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Abstract

An alternative solution for tungsten as a plasma facing neteould be the use of W heavy alloys as they are produced com
mercially by several companies. They consist of up to 97% \@/NifFe (or NyCu) admixtures, they are readily machinable and
considerably cheaper than bulk tungsten. Their major daakdin view of the application in fusion experiments arertitber low
melting temperature and their magnetic properties (in chseNi/Fe binder phase). In a first step W heavy alloys from two manu-
facturers were investigated concerning their thermal aagmatic properties and subjected to screening tests aifid lInading in
the high heat flux test facility GLADIS with up to 20 MWrhand surface temperatures of up to 2200 showing no macroscopic
failure. SEM investigations show a segregation of Ni andtfbeatop surface after the thermal overloading, but no sigmsicro-
cracking. The long-term behaviour of a W/Re tile under plasma and electromagnetic load was invéstiga ASDEX Upgrade
using its divertor manipulator. The tile was exposed in liisges with record values of injected energy and power. iRetpE
observed surface modifications (Né segregation) the W heavy alloys seem to provide a pragmati cost-ective alternative
to bulk W tiles in the divertor of ASDEX Upgrade.
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1. Introduction Name Supplier W Ni Fe Cu Density
wt.% | wt.% | wt.% | wt% | genid

Since 2014 ASDEX Upgrade (AUG) is using bulk tungsten Hg&fgw H@gﬁsk g; g:g 1:8 8:8 12:2
(W) tiles at the outer divertor strike-point. In two expeem IT180 Plansee | 95 | 35 | 00 | 15 18.0
tal campaigns more than 2000 plasma discharges with up to 10 HPM1801 | HC Starck | 95 35 | 00 | 15 18.0
s duration and 100 MJ plasma heating were successfully con- _ N _
ducted, without impairment by the W tiles. However, inspec-IT""ble 1: Names, suppliers, composition and density of thgsten heavy al-
. . .. loys under investigation.
tions after the campaigns revealed that a large numberesf til
sutered from deep cracking attributed to brittle fracture [A].
possible option at least for non-nuclear fusion deviceslccou In Sec. 2 the measured properties (magnetic, thermal and
be the use of more ductile W heavy alloys as they are produceslirface composition) of the investigated materials willpbe-
commercially by several companies. It consists of up to 97%ented. Sec. 3 presents the results of high heat flux scgeenin
(weight) W and NiFe (or NjCu) admixtures. According to and cycling loading including metallographic investigas,
[2, 3], the endurance limits of the W heavy alloys should bewhereas Sec. 4 reports on the behaviour observed in divertor
considerably larger than that of W (see for example [4]) Wwhic of AUG. Sec. 5 concludes the paper and provides the outlook
should help to avoid cracks under the cyclic load. Their majo on further activities.
drawbacks, in view of the application in fusion experimeats
the rather low melting temperature (L500°C or < 1100°C,
respectively) and the higher vapour pressure of the binkiase
and their magnetic properties (in the case gRdiadmixture). Tungsten heavy alloys are compounds with a large fraction
In order to explore their feasibility, W heavy alloys fromdw of tungsten and admixtures of either/Ré or NfCu produced
suppliers (Plansee Composite Materials GmbH and HC Starchy pressing and sintering of powders or liquid phase simgeri
Hermsdorf GmbH) were investigated concerning their thérmaSeveral commercial supplierster various grades of these W
and magnetic properties and subjected to screening tedts aheavy alloys and they are widely used as shielding materal a
cyclic loading in the high heat flux test facility GLADIS. In balancing weight because of the high atomic number (shield-
order to gain first experience under cyclic plasma load and ting) and high density (shielding, balancing). Table 1 sum-
compare its behaviour to the divertor tiles made of bulk tung marizes the names, suppliers, composition and densityeof th
sten, one tungsten heavy alloy tile was exposed with thetdive tungsten heavy alloys under investigation. In respect g-tu
manipulator in high power AUG discharges. sten these alloys are considerably cheaper due to theditedi

