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Abstract

Non destructive examination followed by high helaix ftesting has been performed for
different small and medium-scale mock-ups whicHuded the most recent developments
related to actively cooled W/CFC-armoured plasnt@fp components. In particular, the
heat removal capability of these mock-ups manufadtby European companies with all the
main features of the ITER divertor design was itigesed both after manufacturing and after
thermal cycling up to 20 MW/fn The compliance with ITER requirements was exmldre
terms of bonding quality, heat flux performanced aperational compatibility.

Main results showed an overall good heat removadloiity after the manufacturing process
independent of the armour to heat sink bondingreldyy and promising behaviour with
respect to thermal fatigue lifetime under heat fiyxto 20 MW/ni for the CFC armoured

tiles and 15 MW/rhfor the W armoured tiles, respectively.
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1. Introduction

Some of the most technically challenging componeht$ER are the ones directly facing the

thermonuclear plasma. Within this framework, exiemsR&D programmes have been

performed in Europe to develop suitable technokdoe high performance actively cooled

plasma-facing components (PFCs) for the ITER dorerThese activities focus on the

development and fabrication of relevant plasmanigenaterials and components compatible
with plasma operations and associated plasma wadtaction to consolidate the thermal
fatigue data base.

In this paper, recent results are presented amdishisd for various types of actively cooled
small and medium-scale mock-ups with W/CFC armauirig all the main features of the

ITER divertor design. In particular, the heat removapability after manufacturing and the
damage evaluation after thermal fatigue up to 20/mM¥are assessed by an active infrared
thermography method. The performance of repairingthods, whose objectives are to
maximize the acceptance rate of the divertor higat Hlux components and to reduce the

fabrication costs during the series productionT&R, are also investigated.

2. Main features of the tested components

A total of sixteersmall-scalecomponents (so-called CFC or W components acopitdirihe
armoured material, se&ig.1a) and threemedium-scaleVertical Target Prototypical
components (so-called VTP components, $&g. 1b) were manufactured by Ansaldo
Ricerche (four CFC components, four W componentd ane VTP component) and
Plansee SE (four CFC components, four W componandstwo VTP components). The
bonding technologies are different for both mantufisers: based on Pre-Brazed Casting

(PBCY) (resp. Cu castingand Hot Radial Pressing (HRPfor CFC ¢esp. W armoured
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components of Ansaldo Ricercf and on Active Metal Casting (AM( (resp. Cu casting
and Hot Isostatic Pressing (HIP) for CR€gp. W armoured components of Plansee[3E

All PFCs include all the main features of ITER diee Vertical Targets design and are made
of monoblock tiles having a width of 28 mm and awahklength of about 20 mm (resp.
12 mm) for CFC tiles (resp. for W tiles). With aabheight ranging between 25 and 30 mm,
these PFCs have an armour thickness of 6-7 mmedice the joint interface stress, a pure
Cu interlayer (0.5-1 mm thick) was provided betwdle®m armour and the cooling tube. The
cooling tube (12/15 mm inner/outer diameter) is enafl CuCrZr. A twisted tape, 0.8 mm
thick, with a twist ratio of 2, was inserted intoetcooling tube as turbulence promoter to
enhance heat transfer and to increase the ciitezt flux margin.

For each manufacturer, two CFC (resp. two W) coreptsincluded one repaired monoblock
tile. For the VTP components, Ansaldo Ricerche usitprovided with two repaired
monoblocks in both the CFC and W parts and the Rlemsee SE units are each provided
with one repaired monoblock, one in the CFC pad,dther one in the W part. The repairing
process[3] on a component requires the execution of a setomdling step between the
armour and the heat sink structure during the netufing phase, in addition to the one

performed initially.

3. Experimental Campaign

3.1. Testing sequence and procedure

The qualification of actively cooled componentslinies several tests. The HHF fatigue
testing is the leading part of the qualificatiomid testing enables to check the robustness of
the PFC in thermal conditions as close as possibleose foreseen during plasma exposure,
to evaluate the limit of design and to draw infotim@ on the components thermal fatigue

lifetime. In addition, the HHF fatigue testing isepeded and then followed by a dedicated
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non destructive examination. Based on a visualroband an active infrared thermography
inspection, the non destructive examination enafdesheck the manufacturing quality prior
to thermal fatigue testing (pre-examination) andassess the damage evolution (post-

examination) which is helpful for a better undemstiag of the thermal behaviour.

