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for DEMO reactor divertor

M. Richod, F. Gallay, I. Chif, M. Li®, P. Magauyf M. Missirlian', S. Rocell§ E. Viscd, J.H. Yod

'CEA, IRFM, F-13108 Saint-Paul-Lez-Durance, France
CEA, LITEN, F-38000 Grenoble, France
3Max Planck Institute for Plasma Physics, Boltzm&tm 2, 85748 Garching, Germany
*ENEA, Unita Tecnica Fusione, ENEA C. R. Frascaai,B. Fermi 45, 00044 Frascati, ltaly

The divertor is the key in-vessel plasma-facing ponent being in charge of power exhaust and remaivathpurity
particles. In DEMO, divertor target must survive anvironment of high heat fluxes (~Up to 20 MW/méridg
transient) and neutron irradiation. This paper @nesan advanced actively cooled concept aimimgdace the thermal
stress at the bond interface due to distinct difiee in thermal expansion between tungsten and Zuich may
cause a mismatch during thermal cycling. This cphie based on the use of a W/Cu functionally gdadwterial
(FGM) interlayer instead of the copper interlaydiock-up geometrical definition was performed basedavailable
technology to manufacture FGM in a monoblock camfigion, with regard to Eurofusion divertor DEMQOojact
specifications and minimizing as much as possib&rmomechanical stresses during operation. Thelagtr (~25
pm) is made with PVD (Plasma Vapor deposition) anthposed of continuous gradient of W from 100%hat t
interior part of the tile to 0% at the externaltpahile Cu varies from 0% to 100%. Hot isotactiegsure is realized to
assemble the CuCrZr tube to W tile equipped withdgd material. With Infrared (SATIR) and US nondedive
examinations, mock-ups show good interface quaRievancy of low thickness FGM as a bonding sofutietween
armour and structural materials for divertor apgtiien will be checked in a near term future witgthheat flux tests.

Keywords: DEMO, Divertor, Plasma-facing componéntnctional graded material

1. Introduction parameters, because it will determine the thermal
gradient (and relevant thermal stresses) in thenma
facing wall. It will also prominently contribute to
determine the wall heat flux and there-fore thegimato
critical heat flux (CHF). At the strike point theaimum
power density can reach about 20 MW/mz2 during slow
transients. During a quasi-stationary operation the
maximum power density is expected to reach 10-15
MW/mz [1]. In this study, we therefore define a et
cooled monoblock concept in order to sustain exubct
heat loads. For thermo-mechanical analyses, weusd|
design rules [1].

Hydraulic parameters were defined as an input peiam
for concepts developed within WP-DIV project: p=
5MPA, Tin=150°C and V= 16m/s [6]. With regard t@th
CHF, the maximal wall heat flux (WHF) has to be é&w
than wall critical heat flux (WCHF) with a reasoifab
margin (i.e. ~1.4) [7]. Taking into account recent
information [8], for future development and in orde
avoid possible CuCrZr tube erosion, the water vgjoc
has to be preferentially chosen lower than 16m/s.

In this study, tungsten is considered as the armor
material. It is currently considered as the mosbfad
armor material for Plasma Facing Component (PFC) of
The irradiation damage has an impact on the mégeria fusion reactors [9]. This is due to the unique
physical properties and therefore on their suiigtib be characteristics of tungsten, particularly suchedisactory
used especially for structural materials. Actuathjs nature, low sputtering erosion, high strength, saable
parameter seems to constitute one of the mainthermal conductivity and acceptable n-activation.
differences between nowadays ITER divertor, and Although W armor does not constitute a structueat,gt
DEMO divertor requirements [5]. was decided that structural design rules (partibula
Main DEMO design parameters and requirements whichfracture) should be applied for W, as armor failaray
impact the divertor design are listed in [3] [4héfpeak  lead to a structural failure of tube. The heat siterial
incident heat flux is one of the “most significant” has a structural function as well as functions to
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The European fusion Roadmap foresees a ‘near-term
DEMO, a long-pulsed device with technology based on
realistic extrapolation from ITER [1]. The baseline
divertor plasma facing component is based on tHeRIT
divertor design, and is constituted of a tungsten
monoblock as the plasma facing material and a CuCrz
structural pipe [2]. The operational reliability dfe
divertor target relies essentially on the strudtura
integrity of the component, in particular, at mater
interfaces, where thermal stresses tend to be
concentrated and thus cracks are most likely tiatei

In this context, the quality of material joining f
crucial importance and simultaneously a technokdgic
challenge. The use of a functionally graded madteria
(FGM) as interlayer between W and CuCrZr is anapti

to improve bonding quality. This paper presents the
status of the development of such components peer
within the Eurofusion DEMO Divertor project (WP-
DIV).

