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Divertor components for ITER and even beyond will be subjected to cyclic steady state heat loads with a duration
of several minutes to hours, repeatedly occurring slow transients during reattachment or ramp-up and down, as
well as heat loads during ELMs applying a combination of low cycle fatigue and creep as well as high cycle
fatigue via thermal shock loads. While for the qualification of components the duration of the fatigue cycles up to
now has been kept small, i.e., close to the required time to reach thermal saturation which is 10 s for typical
divertor components, creep in these components has not yet been assessed.

In this study divertor tungsten monoblock mock-up manufactured via hot radial pressing in the ITER-like
geometry consisting of 4 monoblocks and quality checked via ultrasonic testing are exposed to high heat flux
loads in the electron beam facility JUDITH 2 using a high temperature cooling circuit with controlled water
chemistry. Thereby, cyclic loads up to 1000 cycles with a duration of 10 to 600 s and a power density of 20 MW/
m? were applied, representing strike point loading conditions in DEMO during strike point sweeping scenarios.
Each of the tungsten monoblocks is loaded individually providing the possibility to study different scenarios on
one single mock-up. The aim is to assess the performance and degradation of performance due to the applied
loads, which is supported by characterization via metallography, profilometry, SEM and hardness testing after

the high heat flux tests.

1. Introduction

Slow transient induced thermal fatigue loads up to 20 MW/m? with a
duration of 10 s on tungsten divertor components are investigated for a
long time [1-5] as potential hazard for ITER and qualification proced-
ures for these components comprise high heat flux testing applying up to
1000 cycles. In a follow up, the same procedures were adopted for the
qualification of DEMO divertor components [6] with loads even up to
25 MW/m? for 10 s and even higher loads for short cycle durations < 1 s
to simulate conditions during off-normal transient events (e.g. plasma
reattachment with strike point sweeping) [7]. Thereby, multiple
mechanisms for material modification and damage formation were
observed including interface delamination, tungsten surface roughening
and deformation of the tungsten monoblock [1-5,7]. This can be, due to
transient state of the loading achieving steady state like conditions only
during the last 1-2 s of the 10 s loading, attributed to fatigue loading
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However, for DEMO these transient loading conditions can reach
durations in the range of some tens of seconds during the mentioned
plasma reattachment in order to allow the ramp-down of the plasma
current without control losses [8]. This adds to the before mentioned
thermal fatigue potentially also an element of creep, in particular at the
high occurring temperatures in the individual parts of the component, i.
e. the tungsten plasma facing material, the pure Cu interlayer and the
CuCrZr cooling tube.

In order to determine, if creep may need to be taken into account
superimposed on the existing and known thermal fatigue effects, in this
work high heat flux tests with significantly increased cycle duration
exceeding the operationally expected duration were performed. In
addition, this long-term loading may also provide some insights on the
combination of steady state and transient heat loads occurring e.g.
during high frequency mitigated edge localized modes (ELMs). This is
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done by taking benefit of the nature of the electron beam with a
comparably small beam diameter, which deposits the energy by scan-
ning the surface and thereby locally applies very short thermal shock
loads.

2. Test facilities and parameter

The high heat flux tests were performed using the electron beam
facility JUDITH 2 [9]. The facility with a maximum power of 200 kW
and an acceleration voltage of 40-60 kV provides an electron beam with
a Gaussian shape, which is scanned across the surface by means of a
digital scanning mode. The minimum duration of each loaded spot in the
loading pattern is 5 us and the beam diameter (at full width half
maximum) varies depending on several parameters and in particular on
the applied power between 3 and 15 mm. The facility is furthermore
equipped with a cooling circuit operating at temperatures from room
temperature (RT) to 130 °C, a pressure < 4 MPa and a flow rate < 2001/
min.