3.2. Toolsfor testing

3.2.1. Non Destructive Examination

Since the Tore Supra’s first generation of activedpled PFCs, a dedicated facility named
SATIR (French acronym for Infra Red Acquisition aDdta Processing device) is running in
Cadarache (France) and has proved to be veryesftion terms of defect detection for CFC
armoured componenfd]. Recently, the SATIR facility has also been ussztessfully for W
armoured actively cooled components in the framastoflies dedicated to ITER prototype
component$5]. This integrated method appeared hence to beamidor qualifying potential
imperfections in terms of heat removal capabilityGFC or W armoured actively cooled
components.

a. Principle of SATIR

SATIR techniqug6] is based on the detection of a time delay of tmtases temperature
evolution measured by infrared thermography durmgfast decreasing of the water
temperature flowing in the cooling tube. An impetfen at one of the joints or into a material
may create a thermal resistance so that the detagases during the transient thermal regime.
This delay is measured by comparison with the tlaébahaviour of a “defect-free” reference
component. The maximum value of this delay in teohsemperature —called DTref_max
(°C)- is calculated for each pixel on the infranedges. The emissivity variations in surface
are corrected by a processing based on a pixel al@ation algorithm during the hot

thermalization (hot water flow at ~100°C into th@olbing tube) for steady state conditions at



13th PFMC Topic : High Heat Flux components development

the beginning of test. This technique was appliedhoee sides (the plasma faced and lateral
sides) of each monoblock of each CFC/W armouredpom@nt.

b. Quality criteria

The SATIR quality criterion is based on previousules[7] related to a comprehensive study
to define acceptance criteria for the divertor PR@h regards to thermomechanical fatigue.
This study confirmed that the most critical partadPFC is the armour to heat sink joint and
proved that the dimension of defect extension atititerfaces of bonding was a relevant
criterion. It was finally stated that the maximumrceptable defect extension, whatever the
location, is 45° for the monoblock geometry. Théterabased on finite element calculations,
the extrapolation to the components consideretiigmstudy leads to a “faulty tile” threshold
in terms of DTRef_max on SATIR of 9°C (resp. 12°fd) CFC (resp. W) monoblock
component, the “detectability” threshold of the SRTacility being 5°C.

3.2.2. Thermal Fatigue Testing

Fatigue testing campaign was performed in the higgt flux AREVA FE200 electron beam
facility at Le Creusot in Frand@&]. The monitoring of the shots was provided by mezfres
CCD camera, two optical pyrometers, a pyro-refleter and an infrared camera. The
absorbed heat flux is obtained by global calorignefitom the measurement of two
thermocouples installed at the inlet and at thelebudf the tested components. The
experimental campaign was devoted to several stefasigue cycle tests (sdable 1).

The thermal cycle was 10s power on (provided bgteda beam sweeping at 14 kHz), then
10s dwell time. Initial, intermediate and final senings (thermal mapping) were performed
at 5 MW/m2 between the cycling phases. The hydrazdnditions were set at nominal ITER
conditions, namely at a pressure of 33 bar, art telaperature of 120°C and a water velocity

inside the tube of 12 m/s.
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4. Experimental results and discussion
4.1. Qualification after manufacturing for consolidated and repaired technologies

4.1.1. CFC armoured monoblock tiles

SATIR pre-examination on CFC armoured monoblodastilevealed globally a good bonding
quality after the manufacturing phase with regartested components whatever the bonding
technology. Only two monoblock tiles showed a tharimehaviour exceeding slightly the
"faulty tile" threshold for VTP component with HRP process (1@Wnpared to 9°C of
threshold value, seBig. 2a). Thereafter, initial screening (thermal mappirgsaw/nv)
performed before HHF fatigue testing in the FE28€Iity showed a good thermal behaviour
for each monoblock of each componéhig. 2b) and confirmed the good quality of CFC
components after manufacturing.