2. Requirements and assumptions



redistribute the heat flux towards the coolant cleds Moreover more realistic kinematic boundary conditio
and to provide hermetic coolant confinement. The affect this result [13]. For other rules, reseraetérs are
selection of CuCrzr alloy (or Cu-base composites) a higher than 1. Reserve factor concerning the maximu
heatsink material of the PFC is owing to its thdrma temperature in W, is higher for FGM concept than fo
conductivity and mechanical properties required dor ITER-like concept being due to the lower thickneesn
structural application such as strength and dutctait heat loaded surface up to the external diametahef
envisaged operation temperatures. The desired toppera tube. In a future study, we will compare the FEMIan
temperature range for the tube (150 °C and 350 °C)experimental results in order to take into accdu@iV
allows one to avoid irradiation embrittlement awéy material in a more realistic way in modeling.
temperatures and softening due to irradiation craep

higher temperatures [5]. J Thermalhest fs (3004}

In present ITER divertor concept, CUOFHC is used as /

compliant layer between W and CuCrZr. However, in Lv
order to reduce the risk of debonding due to diffiee of x
thermal expansion between W and CuOFHC, we decidec
to propose a FGM between W and CuCrZr. As a
consequence the compliant CUOFHC interlayer has bee
removed. In order to analyse the effect of FGM loa t
bonding quality and thermal heat exhaust capability Figure 1: Tile geometry and condition for thermal
decided to use a process which generates low FGMFEM

thickness (~25 um). As a consequence, with this

CuCrZr:
®int = 12 mm

®out= 14 mm
Convection

configuration, the FGM does not constitute a coamgli | MEAP rules Design limit | Reserve | Reserve
material so that effect of separated functions ki t | and minimum | for reserve factor for | factor
interlayer (Bonding and compliance between W and reserve factors | factor ITER-like | for
CuCrZr) may be analyzed. Due to its flexibility,eth | [11] calculation : | concept | FGM

chosen technic to manufacture FGM is PVD (Plasma [11] concept

Vapor Deposition). (1) Ratchetting | 451MPa 0.95 0.68

(3Sm)

3 EEM (2) fatigue 6000 cycles 2.27 2.04
’ (3) Pipe max 350°C 1.04 1.35

3.1 Design optimization temp

We present the calculations performed in order aen | (4) Wall peak 44.AMW.m" | 2.88 3.1

an assessment of the definition of the « monoblockP€atflux 5

geometry » integrating a FGM as an interlayer. The (5) Armor max | 1800°C 2.07 2.2
properties data for W and CuCrZr materials are riakel €MP

from [9]. The CuCrZr pipe and the tungsten are Table1: ITER-likeand FGM PFCsMEAP results.

modelled as elastic, and the CuCrZr is consideoeblet
in its ideal “Solution Annealed and Aged Condition 32 pamage behavior
(Treatment B). The monoblock is constructed from

tungsten armour block and CuCrZr pipe. Considetileg ~ Based on previous studies [14, 15], plastic deftiona
low interlayer thickness (~ 25 um), the FGM is not accumulation and tensile stress concentration raage