The investigated ITER-like monoblock mock-up (see Fig. 1) was
produced by ENEA using hot radial pressing (HRP) at a temperature of
580 °C for 2 h. Thereby, a solution annealed, cold-worked and aged
(SAcwA) CuCrZr cooling tube with an inner diameter of 12 mm and an
outer diameter of 15 mm was joined to a chain consisting of 4 pure
tungsten (AT&M. ITER grade tungsten) monoblocks of 23 x 28 x 12 mm
each. The tungsten blocks contained an inner borehole of 17 mm
diameter and a 1 mm thick pure Cu layer at the inside of this borehole
applied via hot isostatic pressing (HIP). The tungsten thickness above
the cooling tube was 8 mm and the set distance between the monoblocks
was 0.5 mm.

The testing protocol is given in Table 1: Testing protocol Table 1 and
the cyclic loading scheme including the total loading time for each
particular monoblock is given in Fig. 1. Thereby, the loading scheme
with 10 s beam “On” represents is the reference conditions actually used
for the qualification of ITER divertor components. While for ITER
divertor components the typical investigated cycle numbers are 300 and
1000, due to limited availability of the facility and keeping the pulse
durations as set, the lower cycle number for this study was adjusted to
200 arriving at maximum loading time of 33.3 h. The actually used
cooling conditions were a flow rate of 97 1/min resulting in a flow

MB 123
#2 #3 #4

MB 121 MB 118

#200
On 300s
Off 10s
=16.7h

#200
On 600s
Off 10s
=33.3h

#1000
On 120s
Off 10s
=33.3h

Fig. 1. Monoblock-component before the first screening (top); testing param-
eters for the individual monoblocks incl. time during beam “On”.
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Table 1
Testing protocol.

Step  Description

1 Screening of complete chain @ 10 MW/m? and 20 MW/m?

2 Reduction of loaded area to one monoblock, covering others with beam
dumps

3 Start screening @ 20 MW/m?

4 Performing 200 cycles with 10, 300 or 600 s “On”, 10 s “Off” or
1000 cycles with 120 s “On”, 10 s “Off”

5 Final screening @ 20 MW/m?

6 Screening of the complete chain @ 10 MW/m?

velocity of 16 m/s in the mock-up, a coolant temperature of 120 °C and a
pressure of 2.6 MPa. The measurement and surveillance of the absorbed
heat flux was performed using water calorimetry by determining the
increase of the coolant temperature via thermo-couples installed in the
coolant loop before and behind the mock-up. Furthermore, the surface
temperature is monitored via an infra-red (IR) camera, a two-color py-
rometer and a fast one-color pyrometer.

The aim of the tests is the determination, if at the given high thermal
loads at the upper operational limit and significantly above the steady
state loading conditions for divertor components in ITER and DEMO a
potentially life-time limiting interaction of thermal fatigue and creep
can be determined affecting the CuCrZr cooling tube and the tungsten/
Cu interface. In addition, due to the nature of the electron beam loading,
very short (about a factor 100 below the length of an edge localized
mode — ELM) thermal shock pulses are applied on the surface at a fre-
quency of 780 Hz. During these pulses, depending on the beam pa-
rameters, heat flux factors [10] calculated by P.t1/2 with power density P
and duration t up to the range of mitigated ELMs can be achieved that
may, for recrystallized tungsten, lead to high cycle fatigue induced
surface damage. This may provide an additional insight on the perfor-
mance of tungsten and in particular the tungsten surface in the strike
point area of the divertor.

Component qualification before and after testing is done first by
ultrasonic testing (UT) to determine the integrity of the component and
the interface quality. In a second step, light microscopy, scanning elec-
tron microscopy (SEM) imaging and laser profilometry of the tungsten
surface was performed to qualify and quantify the material modifica-
tion. Finally, metallographic investigations also taking the findings from
ultrasonic testing into account were aiming to determine the recrystal-
lization in tungsten and potentially occurring bulk and interface damage
not detected by surface inspection and non-destructive methods. Sub-
sequent hardness tests in particular in the region of the cooling tube
should quantify the effect of microstructural modifications in the higher
temperature region close to the individual interfaces.