Based on DTref cartography obtained from SATIR roeawments(Fig. 3), a finite element
simulation of SATIR test was performed on the twest(namely, #4 and #5) indicating a
poor thermal response, to assess the size of deobanufacturing defects. The simulations
showed that this low heat transfer could be dudefects localized at the armour/heat sink
interface enough far from the front side (typicallg~30°, AB~50°C for #4 and,~60°,
AB~60°C for #5). Previous studi¢g] for similar manufacturing defects (namely, located
from the loaded surface with a circular extensiohexceeding 60°), did not show evidence
of critical failure for heat fluxes close to 20 MV/. However, these defects can sometimes
favour slight erosion at surface due to sublimapbenomenon which is induced by higher
temperatures (typically, exceeding 2000°C at 20 i)/

4.1.2. W armoured monoblock tiles

SATIR pre-examination on W armoured monoblock titesealed also an overall good
bonding quality after the manufacturing phase wéipard to tested components whatever the

bonding technology. Only one monoblock tile showadtiermal response close to theulty
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tile" threshold(Fig. 4a). Finally, additional investigation proved that t8ATIR signal was
locally disturbed (namely, close to the outlet arew a reflexion phenomenon due to the
surrounding water manifolds which induced an irdtaartefact.

In the same way, the initial screening (thermal piag at 5 MW/n) performed before HHF
fatigue testing in the FE200 facility showed a gdlmermal behaviour for each monoblock of
each componeniFig. 4b) and confirmed the good quality of W componentseraft

manufacturing phase.

4.2. Damage evaluation after thermal fatiguetesting

Main experimental HHF results were recently repb[®& 10] and pointed out that all tested
components includingnot-repaired’ and ‘repaired’ monoblocks endured correctly the
cycling at 10 MW/m without any visible damage. This first step ofrthel cycling did not
show hot spots or evolution of surface temperataing, confirmed the promising behaviour
already observed in the past. While no water leakagurred during the thermal fatigue tests
above 10 MW/, visual surface damage was observed during aed e thermal cycling
at higher heat fluxes (sekable 1). Thereafter, the post-examination (visual contant
infrared thermography inspection by SATIR) showddac evidence of heat transfer
degradation for the CFC monoblock tile which appdasignificantly eroded in surface
(Fig. 5) and for the W monoblock tiles which exhibited atah or complete surface melting
after the HHF fatigue testingrig. 6).

Correlated with visual control, the SATIR outcomead to factual observations and
comments reported hereinafter.

4.2.1. CFC armoured monoblock tiles

- No significant thermal degradation in terms o&th#ux removal capabilities has been

measured by SATIR post-testing after a thermaliogaup to 1000 cycles) at 20 MW/m
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This promising result is observed whatever the bantechnology for thénot-repaired’
and'repaired’ monoblock tiles related to components armoureth WFC-NB41 grade
(i.e. medium-scaleVTP components by Ansaldo and Plansee, amall-scale CFC
components manufactured by Plansee). However, bieaotiles with a poor thermal
response detected during the SATIR pre-examinafgee 84.1.1) pointed out an
abnormal temperature evolution during the last sfegycling at 20 MW/r(typically, an
increase of surface temperature of about 30% betwe beginning and the end of the
cycling was measured by IR thermography for this).tiThis thermal behaviour is
confirmed by the final thermal mapping at 5 M\W/ras well as the SATIR post-
examination. Associated to finite element simulatithe SATIR measurement by IR
thermography exhibits a low propagation of initinufacturing defect which could lead
to progressive heat transfer degradation and disostight erosion by sublimation
observed at the loaded surface.

- Large surface alteration (erosion phenomenorgbserved by visual control of loaded
surface after a thermal cycling at 20 MW/far one’repaired’ monoblock tile related to
components armoured with CFC-NB31 grade (isgnall-scale CFC components
manufactured by Ansaldo with a repairing procesetdan HRP technology, sE&. 7).
Thereafter, SATIR post-examination showed a sigaift thermal degradation in terms of
heat removal capability as a result of a debondihdhe armour/heat sink interface
mainly localized on one half part of thepaired’ tile. This result is fully in agreement
with the high surface temperature evolution meaburg IR thermography during the
final thermal mapping at 5 MW/with an increase in temperature exceeding 10085 (i.
an average surface temperature close to 1000°€ tmimpared with an average surface

temperature of about 450°C for an healthy monobléamkthe ‘repaired’ monoblock tile
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which is largely altered in surface (i.e. erodedsoplimation) after thermal cycling at
20 MW/nf.

