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Abstract

Tungsten and tungsten-based alloys are the leading material choices for the divertor plasma
facing components (PFCs) in future fusion reactors. Recrystallization may occur when they
undergo high heat loads, drastically modifying the predesigned grain structures and the
associated desired mechanical properties. However, the influence of recrystallization on the
thermal fatigue behavior of tungsten PFCs still remains unclear. In this study, ITER-grade
tungsten was simultaneously exposed to a high-flux hydrogen plasma (~5 x 10** m—2 s~ ')
and high-cycle (10*~10°) transient heat loads in the linear plasma device Magnum-PSI. By
correlating the surface temperature distribution, obtained by analyzing temperature-,
wavelength-, and surface-dependent emissivity, and the surface modifications of the plasma
exposed specimens, the crack initiation heat flux factor threshold was found to be

~2 MW m~2 s% (equivalently, ~0.07 MJ m~2 for a 1 ms pulse). Based on electron
backscatter diffraction analyses of cross-sections near the crack initiation sites, faster
recrystallization kinetics near the surface compared to literature was observed and the surface
cracks preferentially initiated at high angle grains boundaries (HAGBs). Upon
recrystallization, the yield strength decreases which entails increasing cyclic plastic strains.
The HAGBsS fraction is increased, which constrains the transfer of plastic strains at grain
boundaries. The recrystallization decreases the dislocation density, which promotes
heterogeneous deformation. All these mechanisms explain the reduced crack initiation
threshold of recrystallized tungsten compared to its as-received counterpart. The results
provide new insights into the structural failure mechanisms in tungsten PFCs exposed to
extreme fusion plasmas.
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1. Introduction

The power handling capability of tungsten plasma fac-
ing components (PFCs) constrains the operating space of
future nuclear fusion reactors. It is thus imperative to iden-
tify tungsten’s power handling limits under divertor-relevant
plasma conditions, where the steady-state and transient heat
loads constitute two primary structural damage driving forces.
The maximum tolerable steady-state heat flux is often men-
tioned to be 10 MW m~2 [1-3].% It has been recently demon-
strated that the ITER monoblock (MB) technology, in this case
a PFC mockup provided by the ‘Fusion for Energy’, can with-
stand high-flux steady-state deuterium plasmas in Magnum-
PSI with an accumulated fluence comparable to one year of
ITER fusion power operation’ without structural failure [4].
The peak heat flux of the plasma beam (Gaussian distribu-
tion) was ~24.6 MW m~2, corresponding to an equivalent
uniform heat flux of ~13 MW m~2 which would produce
the same surface temperature (~1850 K) in ITER. Among
the observed microstructural modifications, recrystallization
is an important one, extending ~2 mm into the bulk mate-
rial. Coincidentally, a numerical study using the ITER MB
geometry [5], suggests that deep cracking would occur in the
MB once a depth of about 2 mm of tungsten underwent full
recrystallization under a ‘300 cycles at 20 MW m~2’ ther-
mal loading condition (motivated by the observation of self-
castellation in some MBs in footnote 6). To limit the recrystal-
lized surface layer to 2 mm, during the required operational
lifetime of the divertor, and assuming the recrystallization
kinetics of deformed tungsten from [6], the stationary power
handling capability of the MB may be extended to ~16 +
2.5 MW m~? as a guideline for ITER operation [7]. Here,
the role played by recrystallization in determining the steady-
state power handling capability of tungsten MBs is important.
Recrystallization has also been shown to have an important
influence on the severity of transient heating damage, which
is an undesirable consequence of plasma instabilities such as
type-I edge localized modes (ELMs) [8, 9]. The transient heat-
ing creates surface cracks, which can grow deeper into the
bulk under steady-state heat loads inducing tensile stresses
[10]. It therefore poses a serious threat to the component’s
structural integrity of the ITER divertor, thereby motivating

6 The qualification program consisted of 5000 cycles at 10 MW m~2 and 300
cycles at 20 MW m~2 stationary heat loads (typically 10 s on and 10 s off).
It was found that self-castellation (macroscopic cracks along the coolant axis
and perpendicular to loaded surface) never appeared after the 5000 cycles at
10 MW m~2 loading but appeared in some cases during 20 MW m~? loading
(31.

7 The test did not cycle the heat flux like that in footnote 6.

extensive ongoing studies [11-16]. Until now, the fatigue
crack initiation heat flux factor threshold for the transients was
identified to be ~6 MW m~2 s%3 for double forged tungsten
with the elongated grains oriented parallel to the heat-loaded
surface. This value was obtained using an electron beam facil-
ity at a base surface temperature of 973 K and a pulse number
of 103 [17]. Intriguingly, when fully recrystallized tungsten
(after 1873 K for 1 h) was tested under the same loading con-
dition, the crack initiation heat flux factor threshold dropped to
~3 MW m~2 5% [18]. The tungsten PFCs may face simultane-
ous steady-state and transient particle/heat loadings in ITER if
full ELM suppression is not achieved, entering a surface tem-
perature regime triggering recrystallization. Hence, the crack
initiation behavior of tungsten with an evolving microstruc-
ture induced by recrystallization, remains to be investigated in
greater depth.

Accompanied by drastic changes in microstructure and
mechanical properties in most metals and metallic alloys,
recrystallization surely affects the fracture behavior of tung-
sten. Through three-point bending tests of recrystallized tung-
sten, a reduced ductility (described by the strain-to-failure)
was registered, which was attributed to the diminished fraction
of low angle grain boundaries (LAGBs) and a reduced density
of edge dislocations [19]. However, in some studies, improved
ductility after recrystallization has been observed, e.g. in ten-
sile tests of pure tungsten [20, 21]. Moreover, in the case of
cyclic thermal loading, the yield stress instead of the ductil-
ity is a more relevant measure to assess the susceptibility to
crack initiation. As suggested by the Manson—Coffin relation-
ship [22, 23], which formulates the fatigue life of an unnotched
specimen under uniaxial tension/compression plastic strain-
ing as a function of the plastic strain amplitude, a lower yield
strength (after recrystallization) would result in a higher plastic
strain per cycle and consequently a reduced fatigue life. This
relationship was adopted in the numerical work in reference
[5] and later in reference [24] to conclude that the recrys-
tallization depth in a tungsten MB is the prime factor that
influences macro-cracking. A simultaneous steady-state and
transient heat load, however, presents a more complex load-
ing condition than those considered in previous related studies,
which may affect the validity of the assumed mechanisms. A
detailed microstructural survey to reveal the role of recrystal-
lization in crack initiation under such combined loading condi-
tions remains a mandatory task, considering the contradicting
experimental observations and empirical assumptions used in
numerical studies.