3. High heat flux testing and damage qualification
3.1. Infra-red monitoring and ultrasonic testing

The shown IR-images during the initial and the final screening of all
4 monoblocks at 10 MW,/m? (see Fig. 2) indicate first, that there is a
certain variation in the thermal performance of the individual mono-
blocks. Assuming an almost homogeneous surface emissivity with only
minor differences related to the manufacturing induced surface finish
(cf. Fig. 1), the best performance in cooling capacity before thermal
cycling is provided by block #4 showing the lowest average surface
temperature. However, the standard deviation of the surface tempera-
ture among these 4 blocks at 10 MW/m? amounts only to ~ 2.5 % and in
addition, the outer blocks are characterized by slightly higher radiation
losses due to the additional open surface.

After thermal loading and taking into account that there have been
no differences in the cool-down behavior found, as indicated in Fig. 3,
the reason for the increase of the measured surface temperature for all 4
monoblocks and in particular blocks #2-4 (see Fig. 2, bottom) should be
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Fig. 2. IR-images during the 10 MW/m? screening before (top) and after
(bottom) high heat flux testing.
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Fig. 3. Cool down performance determined via one-color fast pyrometer after
first and last cycle at 20 MW/m? normalized on the maximum surface tem-
perature of each individual monoblock.

related to an increase in surface emissivity. This is confirmed by the
optical appearance of the mock-up as shown in Fig. 4 indicating the
formation of surface structures and a related change in surface rough-
ness that will be investigated and quantified in section 3.2. During
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Fig. 4. Monoblock-component after testing showing surface modifications and
some “barreling” for #4.

testing, the emissivity setting for the IR-camera was adjusted to the
temperature measurement of the two-color pyrometer. While at the
beginning the emissivity varied between ~ 0.37-0.42 for the individual
blocks, during testing this increased for block #2, #3 and #4 to ~ 0.62.

In addition to the surface modification, only for block #4 and
therefore directly related to the higher applied number of cycles, also a
change of the monoblock shape has taken place. This is a known effect
also shown in [7] and typically identified as “barreling”, i.e., a widening
of the block in the center along the cooling tube direction, causing a
closure of the gap between the blocks #3 and #4. This result gives a first
indication, that the applied number of cycles, i.e. thermal fatigue, has a
stronger effect on the component and related materials than the loading
time and related creep effects, at least for the applied maximum loading
duration of 33.3 h.

For further qualification of the mock-up, UT after high heat flux
loading has been performed and compared to investigations performed
after manufacturing (see Fig. 5). While after manufacturing there were
no defects found in the bulk materials as well as the interface between
tungsten and the casted pure Cu interlayer, some defects were present at
the CuCrZr/Cu-interface. While for block #1 two smaller voids were
found in the area directly below the plasma facing surface (180° at the y-
axis in Fig. 5) and close to the outer edge, for block #4 a larger area also
situated at the outer edge of the block is affected. The damage extends
from the center directly below the plasma facing surface almost in a full
half circle down to the backside with a maximum damage at about an
angle of 45° from the center.

After high heat flux loading changes, similar to after manufacturing,
occurring damages are limited to the CuCrZr/Cu-interface. The main
affected areas are at the edges between the different monoblocks and
there in particular between blocks #1 and #2 as well as between blocks
#3 and #4. Furthermore, the existing damage at the outer edge of block
#4 increases, e.g. by motion of the crack front by ~ 1 mm towards block
#3 at the angle of maximum damage. Under these boundary conditions
and despite the fact that the damage is not directly below the loaded
surface, the before mentioned best performance of block #4 from the
beginning is still a surprising result requiring further analyses.

3.2. Surface investigations

In Fig. 6 the surface area and the related surface roughness is pro-
vided showing a significant increase of the average surface roughness by
a factor of up to ~ 12 with increasing loading time at constant cycle
number. At the outer edges of blocks #2 and #3, exhibiting the furthest
distance to the cooling tube and accordingly the highest surface tem-
perature, the local surface roughness has been found to be even higher
by a factor of ~ 2.