4.2.2. W armoured monoblock tiles

- No significant thermal degradation in terms of hiat capabilities is noticed after 1000
cycles at 15 MW/fy but longitudinal primary millimeter-length crack&ig. 8/®)
oriented perpendicularly to the loaded surfacepaserved on somaot repaired’tiles.

- Progressive spread of the previous primary crasksiaticed on a majority ofnot
repaired’ monoblock tiles after a few hundreds of cycle2@MW/n?. In addition, a
dense network of secondary micro-cracksg(8/®@) is observed after a few tens of
cycles at 20 MW/rhinducing an overall alteration of the surface gloaspect).

- Presence of molten W dropletfig. 8/®) at the surface of altered monoblocks by
secondary micro-cracks is noticed after severaldreds of cycles (typically more than
500 cycles) at 20 MW/f However, despite this structural damage, no Bagmit
increase of surface temperature was observed duhagthermal cycling (e.g. the
maximum increase of surface temperature which bas Imeasured by IR thermography
between the beginning and the end of cycling didexzseed 20%, excepted for a few
monoblocks having exhibited a complete meltingiasussed later on).

SATIR post-testing performed after thermal fatigesting up to 20 MW/fmshows that the

W armour material embrittlement leading to cracknfation at the surface and located

surface melting (molten W droplets), does not imga heat removal capability between the

surface and the coolant (séeg.6). In agreement with the final thermal mapping at

5 MW/m?, the post-testing results confirm that the highfae temperature leading to the

located surface melting cannot be explained neltlyea global deterioration of heat transfer

between the surface and the coolant nor by theggatpmn of defects at the W/Cu interface.

Therefore, it appears that the surface melting rde=tt here above mainly depends on
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structural changes in the material rather than lom manufacturing technique. Those
interpretations are preliminary conclusions whidl haave to be confirmed in a near future
by the metallographic examination of the monoblocks

In addition, a complete melting (with a collapseaomour material) was noticed during the
cycling at 20 MW/M on two ‘not-repaired’ monoblocks (i.e. less than 3% of tested
monoblocks with W armour) after hundreds of cydeamely, after 450 and 520 cycles,
respectively)10], as well as on twaepaired’ monoblocks (among the six Wepaired’ tiles

in total, distributed out on six components) ai@rand 250 cycles, respectivg¢B}. However,
the thermal cycling pursued as planned in thertggtian without occurrence of a water leak
despite a very significant degradation in term$edit flux capability noticed by SATIR post-
testing (sed-ig. 6). Complete melting events were only observed focdhponents and VTP
components with a manufacturing process based da tdBhnology. The SATIR post-testing
results suggest that this complete melting is gsbbeaused by the propagation of a defect at

the W/Cu interface combined with a creep defornmatibthe pure copper interlayer.

5. Summary and Conclusion

Tests have been performed for different mock-upduding most recent developments
related to actively cooled W/CFC-armoured plasnt@ta components. In particular, the
heat removal capability of these mock-ups manufadtby European companies with all the
main features of the ITER divertor design was itigased after manufacturing and after
thermal cycling up to 20 MW/

Main results showed an overall good bonding quatitierms of heat transfer capability after
the manufacturing process whatever the armour &b $iek bonding technology. Thereatfter,

all the tested components endured correctly thertialecycling (1000 cycles) at 10 MW/m

10
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without any degradation of the heat removal capgbdf the component. Beyond, the

following factual observations were noticed:

* CFC-NB41 armoured tiles (including the repaired ones) showed a promisielgalviour
with respect to thermal fatigue lifetime under hiéat up to 20 MW/, despite a possible
erosion phenomenon in surface which is correlatéd @ slight thermal degradation in
terms of heat capacity.