The recrystallization kinetics of tungsten can be more com-
plicated under divertor plasma conditions than under con-
ventional heat treatments. Helium plasma exposure has been
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reported to retard the recrystallization of tungsten [25, 26]
compared to literature [6, 27, 28]. Moreover, it is known that
plastic strain also constitutes a driving force for grain bound-
ary migration [29, 30]. Experimentally, abnormal grain growth
has been reported for molybdenum during high-temperature
tensile tests [31], for copper subjected to cyclic heat treat-
ments [32], and for tungsten exposed to 5000 thermal cycles
at 10 MW m~2 and 1000 thermal cycles at 20 MW m~2 [33].
Whether the recrystallization kinetics of tungsten is acceler-
ated or retarded when exposed to simultaneous steady-state
and transient particle/heat loadings, remains to be clarified.

This study aims to explore the coupled problems out-
lined above. The following approach was thereby adopted.
First, a combined steady-state/transient loading was applied
in the Magnum-PSI linear plasma device where the steady-
state high-flux hydrogen plasma maintained the tungsten tar-
gets close to their recrystallization temperature (~1550 K),
while the repetitive transient heating by a high-power laser
with up to 10° pulses induced surface cracks. Thereafter,
by mapping the surface modifications and the in situ mon-
itored temperature fields, the crack initiation threshold was
identified. The effects of recrystallization were studied based
on detailed microstructural analyses of cross-sections in
the neighborhood of the crack initiation sites. The main
innovative outcomes of this study are: (a) unique ITER-
relevant particle and heat loading of tungsten using the lin-
ear plasma device Magnum-PSI; (b) numerical-experimental
thermal analyses combining in sifu infra-red thermography
measurements (accounting for temperature-, wavelength-, and
surface-dependent emissivity), with finite element modeling;
(c) systematic post-mortem microstructural characterizations,
containing detailed electron backscatter diffraction (EBSD)
mapping, macro-indentation and scanning electron micro-
scope (SEM) fracture analyses.

The paper is structured as follows. In section 2, the exper-
imental procedure including plasma exposure and in situ and
post-mortem diagnostics is detailed. Section 3 maps the sam-
ple surface modifications after plasma exposure to their tem-
perature fields to determine the crack initiation threshold. In
section 4, the crystallographic orientation data obtained on
meticulously prepared cross-sections near the crack initiation
sites are analyzed, allowing to rationalize the observed results
on recrystallization-mediated fatigue crack initiation.

2. Experimental methodology

2.1. Plasma exposure

Polycrystalline samples (20 x 20 x 3 mm?®) were cut from
a forged pure tungsten rod fabricated by Plansee®. The sam-
ples were prepared with a standard metallographic procedure
(described in [10]) and then exposed in the linear plasma gen-
erator Magnum-PSI [34], which is sketched in figure 1(a).
Typical top-view (i.e. plasma-facing) and cross-section view
scanning electron micrographs of the samples before plasma
exposure are illustrated in figures 1(b) and (c), respectively.
The longitudinal direction of the grains, see figure 1(c), is ori-
ented perpendicular to the heat-loaded surface plane, which

is consistent with the ITER specifications (hereafter referred
to as ITER-grade). The samples were clamped to a water-
cooled copper holder with one GRAFOIL® thermal contact
layer in between using a titanium-zirconium-molybdenum
alloy clamping ring.

The steady-state hydrogen plasma was generated by a cas-
caded arc source using a direct current of 160 A and an H, gas
flow of ~8.0 Pa-m® s~!, delivered to the targets by applying
a constant axial magnetic field of 1.2 T, see reference [34] for
details. The plasma beam had a Gaussian profile with a full-
width half-maximum (FWHM) of ~10 mm. The samples were
electrically isolated during plasma exposure. Transient heat-
ing was applied using a 1064 nm Nd:YAG laser (LASAG FLS
352-302) with a pulse duration of 1 ms and a 10 Hz repetition
rate. The laser has a Gaussian spatial profile (FWHM ~4 mm)
and a nearly square wave temporal profile. With an angle of
incidence of ~51°, the projected laser spot on the target is
elliptical, with an area of ~6.4 x 4 mm?.

2.2. In situ diagnostics

The electron temperature (7.) and density (n.) of the hydro-
gen plasma were measured by TS ~30 mm in front of the
target [35]. For the hydrogen plasma in Magnum-PSI, col-
lective TS measurements revealed that the ion temperature is
close to the electron temperature [36]. This conclusion was
used to calculate the steady-state heat flux using the Bohm
sheath theory [10]. Likewise, the ion impact energy to the
surface on the center of the plasma beam was calculated to
be ~10eV.

Two methods were used to monitor the surface tempera-
ture of the targets during plasma exposure. Targeting the laser
spot center, a multi-wavelength pyrometer (FAR Associates®
FMPI) recorded the surface temperature in the spectral range
of 1.1-1.7 pm without prior knowledge of the emissivity of
tungsten. In [11], it is demonstrated that an adequate accu-
racy is achieved by the pyrometer regardless of the strong
hydrogen absorption and emission lines. The 2D surface tem-
perature profile was monitored by a fast-framing infra-red
camera (IR-cam) (FLIR® SC7500MB) in the wavelength
range of 3.97-4.01 um and at a frequency of ~5 kHz.
The spatial resolution at the specimen surface was approx-
imately 300 pm. It was verified that no hydrogen emission
line was present in the spectral range of the IR-cam; the
measured intensity therefore reflected the temperature of the
target [11].