2. Propertiesof Tungsten Heavy Alloys
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sintering process and they show improved machinability and
ductility at room temperature. The latter points could pdev
essential advantages when being used as plasma facing mate-
rial in present day fusion devices because of the many tHerma
cycles they are undergoing due to the pulsed operation and th NN
cyclic loading through ELMs. The downside of the material is N \\
of course, the low melting point of the alloying elements Fe, ™

Ni and Cu being 1538C, 1455°C and 1085 C, respectively, 400 600 800
which considerable restricts the operational space. Hewev temperature (K)

when trying to avoid recrystallisation of tungsten to preséts
original mechanical properties the temperature shouldept k
anyway below 1300C, which means that the use of Fe and Ni
should not &ect the operation too strongly. Other issues to be
taken into account when using W heavy alloys are their mag- The magnetisation of D185 is about 20% higher than that of
netic properties and their thermal conductivity. Fig. 1wa@ HPM1850, which might be explained by a slightly higher Fe
content in D185 (the specification comprise8 4 0.3 weight

% Fe). HPM1850 loses its ferromagnetism abowe 330°C
which hints to the fact that in this case the magnetic pragert
are dominated by Ni.
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Figure 3: Magnetisation of HPM1850 as a function of tempeeat
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Figure 1: SEM image and EDX map of the DENSIMET D185 surfaca-(m

chined, as received). o

typical scanning electron (SEM) image of a DENSIMET D185
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surface in its initial (as machined) state. Nickel (as weliran) P S g--
can be identified at the boundaries of large grains as demon- e

strated on the right side of the figure which is obtained by-map 60

ping of the characteristic x-ray emission by energy dispers O M A O et M

x-ray spectroscopy (EDX).

As stated above, it is important to know the detailed magnetiFigure 4: Thermal conductivity of HPM1850, D185 and pure Valtedtaken
properties when using materials inside a fusion device usea from [_6]) as a function of temperature. V\_llt_hln_ the error_shﬂmeasurement

. . o there is no change of the thermal conductivity in case ofiptessthermal over-

of the potential perturbation of the local magnetic field @&lw paging (see Sec. 3).
as the forces and moments the tiles will experience. There-
fore the magnetisation was measured up to a magnetic field of o
3. 10* Oe (= 3 T vacuum field) at room temperature (see top The ther_mal diusivity was measured by the laser flash
of Fig. 2) for D185 and HPM1850 and at temperatures up tgnéthod using a laser flash apparatus (NETZSCH, LFA 427)
530°C (HPM1850 only, Figs. 2 and 3). The magnetisation satin the range from 50C up to 1200°C (laser: Nd:Cr:GGG,
urates very quickly with increasing magnetic field at verydno Wave length 1064 nm, detector: InSb, atmosphere: Ar flux 190
erate levels (the magnetisation of Eurofer, which is alstete ~ MI/min). The thermal conductivity was determined by multi-

The temperature dependent data of specific heat of pure Fe, Ni

2 [lansee Densimet o1 and W are taken from [7] combining them linearly according to

FHC Starck HPM 1850 === their fractional mass. The density (18.5 génwas assumed to
! > be approximately constant. The thermal conductivity of 18
and HPM1850 is very similar, irrespectively whether theenat

] rial has been overloaded (see Sec. 3) or it is in its initiatest

5 - s30°¢ (the diferences in the measurements at a certain temperature
are within the estimated error). Interestingly the therowai-
ductivity slightly increased from about 80 W(mid)at 50°C
up to 95 W(mK)?! at 1200°C. As a consequence, the thermal
Figure 2: Magnetisation of HPM1850 and D185 as a function afnetic field response of the surface of a HHF loaded component is very
at 25°C and 530°C (HPM1850 only). similar as for bulk tungsten although at room temperatuee th
thermal conductivity of W is almost twice see also Sec. 3.
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3. High Heat Flux Testsin GLADIS MWm~2 case, but they slightly overestimate the surface temper-
ature for the longer 10.5 MW loading cases. This reflects