« W armoured tiles (including the repaired ones) showed a promisiegabiour with
respect to thermal fatigue lifetime (up to 1000leg} under heat flux at 15 MW/despite
a start of structural damage after several hundoédycles. In addition, power handling
capability seems to be well preserved with no $icgmt increase of surface temperature
during the thermal cycling, confirmed later withethSATIR thermography post-
examination. Beyond, and after a limited number mfcles at 20 MW/M the
recrystallization of W armour is still considereafavourable for high temperature
structural integrity and cyclic thermal fatiguedaran lead after a limited number of cycles
at 20 MW/nf to local surface melting (droplets formation)tse toaded surface.

These results confirm that both manufacturing tetigies are pre-qualified for the

manufacturing of full scale CFC/W armoured compdsenn addition, the recent

consolidated technologies and the repairing prodes®loped by European industries are
validated up to 1000 cycles at 20 MW/fnesp. 10 MW/r3) for components armoured with

CFC-NB41 grade(resp. pure W grade)which is beyond the current design target

gualification required for the ITER divertor.

While a mixed-CFC/W divertor is considered to béahle for the ‘exploratory’ stage of

operation in H and He, the deployment of an alggian divertor in ITER foreseen for the

following deuterium-tritium (D-T) phase still needslditional R&D. The outcome of this

study underlines the concerns regarding prolonged af W above recrystallization

11
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temperatures (high temperature usage) and belowTDBhus, the compatibility with

subsequent plasma operations of surface damageshfljh roughening, brittle destruction
and melting) occurring under strike-point load dtinds in ITER will have to be

investigated. Dedicated experiments in machineb WIER relevant W-armoured PFCs will
be of interest (e.g. metallic environment with aely cooled components). In particular, to
explore the long pulse high heat flux expositiothwepetitive high heat flux cycling as well
as the effects of combined transient heat loads éhort pulse loads to simulate ELMs-like

transient loads, thermal fatigue in steady-statalitimns and neutron irradiation).
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Table Captions

T*able 1: Summary of Heat Loads on each small/medium smaigonent
( 1000 cycles for the “not-repaired” components ariEycles for the “repaired” ones)

14
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Figure Captions

Figure 1. ‘Small-scale’ components (a) antMedium-scale’ Vertical Target Prototypical
components (b)

Figure 2. SATIR pre-examination (a) and FE200 Initial Scrieg (b) for each CFC
monoblock of each component

Figure 3: SATIR pre-examination results for CFC part of V@&@mponent manufactured by
Ansaldo
(low heat transfer detected on monoblock tiles #d &5)

Figure 4: SATIR pre-examination (a) and FE200 Initial Sciieg (b) for each W monoblock
of each component

Figure 5: SATIR post-testing: Comparison of DTrefmax befaed after HHF thermal
fatigue testing forCFC components manufactured by Ansald@eft) and by Plansee SE

(right)

Figure 6: SATIR post-testing: Comparison of DTrefmax befaed after HHF thermal
fatigue testing fokWV components manufactured by Ansaldéeft) and by Plansee SEght)

Figure 7: Surface view after 1000cycles x 20MW/ion the CFC component manufactured
by Ansaldo
(large erosion of the ‘repaired’ tile damaged undleermal fatigue)

Figure 8 Surface view after thermal fatigue at 10 MV¥/ifa), then 20 MW/ (b) on W
components
(@ Longitudinal primary cracks network of secondary micro-crack®, molten W droplets)

15
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SMALL-SCALE

MEDIUM-SCALE

W Components || CFC Components W Part CFC Part

Thermal Mapping YES YES YES YES

10 MW/m? 1000 cycles 1000 cycles 1000 cycles
Thermal Mapping YES

15 MW/m? 1000 cycles
Thermal Mapping YES YES YES

20 MW/m? 1000 / 500* cycles 1000 cycles 300 cycles 1000 cycles
Thermal Mapping YES YES YES YES

. Table 1: Summary of Heat Loads on each small/medium szaigponent
( 1000 cycles for the “not-repaired” components ariTycles for the “repaired” ones)

16
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CFC armour W armour

Arlgalne

Figure 1: ‘Small-scale’components (a) ar¥ledium-scale’Vertical Target Prototypical
components (b)