Table 1 summarizes the experimental conditions. The
plasma parameters refer to the beam center, whereas the base
surface temperature T, and peak AT indicate the values
measured at the laser spot center with a pyrometer and an IR-
cam. Ty results from the steady-state hydrogen plasma. Note
that the laser spot center was typically spaced 1-2 mm off
the plasma beam center during the experiments, which was
accounted for throughout all the analyses. For the specimen’s
nomenclature: IG refers to ITER-grade and RX refers to
recrystallization. Their initial microstructures are shown in
figures 1(b) and (¢) and 11(d), respectively. The uncer-
tainty in ion flux and steady-state heat flux comes from the
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Figure 1. Schematic overview of the experimental setup. (@) The steady-state hydrogen plasma is generated by a cascaded arc source (left),
directed to a water-cooled tungsten target by a strong axial magnetic field. The transient heating is applied by an Nd: YAG laser, with an
incident angle of ~51°. The electron temperature and density of the plasma are measured by Thomson scattering (TS) ~30 mm in front of
the target. The surface temperature of the sample is monitored by a pyrometer, which is directed towards the laser spot center, and a
fast-framing IR-cam, registering the 2D surface temperature field. Representative (b) top-view and (c) cross-sectional view micrographs of

the samples.

Table 1. Loading conditions in this study. The ion flux and steady-state heat flux are calculated from the
Bohm sheath theory using the measured TS data. The base surface temperature 7,5 is measured by a
pyrometer at the laser spot center. The peak temperature excursion (AT) induced by a laser is recorded by
an IR-cam, here tabulated only at the beginning of the exposure. Its time evolution is displayed in figure 7.

Peak ion Peak steady-state heat
Specimen flux (x10* m~2s ) flux (MW m~2) Thase (K) Peak AT (K) Pulses (#)
IG#1 1571 £ 11 1 x 10*
1G#2 1583 + 12 3 x 10*
IG#3 475+ 0.3 1647 £ 1 1573 + 11 ~70 +£3 6 x 10*
1G#4 1552 £ 10
10°

igfs 3.794+0.2 13.01 +0.8 1005 + 5 195 +3

instrumental uncertainty of the TS system. The uncertainty in
Thase Originates from the finite spot size of the pyrometer and
the uncertainty in AT is one standard deviation from averaging
20 pulses.

2.3. Post-mortem characterization

The surface morphology was analyzed using a (SEM, Tescan
Mira3® and Phenom Pharos®). To facilitate the analyses, an
array of surface indents, spaced by 100 pm, were placed using
a micro indentation instrument (CSM®) as markers across the
laser spot boundary on each specimen after plasma exposure.
After characterizing the surface morphologies near the indents,
cross-sections adjacent to the indents of sample IG#2, IG#3,
and IG#4 were metallographically prepared for further inves-
tigation. To this end, each sample was first cut by a diamond
blade ~1-2 mm close to the intended cross-section plane.
Then the extra material was removed by grinding with finer

and finer sandpapers. When the desired cross-section plane
was approached within 100 pm, intermittent manual grind-
ing steps and SEM analyses were applied to reach the desired
plane with a few micrometers accuracy. Finally, the cross-
section surface was polished with a 3 ym diamond suspension
and finalized with electro-polishing [10]. By comparing the
surface cracks near the indents before and after cross-section
preparation, it was confirmed that no artifacts were introduced
by the cross-section preparation.

To identify the crystallographic texture and grain maps,
EBSD analyses were performed on the cross-section planes
using a Tescan Mira3® SEM equipped with an EDAX
DigiView2® EBSD camera. The acceleration voltage was 20
kV and the scanning step size was 0.2 um. The MTEX tool-
box [37] was used to post-process the EBSD data. EBSD
datapoints with a so-called ‘confidence index’ below 0.1 were
discarded and no cleaning and smoothing was performed on
the EBSD data. Boundaries with misorientations above 2°
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Figure 2. Surface morphologies of the exposed samples. The four images on the left are stitched optical microscopy images whereas on the
right stitched secondary electron images are shown. (a)—(d) are sample IG#1, IG#2, IG#3, and IG#4, respectively, with their transient
heating cycles (V) indicated. The blue boxes highlight the cracks that are farthest away from the laser spot, which are shown in larger detail

in figure 3. These cracks just passed the threshold to initiate them.

Figure 3. Magnified micrographs of the highlighted cracks in
figures 2(b)—(d), respectively.
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Figure 4. Temperature evolution of sample IG#4. The starting 10 s
recording is not shown for clarity. T'as results from the steady-state
hydrogen plasma, as indicated in the inset. A zoom of one single
heat pulse at two pixels near 35 s is shown in the inset.

were marked as grain boundaries [38] during the grain recon-
struction analysis. Additionally, following the convention in
reference [39], boundaries with misorientations between 2°
and 15° were defined as LAGBs, whereas those with a mis-
orientation >15° were marked as high angle grain boundaries
(HAGBES).

Temperature [K]

X [mm]

Figure 5. (a) Surface optical image of sample 1G#4. (b) The
corresponding peak temperature distribution. The white arrow in (a)
marks the crack that was initiated just above the initiation threshold.
The black dotted line denotes the indentation array. The oval in (a)
is translated to (b), showing a good agreement with a single
temperature contour line.

3. Results

3.1. Surface modifications

Figure 2 shows the stitched SEM micrographs of the exposed
specimens along with overview optical microscopy images on
the left and the corresponding transient heating cycle (N) at
the top-right corner. A clear dark spot induced by the laser is
visible in the optical images (left, not in real color), except in
sample IG#1. When zooming in, sample IG#1 does not show
any surface cracks, but the other samples developed crack net-
works radially outward. In order to assess crack initiation, we
focus on the last cracks that appeared which are located at the
furthest end from the laser spot, as highlighted with a blue
square box in figure 2, and later magnified in figure 3. These
cracks just passed the threshold to initiate them. In figure 3
some isolated cracks are slightly farther than those highlighted
in the blue boxes. Because such cracks are invisible on the
cross-section planes for further analysis, they are not con-
sidered as crack initiation sites. This nuance is not expected
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Figure 6. The long-term surface temperature evolution of sample IG#4 (~2.8 h). (a) Pyrometer temperature signal with the red line
indicating the base surface temperature of the target at the laser spot center. (b) The measured digital counts at the crack initiation site by the
IR-cam of every 5000 pulses. (¢) The converted temperature after applying emissivity corrections in the left y-axis of (d); the right y-axis of
(d) displays the automatically determined emissivity by the pyrometer at a different wavelength.
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Figure 7. AT evolution of specimen IG#2, IG#3, and 1G#4,
respectively.

to influence the conclusions of this study. Note that because
the analyzed surface paths (indentation arrays) do not share
the same positions relative to the respective laser spot, the
positions of the blue boxes should not be overinterpreted. By
image correlation of the surface modifications and temperature
fields, an accurate temperature history at the blue boxes will be
deduced in the next section.

