIepuMEHTaIbHOM MOJEINPOBAaHHU YCIOBHII EPEXOJHBIX HMPOLIECCOB B
WTDP (temnopas Harpy3ka Ha nosepxHocTh 0,45 MJx/M?, mnuTensHocTh ummynasca 0,25 Mc) B
KBaszucTaloHapHoM Iuia3MeHHoM yckopuresne KCITY X-50. OOiyueHue MuIIeHeil Miia3Moi NMPOBOAMIM HPHU
KOMHATHOW HavallbHOUM TemmepaTtype u ¢ nojorpesoM 1o 200 u 300°C. B pesynbTare mia3MeHHOTO BO3JACHCTBHUS
MOSBIISUIMCH OOJBIINE M MEJKHE TPEIIMHBL. BobIIoe KOMWYecTBO MOBTOPSIOMIMXCS MIa3MEHHBIX Harpy3oK HIDKE
mopora IUIABJCHHS TPHUBENO K  SBHOH  Jerpajalil  TEPMOMEXaHHYECKHX CBOWCTB  IOBPEXICHHBIX
MPUIIOBEPXHOCTHBIX CJI0EB BoJb(pama. [IpeacraBieH cpaBHUTENbHBIN aHAIN3 PaCPOCTPAHEHHUS! TPELIMH B 00beM
st W- 1 WTa5-06pasnos.

OCOBJUBOCTI EPO3Ii BOJIb®PAMY TA CILTIABY WTa5, ONPOMIHEHUX
MOBTOPIOBAJIBHUMH NIJIASMOBUMH HABAHTAKEHHAMMU KCIIII HUKYE ITIOPOT'A
IUTABJIEHHA

B.0. Maxnaii, C.C. I'epawienko, M.M. Axcvonos, O.B. Bupka, I.€. I'apkywa, C.B. Manuxin, C.B. Cyposuypkuii,
M.B. Kyaux, B.B. Cmanvuos, C.I. Jleoeoes, IL.B. llesuyx, M. Wirtz, M.A. Cadoscokuii

BuBueHo momkokeHHs 1e()OpMOBaHOTO MOJIBIHHOI0 KOBKOIO uncToro Boibs(pamy (W) Ta 3 seryrouoro 5 06.%
nmoMimkoro Tantaxy (WTaS) mpu ekciepuMeHTanbHOMY MOJETIOBaHHI yMOB nepexiguux npomneciB B ITEP (temtose
HaBaHTaXeHHs Ha mosepxHio 0,45 MJIx/M2, TpuBamicTs immynscy 0,25 Mc) y KBa3iCTaLliOHAPHOMY IIIA3MOBOMY
npuckoproBaui KCIIIT X-50. OnpomMiHeHHs MillleHel T1a3MOI0 POBOIMIIM IIPU KIMHATHIH OYaTKOBI# TeMneparypi
ta 3 migirpieom g0 200 ta 300°C. B pe3ynbTaTi M1a3MOBOr0 BIUIMBY 3’SBJISUIMCS BEJHMKI H MaJleHbKI TPIIIMHH.
Besnuka KiNbKICTh TMOBTOPIOBAaHMX IUIA3MOBHX HABAaHTAKEHb HW)KYA MOpOTa IUIABJIICHHS IpHBEJa JO SBHOI
Jlerpajaiii TepMOMEXaHIYHUX BJIACTUBOCTEW IMOIIKOHKEHUX TPUIIOBEPXHEBUX MIapiB Boiabhpamy. [IpencraBieHo
MOPIBHSUILHUN aHai3 PO3MOBCIOUKEHHS TPIKH B 00'eM it W- 1 WTaS5-3paskis.
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