In order to characterise the behaviour of tungsten heavy athe behaviour of the thermal conductivities as shown in Fig.
loys under high heat fluxes (HHF), tiles with identical getime At lower temperatures the W-Jiie heavy alloys perform worse
as the AUG divertor components were exposed in the high hedgan W (i.e. their surface temperature is higher) whereas at
flux test facility GLADIS [8]. During these adiabatical load higher temperature the thermal response is very simildnao t
ing tests the tiles are exposed to a hydrogen beam with a gau_%f—W- In fact the observed surface temperatl_Jres for4 -5 sload
sian shape of 75 mm FWHM and a maximum central powefnd €ven suggest that the thermal conductivity at 240600°C
density of 20 MWmZ. Since the tiles have the dimensions of is as high as the one of W. First surface modifications were ob-
227x77x15mn?, two thermally independent test series per tile S€TVed in tf;e visible and Ehe. infrared emission after 3.2 s at
could be performed by changing the test position accorgingl 10-5 MWnT= (Tsurs ~ 1300°C; irradiation conditions exceed-

Besides the two W-NFe heavy alloys (D185, HP 1850), IN- N9 this value will be called 'overload’ in the remainder bkt
ERMET IT 180 (Plansee) and HPM1801 (HC Starck), bothPaper). The change becomes al_so obvious when comparing the
consisting of W (95%), Ni (3.5%) and Cu (1.5%) (all weight ©N€ and two colour pyrometer signals of HPM1850tfer 3.5
%), were also tested as a risk mitigation alternative in thse s, which strongl;_/ devmtg for increasing loading duratioNs
magnetisation of the W-)fe heavy alloys would have been too further pulses with duration larger than 3.5 s where peréam
high (the HHF tests were done in parallel to the other ingesti for D185 because of the very similar behaviour of both materi
tions). The performed tests consisted of two parts: als (D185 and HPM1850). In addition to the pulses presented

' ' in Fig. 5, the HPM1850 tile was further loaded up 20 hav?

- thermal screening where the deposited energy and power

was increased up to damage of the material in order to find the 3 s as part of screening tests, reaching surface tempesat

limit for the acceptable load and to investigate the malteria glquf:orztﬁO(gi? 'rn tnhte C(Ianteritotftrrr\]e Idoadtlr:rg]] Stpt)ﬁt' il:iipﬁcmllg the
behaviour under overload, and e after the diferent pulses it turned out that the initially glossy

- thermal cycling using a moderate poyesvergy load, simi- surface had tarnished. Th&ected area stayed unchanged for

. . . ) constant loading conditions, but it increased when inéngas
lar to that expected in AUG in order to investigate the lowleyc the load further, reflecting the growing area witly > 1300

fatigue. o . . .
9 C. Figure 6 shows the surface of the HPM1850 tile at a simi-
y lar magnification as Fig. 1 after the heavy overload desdribe
6 MW/m?: blue symbols e . .
1600 10.5 MW/m: red symbols ! above. Obviously the Nre has segregated at the surface into
5,/ larger pools thereby changing the visual appearance. lerord
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0 1 2 tim36 © 4 5 6 Figure 6: SEM image and EDX map of the HPM1850 tile surfaceralte high
heat flux test in GLADIS with surface temperature2200°C (20 MW/m™2,
35s).

Figure 5: Measured surface temperatures at the end of thtngpat 6.0

MWm~2 (blue symbols) and 10.5 MW (red symbols). OCHCP: ongtwo . . . .
colour pyrometer measurements. The lines result from FEMitions using to investigate whether this surface segregation could aave