3.2. Thermal analysis

3.2.1. Surface temperature mapping. The 2D surface tem-
perature distribution of the target was derived from the mea-
sured infrared radiation, as detailed in appendix A. Figure 4
shows the surface temperature evolution of specimen 1G#4
at the beginning of the plasma exposure. At time ~26 s,
the laser was triggered, inducing a transient heating AT,
of ~80 K (magnified in the inset). Combined with the
surface morphology images in figure 2, the local temper-
ature evolution in an area of interest can be monitored.
Here, the temperature evolution at the cracks initiated just

above their threshold (figure 3(c), the specimen with 10°
pulses) is reported, through the image mapping illustrated in
figure 5.

3.2.2. Transient temperature (AT) evolution. The long-term
surface temperature evolution of sample IG#4 is summarized
in figure 6. The temperature spikes in the pyrometer signal
shown in figures 4 and 6(a) were always observed when the
laser was firing during the experiments. The reason is that
the pyrometer occasionally captured a portion of the tempera-
ture excursion, giving rise to a range of temperature spikes.
However, the bottom points, as indicated by the red line,
reflected the real base surface temperature of the target. This
was assured by the fact that the pyrometer reading quickly
recovered to the red line level after terminating the laser fir-
ing. Furthermore, the plasma source /-V characteristics and
plasma parameters were continuously monitored during the
experiments, precluding any plasma oscillations that could
induce such unphysical temperature spikes. Therefore, sta-
ble base surface temperatures could be confirmed during the
experiments. On the other hand, the IR-cam sampled every
5000 pulses (i.e. 500 s) to trace AT. Figure 6(b) displays
the raw data (after subtracting the background) in terms of
intensity (counts). Clearly, both the base and peak intensity
gradually increase with pulse numbers. Since the base surface
temperature was stable, the increasing base surface intensity
therefore reflects the increasing emissivity of the target due
to progressive surface roughening (figure 2). To correct for
this, in figure 6(c), the emissivity is constantly adjusted such
that the resulting base surface temperature matches that mea-
sured by the pyrometer. The corresponding emissivity adjust-
ment Ac (see the definition of Ae in appendix A) is plotted in
figure 6(d). To justify this procedure, the emissivity automat-
ically determined by the pyrometer, but at a different wave-
length, is shown in the right y-axis of figure 6(d). The similar



Nucl. Fusion 61 (2021) 046018 Y.Lietal
1680 4 T r x 1700 [K]—> || =
(a) A = N=50 e
1660 & N=10,000 1 A
4":'% * N=30,000 -
& e "
L " N=50,000 || ¥
1640 1?, % N=70,000 1. HTe03
& ° N=100,000 e
3 18201 a ¥ - - FEM calculation|] - ¥
o) ) ] 1. 29605003
5 e ; X
® 1195 [K] ——s B - z
g
e 1.50—8
c el c =
= 2 _14f T |
28 o o---0----- ©
2513} o )
] o aaiah T - R |
> 121 P i —
29 . g O
g %140 =
i ’ 2
16 L . L i o !
0 2 4 6 8 10
Time [ms] Pulse [#] x10*

Figure 8. FEM analyses of specimen IG#4. (a) The magnified transient temperature profiles at the indicated pulse numbers and the
optimized FEM simulations. (») The 3D FEM model, mesh and peak temperature distribution at N = 50. The shift between the laser spot
and the plasma beam center is visible in the asymmetry. (¢) The energy absorption and thermal conductivity evolution.

10 - X As-received, ref.18
@ As-received, ref. 17
0
* Recrystallized, ref. 18
8 - .
& O This study
=1
(]
«N
£ 6- * w
=
=
oy
=
w
(5 2 e =
HE = T
2 b e e e e e e e e "Cé """"" A
u} SNell
Thase = 1570 £ 12K Thase = 1520 + 10K
0 T T
10000 100000

Pulse [#]

Figure 9. Crack initiation heat flux factor Fyp threshold of pure
tungsten exposed to ELM-like transient heating. The referred results
have a different base surface temperature (973 K) and material
grades. See the discussion in the text.

emissivity evolution trend gives confidence in the reliability of
the above exercise. Thereafter, the peak surface temperature
in figure 6(c), and consequently the AT evolution in figure 7
were obtained. The same analyses were repeated for sample
IG#2 and IG#3. Note that AT is approximately doubled at
large pulse numbers for the specimens in figure 7. However,
for specimens ‘IG#5” and ‘RX’ in table 1, the increase of AT
is less than 15 K.

3.2.3. Finite element analyses. The increase of AT in
figure 7 could be caused by: (i) increased laser power absorp-
tion (ii) decreased thermal conductivity of the target, or (iii)
a combination of (i) and (ii). FEM simulations are performed
next to disentangle these two effects.

A 3D thermal FEM model was constructed to simu-
late the measured temperature profiles in figure 8(a) using

Figure 10. Cross-section micrographs near the cracks which were
likely initiated just above the Fyr threshold. (@) An intermediate
preparation step of sample IG#2. A cross-section plane of the
highlighted blue box in the inset is displayed in (). Similarly, (c)
and (d) refer to the blue box of sample IG#3 and IG#4 in figure 3,
respectively.

MSC.Marc/Mentat®. The FEM model, figure 8(b), con-
sists of ~17500 eight-node cubic finite elements. The
temperature-dependent thermal conductivity and heat capac-
ity of tungsten were taken from [40, 41], respectively. As for
boundary conditions, first, a steady-state Gaussian heat flux
profile (10 mm FWHM) was applied on the top surface.
The bottom nodes were prescribed with a uniform tem-
perature such that the simulated top surface temperature
matched the pyrometer measurement. After reaching thermal
equilibrium, a transient Gaussian heat flux profile of 1 ms
duration, mimicking the laser pulses, was applied to the top
surface of the target. Its location and spatial distribution were
obtained from the IR-cam. As noticeable in the asymme-
try in figure 8(b), the shift between the laser spot and the
plasma beam center was taken into account in the FEM
simulation.
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Figure 11. Out-of-plane inverse pole figure of the cross-section of
(a) 1IG#2, (b) IG#3, (c) IG#4, (d) recrystallized at 2000 K for 2 h,
and (e) as-received state, respectively. SEM micrographs of the edge
areas scanned in (a)—(c) are, respectively, shown in

figures 10(b)—(d). The reason for the severe warping of the EBSD
maps in (a)—(c) is explained in appendix B. The surface crack is
specified by a black arrow and the HAGBs are outlined with black
lines. The color key indicates the projected normal of the surface
(analyzed by EBSD) in the crystal lattice reference frame.