The results for 200 cycles show a fast increase in damage from 10 to
300 s cycle duration, which slows down when further increasing to 600 s
cycle duration but not yet reaching a saturation value. This damage may
be a combination of low cycle fatigue (LCF) as shown in [7], creep as
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Fig. 5. Ultrasonic testing before (top) and after (bottom) high heat flux testing
showing the HRP-interface between Cu and CuCrZr; indicated are
manufacturing defects (top) and high heat flux induced defects (bottom).
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Fig. 6. Light microscopy surface images of the individual monoblocks
including average surface roughness R, and maximum surface roughness R, max
at the edges for #2 and #3.

well as thermal shock induced high cycle fatigue (HCF). The boundary
condition for the latter were that during electron beam loading with an
applied power of ~ 80 kW and a beam diameter of ~ 8 mm, 1.56 x 10°
(block #1) to 93.6 x 10° (blocks #3 and #4) thermal shock pulses were
applied and the measured local temperature increase was 30-50 °C
measured by the fast one-color pyrometer with a time resolution of 10
ps. Calculating for a temperature rise of 50 °C the absorbed power
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density using formula (3) from [11] with power density P, duration t,
thermal conductivity A, density p and heat capacity c:

AT = 2P(——)'/? €}

t
Wpc)
and using material data for an assumed surface temperature of 2000 °C
during thermal cycling at 20 MW/m? (» = 96 W/m.K, cp=182.8J/kg, p
= 19.22 g/cm®) this amounts to ~ 364 MW,/m?. This further translates
into a heat flux factor FHF = ~0.81 MW/m?*s'/2, which is well below
the minimum value of ~ 3 MW/m?*s'/2 that was yet used for dedicated
ELM simulations in JUDITH 2 and which was found to be above the
damage threshold for recrystallized tungsten. Assuming further that the
electron beam is characterized by a perfect Gaussian shape so that 76 %
of the energy are deposited within the FWHM and furthermore taking
the electron absorption coefficient of tungsten of 0.55 into account, the
electron beam diameter during loading would have needed to be about
10.5-11 mm in diameter. That would have been significantly larger than
the initially determined value which would have resulted in an FHF =
1.49 MW/m?*s/2,

In any case, without having explicit experimental data for these
loading conditions, this is highly likely to be sufficient to result in sur-
face damage like roughening and micro-crack formation, which is
confirmed by the cracking pattern of individual grains and the loss of
particles shown for block #1 in Fig. 7. HCF is most likely also the main
reason for the increase in surface damage and, in particular, the fine
damage structures by increasing the loading time. However, the further
roughness increase on block #4 (1000 cycles) by another factor of ~ 2
compared to block #3 (200 cycles) is clearly related to the steady state
cycles and accordingly low cycle fatigue (LCF), both experiencing the
same total loading time and number of thermal shock induced loads.
This effect and its extension was unexpected, in particular when looking
at the found fine microstructural features shown for block #4 in Fig. 7.

3.2. Metallographic investigations

Metallographic cross sections of each monoblock perpendicular to
the cooling tube show in Fig. 8 the recrystallization depth in tungsten in
the center of the block. Similar to the evolution of surface roughness and
as expected from tungsten recrystallization kinetics [12], there is a
significant increase in recrystallization depth due to the increase of
loading time from block #1 to block #2 including the onset of secondary
recrystallization at the top surface forming huge tungsten grains in the
mm-range. The further increase of loading time for block #3 leads to a
further but comparably marginal increase in recrystallization depth.
However, block #3 contains a macro-crack extending almost through
the full thickness of the tungsten block down to the W/Cu-interface,
which was not visible from the top surface and due to the direction of
the crack not or hardly visible by UT done typically from inside the
cooling tube. The formation of the macro-crack is remarkable as this
damage mode is not typical/seldom for this kind of tungsten material
and normally only seen in past experiments for larger geometries with
28 mm wide tungsten blocks as used for the ITER divertor.