stresses at the interface between W and CuCrzrbwill these major failure features of the mock-up for FGM
higher than expected with FGM. Applied hydraulic concept during fabrication process and under HHF
conditions are: 5SMPa, T=150°C, v= 16 m/s and atagis  10ading by means of FEM simulation. In particular,
tape of 0.8 mm TR=2 as in ITER divertor component prom_inent_ failure types su_ch as brittle fractured an
[10]. Monoblock Elastic Analysis Procedure (MEAB) i Plastic fatigue (low cycle fatigue) shall be moeelll In
used [11] to provide reserve factors with regard to the calculation of this WOI’k,. the FGM mterlaygr_nst
specified rules. modelled due to the small thickness (~ 25 um) jngjch
Using MEAP stresses as mechanical criterions to beConservative estimation. _
minimized, the optimum geometry was obtained and is For the definition of possible brittle fracture\&f armor,
presented in Figure 1. Reserve factor are presentdd W€ identify the most critical site for cracking and
compared with the ITER-like design in Table 1.dhde estimate J-integral for an assumed initial crack e.g.
seen that stress intensity in CuCrzr for cyclicdsa 0-5> mm) at the critical site. In the case of pdesfifastic
(progressive deformation or ratcheting) exceeds thefatigue failure, we assess the maximum amplitude of
allowable limit. FEM were indeed performed in thegn ~ €quivalent plastic strain over a HHF load cycle and
conservative case for which no compliant layersecu  estimate the low cycle fatigue (LCF) lifetime.
It is noted that the elastic criterion is generaihown to ~ Commercial FEA code ABAQUS was employed. FEM
be conservative and that the implementation of MIFG Model, materials & boundary conditions are preseiie
as an interlayer would increase this reserve fagy.  [16]- The full thermal history of a typical targeiock-up
was considered for modelling which includes faltraa
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(cooled from stress-free temperature to
temperature), stand-by (pre-heated to
temperature uniformly) and HHF load cycles (cyclic
heating and cooling) as illustrated in Figure 2.eTh
reference nodes selected to study LCF of W armdr an
CuCrZr tube are shown in Figure 2. The resultstiaa¢

at 10 MW/m2 W behaves purely elastically. At 20
MW/m?2 the constant value of accumulated equivalent
plastic strain (0.2 %) with respect to the numbér o
cycles indicates that the W block is already etasti
shakedown after the first cycle. The most critiéd for
brittle fracture of W is the middle line along theial
direction at the top surface, and the brittle pgagi®n
for the assumed initial crack will stop at a craekgth

of 1.5 mm based on the J-integral calculation. kastée
shakedown is observed after first cycle at theregiee
node of CuCrZr tube at 10 and 20 MW/mz2. As the LCF
behavior is considered to be dominant by the masti
strain accumulation, no LCF failure in W armor rior
CuCrZr tube is expected during the HHF loading&Gat
or 20 MW/m2.

room

Thermal heat flux

temperature

[ I (T
T1 ]

uniform cooling 1 cycle

Figure 2 : Conditions for FEM calculations: (Left)
Quarter model (mesh, materials, reference node) and
(Right) Schematic illustration of the thermal history
considered for modelling.

4. Fabrication and non-destructive techniques
4.1 Raw materials

Mock-up is composed of 10 tungsten tiles with FGM a
interlayer assembled onto CuCrZr tube. Taking into
account margin with regard to the possible non-
acceptable tiles during the manufacturing proc&ss\W
tles were asked to be delivered. Tungsten tile
dimensions were checked by the manufacturer and non
of the tile was out of specification. Tungsten miate
characteristic is typical of the ITER tungsten grgtl7].

As specified, W tiles are machined from W plate chhi

is supplied in stress relieved condition. Visual,
microstructural and ultrasonic examinations were
performed. Chemical analysis, density, grain sind a

coolant

4.2 FGM materials

The FGM fabrication in DEPHIS company was realized
in order to obtain an adhesive deposit at intepaal of a
tungsten tile in the range of 10 to 40 um, while
mastering the variation of Cu and W concentratiothe
deposit. At the internal side of the coating 10 atff W

is deposited then W concentration is decreased
continuously. From the side where the tile will be
assembled to CuCrZr, the deposit is composed of 100
at% of Cu.