The magnitude of the laser heat flux and the thermal con-
ductivity of tungsten were manually adjusted to obtain an opti-
mal match of the temperature profiles in figure 8(a). First,
for the initial pulses (N = 50), an ideal thermal conductiv-
ity was assumed and the initial laser heat flux gy was deter-
mined by matching the simulated and measured temperature
profiles. Thereafter, gy was up-scaled using the coefficients
in the left y-axis of figure 8(c). This scaling accounts for
the increasing laser energy absorption due to the increasing
emissivity. Assuming that the absorption equals the emis-
sivity (Kirchhoff’s law of thermal emission [42]), the scale
factors were calculated based on the emissivity evolution in
figure 6(d). Then, the ideal thermal conductivity of the top 100
pm tungsten layer was down-scaled accordingly to match the
measured temperature profiles in figure 8(a). The thickness of
this layer with a degraded thermal conductivity was motivated
by cross-sectional micrographs in figure 15. The correspond-
ing thermal conductivity scaling factors are displayed in the
right y-axis of figure 8(c). The thermal conductivity decreases
to ~40% of its ideal value at the end of the plasma exposure.
Similar thermal conductivity degradation values were reported
for tungsten under helium ion implantation/exposure [43—45].
Our results are therefore reasonable. The crack initiation heat
fluxes (after taking into account the increasing laser absorp-
tion) are 49 MW m~2, 63 MW m~2, and 54 MW m~? for
specimen IG#2, IG#3, and IG#4, respectively. Converting into
a heat flux factor Fyr, calculated as g x \/t, which is appli-
cable for a square pulse in time [46], the resulting values are
1.5 MW m2 5%, 2 MW m—2 s%5, and 1.7 MW m—2 %,
respectively.

We found a heat flux factor Fyp of ~2 MW m~2 s%5 for
fatigue crack initiation in this study. The asymmetric error
bars come from the fact that the laser heat flux determined by
FEM for the initial pulses is ~15% lower than that calculated

from the laser output power, assuming a laser energy absorp-
tion coefficient of 0.35 at 1064 nm [47]. Figure 9 also shows
some related previous results from an electron beam facility.
At a base surface temperature of 973 K and with 103 pulses,
the as-received tungsten with elongated grains oriented paral-
lel to the heat-loaded surface has a crack initiation threshold
of ~6 MW m~2 s%° [17] whereas the recrystallized ITER-
grade tungsten (1873 K for 1 h) has a crack initiation thresh-
old of ~3 MW m~2 5% [18]. Note that the different loading
conditions (e.g. base surface temperature) and material grades
strongly influence the crack initiation threshold. The com-
parison should not be overinterpreted. Figure 9 implies that
recrystallization and a high base surface temperature have a
detrimental impact on the crack initiation behavior of tungsten
under repeated transient heat loads.

3.3. Cross-section microstructural analysis

Because the surfaces were strongly roughened by plastic defor-
mation, EBSD scans were measured on the cross-section
planes to acquire crystal orientation data and to identify the
recrystallized zones. The cross-section micrographs are shown
in figure 10. An intermediate cross-section preparation step
of sample IG#2 is shown in figure 10(a). The yellow arrows
indicate the same indentation array as shown in figure 2(b).
Magnified in the inset is the plasma modified surface with the
crack initiation site highlighted, which is the same area as that
in figure 3(a). A cross-section plane across the blue box, paral-
lel to the indention array, is displayed in figure 10(b). The blue
arrow indicates the furthest crack along the line of indention,
which is the one that initiated just above the Fyp threshold.
Similarly, figures 10(c) and (d) display the cross-section mor-
phologies of sample IG#3 and sample IG#4, respectively, near
the highlighted areas in figure 3.

Out-of-plane inverse pole figure maps of the cross-sections
are shown in figure 11(a)—(c), respectively, with the surface
crack indicated by an arrow. Because of the high tilt angle of
the sample during EBSD measurements (70° in this study),
the cracks were difficult to visualize. Moreover, severe warp-
ing of the EBSD map is observed as caused by rounding
off of the cross-section at the edge of the top surface, as
explained in appendix B. Nevertheless, the crack locations
were accurately identified in the EBSD maps by correlat-
ing the backscattered electron (BSE) images of a crack in its
normal position and 70° tilted position. One such example
is illustrated in appendix B. The HAGBs (>15°) are out-
lined with black lines. To evaluate the recrystallized frac-
tions of the plasma exposed samples, EBSD scans of the
fully recrystallized state (2000 K for 2 h) and as-received
state were also performed, displayed in figures 11(d) and (e),
respectively.

4. Discussion

The first three subsections aim to explain the results in figure 9,
focusing on the mechanisms of recrystallization-mediated
fracture. The last subsection elaborates on the implications of
the results for the ITER tungsten divertor operation.
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Figure 12. Grain boundary character distribution of (a) as-received sample, (b) IG#2, (c) IG#3, (d) IG#4, and (e) fully recrystallized sample.
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Figure 13. Grain boundary character of surface cracks. (a)—(c) are magnified from figures 11(a)—(c), respectively. Each crack is indicated
by a solid arrow and the same color key as that in figure 11 is adopted. (d) The misorientation angle distribution along each indicated path
across the crack in figures 11(a)—(c). (e) The misorientation angles of the left and right nearest HAGBs in addition to the fractured HAGBs.

The colored bars indicate the fractured HAGBs.

4.1. Recrystallization kinetics

The recrystallization kinetics are first considered. For the
sake of simplicity, the Johnson—Mehl-Avrami—Kolmogorov
(JMAK) model [48] was used:

Xpx =1 —exp (=B(1 — finc)"), ey
where Xrx is the recrystallized volume fraction, B describes
thermal activation, ¢ is the annealing time, and fj,. is the
incubation time. Equation (1) was parameterized using the
experimental work of Alfonso et al [49] on warm-rolled
ITER-grade tungsten with a 90% thickness reduction (the
coefficients are provided in appendix C). However, the
tungsten-grade used in this study was forged and the defor-
mation history (unrevealed by the manufacturer) was not nec-
essarily the same. In order to calibrate it, the same tung-
sten grade was exposed to a steady-state hydrogen plasma in
Magnum-PSI and the recrystallization kinetics were found to
be adequately described by the above parameterized JMAK
model [50]. Equation (1) will therefore serve as the baseline
recrystallization kinetics in this study.