the measured thermal conductivity of the W heavy alloy (sbashed lines)  influence on the thermo-mechanical behaviour of the materia
und pure W (dash dotted lines) as shown in Fig.4. metallographic cross sections have been produced fromahe m
terial in its initial state and after the strong overload.cas be
Figure 5 shows the measured surface temperatures at the elndged from Fig.7 only the top fewm (barely visible at this
of the loading at 6.0 MW? and 10.5 MWm? as a function = magnification) have changed their structure whereas inute b
of the pulse duration for D185 and HPM1850. Thé&efient of the material no change is found. The porosity seen on the
symbols represent the twoftlirent materials as well as the two micrograph of the loaded area is common to all of the material
different surface temperature measurements with a one andaad is also found in unloaded areas. Together with the result
two colour pyrometer, respectively. In the range where bothhe thermal conductivity presented in Sec. 2 one can expatt t
materials were tested their surface temperature respenseyi  the bulk properties do not change under the conditions égdec
similar. The lines represent surface temperatures siedilay  in AUG.
FEM calculations using the measured temperature dependentAs stated above, similar HHF tests were performed for the
thermal conductivities of W heavy alloys (short dashed, se&V-Ni/Cu heavy alloys 1T180 and HPM1801. For moderate
Fig. 4) and of W (dash-dotted) for comparison. The simula-thermal loads the observed surface temperatures were lower
tions agree rather well in the low temperature range of tBe 6.than the ones for D185 and HPM1850 under similar conditions,
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most probably due to a higher thermal conductivity becatise anjected up to date into AUG and the maximum power density
the Cu content. However, already after 3.3s at 10.5 MWm reachedr 17 MWm~2 (during the second period). After the
(= 1050°C) a violent ejection of Cu is observed during the first exposure period no cracks (neither D185 nor W) and no
GLADIS thermal screening tests, leaving large craterseisdv  surface damage of D185 was found during a visual inspection.
hundred of micrometers) on the tile surfaces. The reason fddowever, finally cracks developed on the W tile very simitar t
this strongly dfferent behaviour is not clear, but it might be at- those observed after the previous experimental campaam (s
tributed to the larger vapour pressure of Cu already at 2050 [1]) and segregation of Ni and Fe was observed on the D185
which is about two orders of magnitude higher than that of Fetile as in GLADIS tests under overload. Figure 8 shows the
Such a catastrophic failure and the strong surface modditat
under overload could hamper the plasma discharges in AUG
and therefore the use of such tiles as PFCs in the divertor was
discarded.

T iR i A

faons B
___ 100um B HPM#‘IGESQ

and after strong overload (cf. Fig. 6). Figure 8: View on the D185 tile and the bulk W tile after exp@swith the
AUG divertor manipulator.

The second part of the HHF flux tests for D185 and HP 1850

namely the cyclic loading was performed with 50 pulses & 10. : . )
MWm~2 with a pulse length of 2.5 s, leading to typical surfacethe divertor manipulator. The dull areas on the D185 tilekmar

temperatures in the range 1050 - 1F@). According to rou- the diferent strike line positions and resemble the overloaded

tine infrared measurements in the divertor of AUG most of the?r€2s in the GLADIS tests. Due to tile shadowing by tilting an
discharges stay well below this temperature, making theste t du€ t0 the toroidal geometry in the divertor only parts of the
conditions a relevant approach. During this pulse cyicigs strike line reach Fhe qverloadlng cond!tlons. Despite thei-o
was continuously monitored and no temporal evolution was obCUS Surface modification of the D185 tile no adverea was
served. Further analyses after the cycling revealed naeirf observed in AUG. Together with the fact that the tile was ex-

damage and no cracking, providing enough confidence to te@0Sed o uppermost comners of the operational area of AUG, it
the tiles in AUG. has been concluded that the use of VWHdiheavy alloys could

be an option for the use in the divertor of AUG.