17
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. ‘small scale’ Components / HRP technology (Ansaldo) |:| ‘small scale’ Components [ HIP technology (Plansee)
A ‘medium scale’ Companents / HRP technology (Ansaldo) /\ ‘medium scale’ Components / HIP technology (Flanses)
a. SATIR pre-examination b. FE200 initial screening
CFC & VTP Components (Front Side) CFC & VTP (CFC part) components
(SATIR pre-testing examination) (Initial Thermal mepping at 5 MW/m?)
12 T 700
10 - R T— g g‘;
Y- " g oo
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s detectability” Threshold (SATIR)

: "faulty tile" Threshold

s

: Repaired tile

Figure 2: SATIR pre-examination (a) and FE200 Initial Scrieg (b) for each CFC
monoblock of each component
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Pre-SATIR : IR Image (DTref cartography) for “ﬂ’;
‘medium-scale’ VTP component {HRP technology) N
NN
left | (¥) | right
DTref (°C) :

=

Front side

Left side

M6 M7 ME

M1 M2 M3 M4 M5

|
repairedtile

Figure 3: SATIR pre-examination results for CFC part of V@&mponent manufactured by Ansaldo
(low heat transfer detected on monoblock tiles #d #5)
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. ‘small scale’ Components / HRP technology (Ansaldo |:| ‘small scale’ Components / HIP technology (Plansee
p qy P! gy
A ‘medium scale’ Components / HRP technology (Ansaldo) A ‘medium scale’ Components / HIP technology (Planseg)
a. SATIR pre-examination b. FE200 initial screening
W & VTP Components (Front Side) W & VTP (W part) components
[SATIR pre-testing examination), parasitic reflexion (Thermal mapping at 5 MW/m?)
800
12 = n e 5 T
10 s
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8 & = 700
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---------- : "detectability” Threshold (SATIR)

: "faulty tile" Threshold

: Repaired tile

Figure 4: SATIR pre-examination (a) and FE200 Initial Scrieg (b) for each W monoblock
of each component
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W small scale’ Components / HRP technology (Ansaldo)
A ‘medium scale’ Components / HRP technology (Ansaldo)

[0 ‘sman scale’ Components / HIP technelogy (Plansee)

/A ‘medium scale’Compenents / HIP technology (Planses)

HRP Technology

CFC & VTP Compenents (Front Side)

Large erosion ’ v
(SATIR posl-lesling examinafion)

50 AN

X

&

g

light erosion

DTrefmax (°C)
8
s |

o

_.
o

- -
aE

{ B |
mm
-

2 3 4 5 6 % 8 9 16
Monoblock Number

1"

DTrefmax (°C)

]
o

Y
t=3

&
(=]

)
(=]

-
(=]

HIP Technology
CFC & VTP Components (Front Side)

(SATIR post-testing examination)

A a6 & 4 & 4 A p & f
2 3 4 5 6 7 8 9 10 11
Monoblock Number

Figure5: SATIR post-testing: Comparison of DTrefmax befarel after HHF thermal fatigue
testing forCFC components manufactured by Ansaldgeft) and by Plansee SEght)
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M smali scaie’ Components / HRP technology (Ansaldo)

[ ‘small scale’ Gomponents / HIP technology (Flansee)
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Figure 6: SATIR post-testing: Comparison of DTrefmax befarel after HHF thermal
fatigue testing fokW components manufactured by Ansaldéeft) and by Plansee SEght)
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—— AFTER 1000 cycles at 20 MW/m2 —
Large erosion on repaired’tile

Figure 7: Surface view after 1000cycles x 20MW/on the CFC component manufactured by Ansaldo
(large erosion of the ‘repaired’ tile damaged undleermal fatigue)
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CCD PICTURE CCD PICTURE -reoereesresegussssese Binocular Pictures .

Transversal View

a. b.

Surface Area ‘after’ Surface Area ‘after’
« 1000 cycles, 10 MW/m2 » « 1000 cycles, 20 MW/m2 »

Cracks (primary)

Surface View

(No visual damage)

(Visual damage)

@ Cracks (primary)
@ Micro-cracks (secondary)
® Molten (droplets) ._

Figure 8: Surface view after thermal fatigue at 10 M\W¥/@), then 20 MW/rh(b) on W components
(@ Longitudinal primary cracks@ network of secondary micro-crack® molten W droplets)
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