Within a same batch up to 9 tiles may be instal@de

tile is dedicated to the destructive examinationtdtal

117 tungsten tiles were coated within 13 batchesuRs

of characterization (chemical composition, thiclsaad
mechanical adherence) were analyzed in terms of
homogeneity and reproducibility. Characterizatiorese
performed within a same tile at two different piogis
(position 1 and 2 as presented in Figure 3), fridentd

tile within a same batch and also from batch telbat

For each batch, the chemical composition was medsur
using EDX and SDL technics. EDX measurements were
performed on tiles and SDL measurements were
performed on a witness sample with a flat substrate
placed in the chamber during the realization oftthteh.

The chemical composition varies continuously in two
linear steps from 100 % W to 0 % W, while the Cu
concentration increases in the same way (Figure 3).
Within a same tile, from Figure 3, one can note a
maximum thickness variation of 4% between Position
and Position 2. On average, thickness and standard
deviation is higher for position 2 than for positid
(Table 2). This result may be attributed to oriéintss,
with regard to W and Cu targets, of substrate aitjpms

1 and 2 which are different in the PVD chamber. The
thickness uniformity from tile to tile within a s&nbatch

is #5%. Taking into account all batches and the two
positions the mean thickness is 21.5 pm and threlatd
deviation is 4.6 um.

Using SDL, a maximum percentage of ~9.5at% of
Oxygen is measured in the coated interlayer. Atomic
percentages of other species are also measured: C i
lower than 0.15% and H is lower than 0.7%. No igi&o

is detected in deposit.

The mechanical coating adherence on the substrate w
checked with scratch test. This test is performed b
applying a progressive loading almost linearly é&aging
(100 N/min and 10 mm/min). This test was performed
for the W coating on the W substrate and also feMF

coating onto W substrate. After these tests, no

hardness were also measured. Results of thesélelamination of the coatings is obtained showirg i
examinations and measurements meet the requirementd3nd FGM deposits are adherent on the W substrate.

with regard to the specification. Tungsten tilesrave
considered as accepted.

CuCrZr tube characteristics are typical of an ITER
CuCrZR grade [18]. The raw material is a CuCrZr bar
with an outer diameter of 42 mm. The CuCrZr wasea L
Bronze Industriel in the CRM16 TER grade. The raw
material is then machined in order to be assemntol¢ide
coated W tile.

As a global conclusion about the FGM manufacturing,
the fithess of the chemical composition variatidimsn
batch to batch and the oxygen content in the coatill

be analyzed with regard to the thermomechanical
behavior of the component under HHF tests and
correlated to the information obtained after
metallographic examination which will be performed
after HHF tests.
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Figure 3: W and Cu Variation in FGM interlayer for cea
position 1 and position 2 Figure5: Mock-ups#1 to #6
Mean Standard deviation
Position 1 | 20.8 um| 3.3 pm 4.4 Non-destructive examination
Position2 | 22.2pm| 5.6 um A global thermal assessment test with SATIR [19kwa
Table 22 FGM thickness (mean and standard performed. DTref maps are obtained on the external
deviation) measured and visible tungsten surfaces. When [Caresf
) higher than 8°C, a thermal imperfection could ptipa
4.3 Assembly of FGM coated tiles onto CuCrZr tube be present. This thermal imperfection may be atteit

After the realization of the FGM in the interiorrpaf (0 @ degraded thermal characteristic which may @hpa
tile, mock-ups were assembled. Each mock-up is the thermal exhaust capability (heat exchange iwberfit
constituted with 10 tiles which are assembled wigt ~ [20], tungsten orfand CuCrZr thermal conductivities
Isostatic Pressure (HIP) onto the CuCrZr tube. or/and thermal resistance into the monoblock [21]).
A first mock-up was assembled at 550°C at 1200 bars ! hermal mperfec_:non are statistically more likdilyked
during 2h. Using these conditions, the FGM matewias to debonding at interfaces [19]. For this reasberral

assembled to the CuCrZr tube, but W part of the FGM iImperfection are reported in terms of probable eajent
material was not attached onto the tile. As a thermal imperfection at the external surface of rC

consequence, it was decided to increase the tetnpera (Ube (EQI), being quantified with an extensiab) and
during HIP process to 950°C. Moreover, to test the POSition ). Localisations ofA6 and6 are presented in
necessity of the FGM interlayer for the HIP assenatil ~ Figure 6.These dimensions are given using the geame
W to CuCrZr, a dedicated mock-up was manufactured Projection of DTref map onto the surface of theeenl
(Mock-up #00): half of the tile constituting thisook-up ~ CUCrZr tube [22] and a treshold value of 8°C.
was equipped with FGM material and the other haigw EStimation of the EQI are presented Table 3. Whieis
not equipped with FGM material. With this 360°, EQI is only pres_ented withd. To correlate these
configuration, tiles with FGM are bonded to the gub eSults, some ultrasonic tests (UT) were also pewéd
whereas tiles without FGM are not bonded (Figure 4) (Table 3).