For block #4, in contrast to block #3 experiencing the same loading
time, a significantly reduced recrystallization depth and also lower
amount of secondary recrystallization was found. This might be on the
one hand related to a better cooling efficiency, which were shown
already by the initial thermal screening results at 10 MW/m?2. On the
other hand, the formation of the observed surface structures might play
a role as the loading of these structures showing a reduced thermal
transfer via the electron beam would result in surface overheating and a
related lower heat penetration depth into the bulk material. However,
the latter explanation does not correspond to the determined lower
temperature of block #4 during final screening at 10 MW/m? (see Fig. 2.

Looking at the W/Cu-interface via UT a small defect was found in
block #3 in the center, i.e. directly below the thermally loaded surface
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Fig. 8. Metallographic cross-sections from the plasma facing surface to the cooling tube with indicated recrystallization depth.

and confirmed by metallographic inspection (see Fig. 9). The formation
mechanism of this small defect with a shape that would hint more to a
casting void after manufacturing than a high heat load induced defect is
yet still unclear. However, while the defect seems to be a few mm long,
the lateral extension of the defect is very small (~100 pm) and is

therefore not expected to have influenced the performance of the
component.

Finally, in Cu as well as CuCrZr microstructural modifications in
terms of grain growth and grain formation were observed towards the
higher temperature region in both materials. Investigating the hardness
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Fig. 9. Ultrasonic testing results at the W/Cu-interface and related metallographic cross section at the defect location.

of Cu and CuCrZr in the area directly below the loaded surface shows
that for Cu the hardness is the same for blocks #1 to #3 and is lower for
block #4 (see Fig. 10). As the only common difference between those
blocks is the number of applied cycles, the reason might be an increased
accumulated plastic compressive strain under loading and consequently
higher residual tensile stresses in Cu. For CuCrZr the situation is more
complex as the hardness at the outer monoblocks seem to vary from
those of the inner blocks already after manufacturing, i.e. for the outer
ones a hardness > 100 HVO0.5 and for the inner < 90 HVO0.5. There is an
indication that a higher loading time reduces the hardness, but without
having the data directly after manufacturing, no conclusion can be
drawn yet despite that this effect needs to be taken into account in the
evaluation of future test results in case of potential differences between
inner and outer tiles.

4. Summary and conclusions

The investigation of a tungsten monoblock mock-up was performed
using on the one hand high heat flux testing with constant cycle number
and increasing cycle duration and on the other hand an increase in cycle
number with constant maximum loading time. This aims at the deter-
mination if in addition to thermal fatigue also creep effects have to be
taken into account for the lifetime evaluation. The resulting modifica-
tions of the component were analyzed by non-destructive and destruc-
tive means leading to the following conclusions:

e No performance degradation of the component was found due to the
combined creep/fatigue loading although an onset of interface
degradation at the HRP-interface (Cu to CuCrZr) was found to occur
close to the gaps between different blocks extending along the
cooling tube direction.

Extensive surface roughening was found to be most probably a
combination of high (ELM-like) and low (steady state) cycle fatigue
as it could be expected for the strike point region of the divertor.
Increased loading duration at constant cycle numbers increases the
recrystallization depth for all investigated blocks except for block
#4, which might be related to a better cooling efficiency connected
to larger thermal radiation losses or, less likely, the formation of the
observed surface structures showing a reduced thermal transfer and
therefore a lower heat penetration depth and requires further
investigation.

e The formation mechanism of the small defect found only after testing
by UT and metallography at the W/Cu-interface in block #3 with a
shape normally observed after manufacturing is yet still unclear.
However, this kind of defect is not expected to jeopardize the per-
formance of the component.

Macro-crack formation was detected once, which is not typical for
the small block geometry with 23 mm width. If this is a recurrent
problem would require better statistics and accordingly a larger
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Fig. 10. Hardness testing in Cu and CuCrZr for all monoblocks after high heat
flux testing.

sample number. However, the crack did not show any obvious in-
fluence on the performance of the mock-up.

In conclusion, based on the actual results thermal fatigue is the
dominating damage mechanism. The influence of creep on surface
degradation could not yet completely excluded but for the stability of
the CuCrZr/Cu cooling structure and the integrity of the various in-
terfaces it has no substantial effect, at least for the given maximum
loading time applied here.
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