D185 and the W tiles after exposure in AUG still mounted on

4. Exposurein the ASDEX Upgrade Divertor
5. Conclusions and Outlook

After the encouraging results of the HHF test in GLADIS
one D185 tile was mounted in AUG using the divertor manip- Tungsten heavy alloys or tungsten heavy alloys are com-
ulator (DIM 1) [9]. This unigue device allows the exposure pounds with a large fraction of tungsten and admixtures-of ei
of two complete tiles (which could be elaborately instruteein  ther NjFe or NjyCu. In respect to bulk W, these materials are
or even actively heatgcboled) for single experimental days or considerably cheaper due to the facilitated sinteringgssand
for long experimental periods. Before mounting, the maximu they show improved machinability and ductility at room tem-
forces originating from the magnetisation of the tile weaé ¢ perature. The latter could be beneficial when being used in
culated. Since saturation is reached already at very snagl m PFCs because of the thermal cycles due to the pulsed operatio
netic field the resulting (static magnetic) forces are veogler-  and the cyclic loading through ELMs. The low melting point of
ate. The resulting radial force per tile is in the range oksal  the alloying elements Fe, Ni and Cu could strongly resthiet t
tens of N and the vertical force is even lower, being neglégib operational space depending on the materials behaviowrund
compared to the expected electro-magnetic forces durisg dioverload.
ruptions (which are similar for W and W-Nre). The D185 tile  In this contribution the temperature dependent magnéaiisat
was mounted together with a bulk W tile for two periods with and thermal conductivities of the commercially available W
several weeks of plasma operation. In total they were exposeNi/Fe heavy alloys (D185, Plansee and HPM1850, HC Starck)
to 345 plasma discharges with 3 GJ deposited in the outer-divehave been measured. The magnetisation of these materials is
tor. The tiles have experienced the discharges with thedsigh moderate £ 2 Am—2kg™) and saturates already at very low
heating power (26 MW) and the highestinputenergyt00MJ  magnetic field. The thermal conductivity at room tempemtur
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is a factor of two smaller than that of W, but in contrast to W
it rather increases witfi leading to a similar thermal perfor-
mance above 70TC. The materials were tested under high heat
fluxes in GLADIS with power loads of up to 20 MWrhA and
surface temperatures of up to 2200. As expected, a surface
modification is observed when the melting temperature of the
binder phase is exceeded. However in the case of fiWe\the
behaviour under overload is very benign: segregation gFeNi

in the topmost micrometers but the bulk structure seemsonot t
be dfected under the conditions tested here. In contrast, W-
Ni/Cu heavy alloys violently eject Cu when its melting temper-
ature is exceeded leading to macroscopic surface modifitati
and possibly unacceptable impurity injection into the pias

Figure 9: CAD drawing of one sector of the AUG divertor equipeith two

Long term exposure of a D185 tile in AUG under the highestHPM1850 tiles.

possible power and energy injection confirm the rather pesit
results of the GLADIS HHF tests. It was therefore decided to
equip the divertor of AUG with 26 W-NiFe (HPM1850) tiles,
representing more than one fifth of the total divertor (sep Fi
9). The rest of the divertor will be equipped with casteltbaad
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served with the present design. The more ductile W-altiles
will be preferentially mounted at the edges of a sector bseau
there the forces during disruption are expected to be highe
Depending on the performance of the tiles during the upcompy
ing campaign a higher fraction of W heavy alloy tiles may be
installed in the future. A crucial question to be assesséldes
microscopic and macroscopic erosion behaviour. Under nor,
mal operation conditions the influx of Ni and Fe is expected to
be very small because according to their fractional abucelan
only a fraction of the (low) erosion yield of W is expected in [3]
steady state operation. However, after strong overloaalimy

the related segregation of the Ni and Fe, their influx could bey)
temporarily increased. Moreover, repeated excessivdaactr
could lead to the loss of W grains from the surface. Dedicated!
spectroscopic monitoring of the impurity influx and conteiit

be performed in order to assess these issues. If the W heavy &)
loy tiles will allow a stable operation of AUG throughout the
next campaigns, they may be used as a pragmatic and co&tl
effective substitute for bulk W tiles in present day fusion de-g
vices. Specifically, when the temperature is kept below 1300
°C to avoid recrystallisation of tungsten to preserve itgioal  [9]
mechanical properties, the use of Fe and Ni containing Wiheav
alloys will not afect the operation excessively.

Whether W heavy allows can play a role in future fusion reac-
tors (divertor angbr main chamber PFCs) will strongly depend
on the foreseen operation conditions and the behaviour of W
heavy alloys under neutron irradiation. Specifically it kabe
assessed to what extent nickel could be exchanged with &on a
a sintering aid and how the thermo-mechanical propertias ca
be optimized for fusion relevant conditions. Additionalbj-
though it is not an issue in present day devices, the hydrogen
retention and the activation behaviour has to be asses$ee:be
any conclusion on its suitability can be drawn.
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