The recrystallized volume fraction of a plasma exposed
sample was determined from the EBSD data as follows [38]:

_ HAGBEXP - HAGBAR
" HAGBprx — HAGBaR'

@)

RX

where HAGB R is the fraction of HAGBs in the as-received
sample, HAGBrrx the fraction of HAGBs after full recrys-
tallization (2000 K for 2 h), and HAGBgxp the fraction of
HAGB of an exposed sample. Figures 12(a)—(e) displays the
grain boundary angle distribution of the five samples that are
extracted from the data of the EBSD scans in figure 11. For the
plasma exposed samples, an area of 100 pm x 100 pm sur-
rounding each surface crack was used to evaluate the HAGB
fraction such that there were enough grains contained and
the temperature variation within the analyzed region was
negligible. Consequently, the Xrx values are summarized in
figure 12(f), along with the JIMAK calculations. It is observed
that the experimentally measured Xrx is larger than the IMAK
model prediction, in which no recrystallization (incubation
phase) is suggested yet. To preclude the effect of the tempera-
ture spikes induced by transient heating on the recrystallization
kinetics, each AT was approximated as a square wave with
a height of the maximum AT and a width of 2 ms (it takes
roughly 2 ms for a pulse to recover, see figure 8(a)), which
was superimposed on the steady-state base surface tempera-
ture history. As indicated by the dashed lines in figure 12(f),
the effect is negligible. The results suggest that the JIMAK
model parameterized from continuous annealing data is not
adequate to describe the recrystallization kinetics under
transient heat loads where plastic strains are cyclically
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Figure 14. Surface morphology of as-received and recrystallized
tungsten specimens exposed to 10° pulses with a AT of 195 + 10 K
at a base surface temperature of 1005 + 8 K. The micrographs are
taken from the laser spot center. (@) As-received tungsten with a
highlighted area magnified in (b). (c) Recrystallized tungsten with a
highlighted area magnified in (d). (e) The corresponding crack
length distribution. The arrows indicate surface protrusions and
crack formation.

generated. Because the recrystallization nuclei originate at
locations with a critical dislocation density [29], cyclic plas-
tic straining may accelerate the recrystallization. Indeed, as
will be shown later in figure 15(a), the maximum width of the
recrystallized region in the cross-section is approximately the
laser spot size (~4 mm in the analyzed direction), suggesting
that the laser heating induces the recrystallization. Numeri-
cal models that include evolving microstructures [29, 30] may
help unravel the underlying mechanisms and lead to more
accurate predictions.

4.2. The role of HAGBs in fracture

A salient feature of recrystallization is the increase of the
HAGB fraction. Its impact on crack formation is therefore
probed next. Figures 13(a)—(c) are magnified views from the
surface cracks in figure 11. As can be seen, the cracks (indi-
cated by arrows) coincide with the HAGBs, which are out-
lined with black lines. Quantitatively, figure 13(d) plots the
misorientation angle distribution along the indicated paths
in figures 13(a)—(c) with the fractured grain boundaries

positioned at the origin. This allows to confirm the high angle
character of the grain boundary along the crack path.

The preferential fracture of HAGBs can be explained based
on the interactions between dislocations and grain bound-
aries. In polycrystals, dislocation arrangements generated by
cyclic plastic straining (commonly referred to as persistent
slip bands [51]) are impeded by grain boundaries, resulting in
pile-ups and stress concentrations [52]. The stresses are (par-
tially) relieved by the formation of surface protrusions and
as well as dislocation transmissions across LAGBs [53, 54].
However, HAGBs are often impenetrable obstacles to dislo-
cations, therefore promoting stress concentrations and inter-
granular fracture [55, 56]. Interestingly, it is noted that there
are intact HAGBs next to a cracked HAGB. Figure 13(e)
plots the misorientation angle distribution of the left and
right nearest HAGBs of the surface cracks with the col-
ored bars representing the fractured HAGBs; no clear trend
is observed, for example, a cracked HAGB does not always
have the highest misorientation angle. This suggests that
other grain boundary crystallographic parameters (uniquely
described by five independent parameters [57]) such as grain
boundary plane orientation could have played a role [58, 59]
in crack formation. Nevertheless, HAGBs are clearly preferred
sites for fracture.

4.3. Mechanisms of recrystallization-mediated fracture

To better understand the mechanisms of recrystallization-
mediated crack initiation, two more specimens were tested.
Recrystallized (‘RX’) and as-received (‘AR’) tungsten
specimens with representative microstructures shown in
figures 11(d) and (e). These specimens were exposed to 10°
pulses with a AT of 195 £ 10 K (the corresponding heat flux
factor is ~3.5 MW m~2 s%7) at a base surface temperature of
1005 £ 8 K (specimen ‘RX’ and ‘IG#5’ in table 1). Because
the base surface temperature is low enough in this case, the as-
received tungsten sample will not recrystallize after transient
heating, thus better demonstrating the role of recrystallization
in fracture. The micrographs from the laser spot center of both
specimens are shown in figure 14. In the as-received tungsten
specimen, the surface roughening is approximately uniform
(the grooves in figure 14(a) are unintentional scratches); in
contrast, the recrystallized tungsten specimen exhibits grain
specific surface roughening where a heavily roughened region
is typically surrounded by smooth grains (figure 14(c)). When
zooming in, surface protrusions and small cracks are visible
in both specimens, as indicated by the arrows. The general
observation is that surface roughening is more heterogeneous
and more extensive in the recrystallized specimen than in its
as-received counterpart. This is explained as follows. First, in
the as-received state, because of the low fraction of HAGBs
(figure 12(a)), a grain is likely to be surrounded by LAGBs,
in which dislocations can transmit. Conversely, in the recrys-
tallized specimen, the probability that a grain is enclosed by
HAGBs that constrain dislocation transmission to adjacent
grains is high. This is also readily visible when comparing
the microstructures in figures 11(d) and (e). Consequently,
out-of-plane deformation is promoted in the recrystallized
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Figure 15. Cross-section analyses of sample IG#4. (a) Secondary electron micrograph with the highlighted area magnified in (b). (¢)
Out-of-plane inverse pole figure of the same area and (d) KAM distribution.