We conclude that 950°C is a sufficient temperatore
assemble mock-up and that FGM interlayer is necgssa
to assemble tile and CuCrZr. In total 7 mock-up3 t@#

#6) using W tiles including FGM were assembled
(950°C, 1200 bars during 2h) with FGM as interlayer
picture of mock-ups (#1 to #6) is presented in Fegb.

As CuCrZr is heated up to 950°C, a thermal age&ng h
been applied on the component. In order to estimate
CuCrzZr mechanical strength after the complete

manufacturing process, mechanical characterizatitin ) ) )
have to be performed. Figure 6: Nomenclature of thermal imperfection

(extension (A@) and position (0))

e
T
~J

FGM as interlayer No interlayer
Tile For mock-up #00, EQI is 360° and UT revealed also a
total debonding. These results are consistent with
debonding observed on macrographs (Figure 4). With
e SATIR tests, 94 % of monoblocks (for mockup #0 &) #
-— revealed no thermal imperfection. 1 monoblock
reavealed a small thermal imperfectiond( =10°,

=

o . . 0=35°). This imperfection needs to be further
Figure 4: Interfaces for tiles (Left) with FGM as  jpyestigated to analyse the impact of such impéidec
interlayer and (Right) no interlayer on the thermomechnical behavior under hight heat fl

sollicitation. Furthemore, 3 monoblocks revealecEql
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extension higher than 135°. One can also note @ goo This work has been carried out within the framewofk
corelation and some complementarities between SATIRthe EUROfusion Consortium and has received funding
and UT non-destructive examination methods. Indeed,from the Euratom research and training programme

with UT 2 monoblocks were not possible to be exauhin
due to scratches into the CuCrZr, contrary to SATIR
which is abble to examine all monoblocks. With UT,
monoblock was detected with an important defeédt (
=80°, 6 =90°), which is not detected with SATIR.
Finally one thermal imperfection revealed with SRTI
was not detected at the interface with UT. Further
diagnostic of the tile was performed with UT and
revealed a defecn =173°,0 =65°) into the W itself at

a distance of 0.3 mm after CuCrZr external diameter
advanced investigation of this tile will be perfathin
order to attibute the reason of this thermal impetibn.

To define the absolute impact of defects on thenthé
exhaust capability, HHF tests will be performed and
results will be correlated to these non destructive
examinations.

#Monoblock >
EQI
uT
EQl
uT
EQl
uT
EQl
uT
EQl
uT
EQI
uT
EQI
uT
EQI
uT

Table 3: Resultsof SATIR tests (EQI) and UT in
terms of extension and position

10

Ref.[360°

1360°

360°
360°

360°
360°
Ref

360°
360°

360°
360°
(10°,35%)

00

0

(80°,-107°)

Ref.

1

Ref 360°

360°

(300°,140°)
(270°,145°)

Ref.

# Mock-up

Not possible

Ref.

5 Ref.

(135°,70°) Ref.
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5. Conclusions

To improve bonding quality, a concept using
functionally graded material as interlayer betwadh
armour tile and CuCrZr structural pipe was devetbpe
within Eurofusion divertor DEMO project since 2014.
Geometry of the mock-ups was optimized with regard
thermomechanical stresses. As a common procedur
within this project, modelisation using elastic gses
procedure (MEAP) was used.

An adhesive graded material into the tungstenwides
successfully obtained by PVD (~25 um).

In order to obtain a diffusive bonding between CICr

2014-2018 under grant agreement No 633053. Thesview
and opinions expressed herein do not necessafigcre
those of the European Commission
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