tungsten specimen, giving rise to pronounced surface pro-
trusions when dislocations reach the surface. Moreover, the
high dislocation density in the as-received specimen inhibits
strain localization. For example, plastic deformation in clean
crystals typically prevails on a limited number of slip systems
[60, 61] while high dislocation densities activate multiple
slip systems [62]. Finally, the recrystallized grains have a
lower yield strength and therefore accumulate higher plastic
strains than in the as-received specimen. Accordingly, the
recrystallized grains possess a higher driving force for fatigue
cracking [22, 23]. In a later stage, cracks are likely to nucleate
and form at or close to surface protrusions, as typically
observed in metals [63—65]. In this way, it is expected that
the recrystallized tungsten is more susceptible to fracture than
its as-received counterpart. The corresponding crack length
distribution in figure 14(e) supports the above explanation.
The preferentially deformed grains may have specific crys-
tal orientations with respect to the thermal stress loading
direction, resulting in higher resolved shear stresses on the
activated slip planes. Summarizing, upon recrystallization,
a lower yield strength entails higher cyclic plastic strains, a
higher fraction of HAGBs constrains the transfer of plastic
strains at grain boundaries, and a lower amount of dislocations
induces heterogeneous deformation. These are considered
as three dominant mechanisms causing a reduced crack
initiation threshold of recrystallized tungsten compared to its
as-received counterpart.

1

The proposed mechanism applies to the as-received spec-
imens exposed at high surface temperatures (~1550 K) in
figure 9 if recrystallization occurred before crack initiation. To
demonstrate this condition, an EBSD scan around one central
surface crack was performed in the depth direction of sam-
ple IG#4. Figure 15(a) shows an overview of the cross-section
with the EBSD scanned area highlighted. The cross-section
is characterized by a trimodal grain size distribution (magni-
fied and indicated in figure 15(b)). The bottom part has elon-
gated grains and abundant LAGBs, resembling the as-received
state (figure 11(e)). The middle part shows large grains with
HAGBs, which is typical of the recrystallization microstruc-
ture under isothermal annealing (figure 11(d)). Intriguingly,
the top part shows a combination of the other two parts: a
medium grain size and a moderate fraction of LAGBs and
HAGBs, despite being the area at the highest temperature.
The same trend was observed in sample IG#2 and IG#3 as
shown in appendix D. Similar observations have been reported
in reference [66]. Moreover, the top part is associated with
a high dislocation density, as suggested by the first neighbor
kernel average misorientation (KAM) map in figure 15(d); the
KAM is linked to geometrically necessary dislocation density
by Nye’s tensor [67, 68]. The above observations suggest that
recrystallization first occurred in both the top part and the mid-
dle part because they have a similar grain size if we ignore the
interior LAGBs in the top part grains. Since the top part was
also subjected to additional cyclic plastic straining, the accu-
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mulation of dislocations led to near-surface grain refinement,
as observed by the formation of a subgrain structure within
the recrystallized grains, and the occurrence of fracture. In
figure 15(d), some KAM hot spots are visible in the grains in
the middle part. This seems to result from the recrystallization
process as such KAM hot spots are also visible in the continu-
ous annealed recrystallization sample (shown in appendix E).
Based on the above analyses, the results in figure 9 suggest
that: first, recrystallization decreases the fatigue crack for-
mation and initiation Fyp threshold of tungsten; second, the
high base surface temperatures under plasma exposure fur-
ther decrease the crack initiation Fyp threshold by decreasing
the yield strength and consequently accumulating more plastic
strains.

It is worth discussing the influence of recrystallization on
the thermo-mechanical performance of tungsten PFCs. As
reviewed in the introduction section, there is a vivid debate
in the literature on the role of recrystallization on the duc-
tility of tungsten, which is related to the purity level and
deformation history of the tested samples. However, it should
be noted that the fracture behavior of metals under mono-
tonic and cyclic loading are distinct [69, 70]. Therefore,
ductility (e.g. strain-to-failure) obtained from a monotonic-
loading mechanical test, e.g. a uniaxial tensile test, cannot be
used to predict its fatigue fracture behavior straightforwardly.
Because the yield strength decreases and the HAGBs fraction
increases after recrystallization, both promoting fatigue frac-
ture, recrystallization may be detrimental to the plasma fac-
ing material (PFM) performance under repeated transient heat
loads.

4.4. Implications for the ITER tungsten PFCs

The identified fatigue crack initiation energy fluence threshold
in this study, ~2 MW m~2 s%° (equivalently, ~0.07 MJ m—
for a 1 ms pulse), corresponds roughly to a 0.1% relative
ELM size (defined as the ratio between the ELM outburst

energy and the total stored energy of the core plasma, EEELM

lasma
according to the latest empirical power scaling [8]. SlﬁCh a
low relative ELM size (~50 times smaller than the natural
ELM size) does not occur naturally in present tokamak exper-
iments [1]. Therefore, if sufficient ELM mitigation cannot be
achieved in ITER, surface cracking of a part of a MB may be
inevitable.

The presence of surface cracks can affect current
plasma—material interaction studies. For example, it may
change the retention and sputtering behavior of tungsten.
Regarding the structural integrity of the tungsten PFCs,
the surface cracks might propagate deep into the material
[10], entailing undesirable consequences. Furthermore, the
surface cracking may reduce the steady-state power handling
capability of tungsten. The new 16 & 2.5 MW m~? criterion
[7] builds on the assumption that cracking only appears when
a surface layer of 2 mm is recrystallized which originates
from a numerical study [5] employing some simplifying
assumptions, e.g. on the cyclic plasticity behavior of tungsten.
If some surface cracks are present, e.g. by some unmiti-
gated ELMs, the above assumptions may no longer remain

appropriate. This needs to be investigated in greater detail in
future work.

5. Conclusions and outlook

This study represents a substantial effort to identify and ratio-
nalize the fatigue crack initiation heat flux factor threshold of
tungsten under ELM-like heating loads. The major contribu-
tions are as follows:

(a) A new experimental method was developed to determine
temperature-, wavelength-, and surface-dependent emis-
sivity of tungsten. With this method, the AT induced by
laser transient heating was found to nearly double. Emis-
sivity measurements and FEM analyses revealed that the
increasing AT originated from an increased laser power
absorption (~35%) and a decreased thermal conductivity
(~60%).

(b) The fatigue crack initiation threshold in terms of the
heat flux factor of pure tungsten was identified to be
~2 MW m 2 s%3 (equivalently, ~0.07 MJ m 2 for a 1 ms
pulse) at a base surface temperature of ~1550 K and with
10*~10° transient heating cycles. Note that this value is a
loading parameter, which is different from the J-integral
in fracture mechanics.

(c) It is observed that the recrystallization kinetics were
accelerated near the surface where it was transiently
loaded compared to the JIMAK model prediction, and sur-
face cracks preferentially formed at HAGBs. This was not
the case for the region without laser loading, implying
that the transient loading is driving the acceleration of the
recrystallization process.

(d) Upon recrystallization, the yield strength decreases,
entailing increased cyclic plastic strains. The HAGBs
fraction increases, which constrains the transfer of plastic
strains at grain boundaries. The overall dislocation den-
sity decreases which induces heterogeneous deformation.
These three mechanisms explain the reduced crack initi-
ation threshold of recrystallized tungsten compared to its
as-received counterpart.

Based on these results, future studies are recommended to
improve the understanding of the fracture behavior of tungsten
under fusion relevant plasmas, which presents a much more
severe risk of component failure compared to other plasma-
induced modifications, e.g. helium fuzz and hydrogen blis-
tering. Future complementary studies may extend the current
study to a wider parameter space in a linear plasma gener-
ator or a fusion reactor. Laboratory-based mechanical tests
to identify aspects such as fracture toughness [71, 72] and
kinematic hardening behavior [73, 74] and to incorporate the
effects of plasma species [75, 76] will also be very valuable.
We also note that the sputtering and re-deposition of tungsten
could influence the recrystallization and fracture behavior of
the ITER MB. Based on SOLPS modelling [77], a surface
layer of tungsten on the order of 1-1000 pm could be eroded
after 10° ELMs. Therefore, future work in this respect is
recommended.
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Figure A1. The IR-cam sensor sensitivity: digital level (counts) vs
photon fluence. The spectral radiance and camera integration time in
equation (A1) have been combined to yield the photon fluence. A
good linear response is obtained.
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Appendix A. Thermographic analysis

A.1. Theory

After subtraction of the background (e.g. due to infra-red light
from the surroundings [78]), the following relationship applies
[79]:

2hc?

IR fexpoS (A)
e s

~——

Planck’s law

1

Ngrey =TE ()\; T, Ra) (Al)

where N,y is the greyscale level recorded by the camera sen-
sors and 7 the transmission of the optical system (0.145 in
our system). € (A, T, R,) is the emissivity of tungsten, which
is a function of wavelength (\), temperature (T'), and surface
roughness (R,). In Planck’s law, & is Planck’s constant, c is the
speed of light in a vacuum, and kg is Boltzmann’s constant.
fexpo 18 the exposure time of the camera (200 s in this study)
and S () is the sensor sensitivity at wavelength \. By calibra-
tion to a blackbody radiation source, for which € (A, T, R,) =
1, S (M) has been established for the spectral range of the used
IR-cam, as shown in figure A1l.

0
600

800 900 1000 1100

Temperature [K]

700 1200
Figure A2. The measured emissivity of ITER-grade W from [82]

and the calculated emissivity using equation (A3) with the
corresponding emissivity offset Ae.

—— -

EBSD scan trajectory

N \
Cross-section R Rounding off of the corner

Figure B1. Sketch of the warping of the EBSD image due to
rounding off of the specimen edge.

A.2. Emissivity of tungsten

e (A, T,R,) of tungsten is required to utilize equation (Al).
Based on the measurements of De Vos [80] on annealed
tungsten ribbon (with a certain R, value that has not been
reported), the following expression derived by Sergienko [81]
matches the experimental data (A > 0.8 ym) within 2% error:

eAD =0 +erNT, (A2)
in which £o(\) = 0.4205(ALSINL0AION )1 oy () =

5.55537 x 1075 + 1.777 171 x 10~%¢( ()\) — 8.43353 x
107*ep(\)” + 9.82596 x 107%eo(\)* with the wavelength A
expressed in pm and temperature 7 in kelvin.

e (A, T,R,) is known to increase with the surface rough-
ness R, but no quantitative description exists so far. Here, we
propose an experimental approach to address this. R, does
not alter the temperature-dependence of € (\, T, R,) at a given
wavelength A, as shown in figure A2, where the emissivity of
ITER-grade tungsten is shown for 4 increasing R, levels in the
wavelength range of 1.6 um to 2.1 pm, as measured by Gaspar
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Figure B2. SEM images of the studied surface crack of sample IG#4 in its (@) normal position, () tilted position, and (c) the EBSD image.
SEM and EBSD images are obtained at the same sample tilting position.
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Figure C1. Measurements from [49] and calculations using
equations (C1)—(C3). Xrx is the recrystallized volume fraction.

et al [82]. Clearly, the emissivity increases with R, (from pol-
ished tungsten to damaged tungsten), but the slope of the mea-
surements is approximately the same. Moreover, equation (A2)
(averaged over 1.6—2.1 um) matches the emissivity of polished
W reasonably well, where the slight mismatch may be caused
by the measurement uncertainties. Therefore, we introduce an
offset factor Ae(R,) in equation (A2) to account for the depen-
dence of the emissivity on surface roughness R,, such that:

ENT,R) =e0(N) +e1 (NT + Ae(Ry). (A3)
—_——————

equation(Az)

By assigning a proper value for the offset Ae, in figure A2,
the different measurements can be described adequately. If we
can determine Ae for an arbitrary tungsten surface, its emis-
sivity € (A, T, R,) will be obtained. Combining equations (A1)
and (A3), the offset Ae can be acquired by measuring the tem-
perature at a pixel within the view field of the IR-cam using
an emissivity free method. In this study, a multi-wavelength
pyrometer served for this purpose.

Appendix B. Identifying a crack location in an
EBSD image

First, the reason for the severe warping of the EBSD image
is sketched in figure B1. This is caused by rounding off of the
cross-section close to the top-view surface during grinding and
polishing, and particularly the electro-polishing required for
EBSD.

Second, secondary electron (SE) and backscattered electron
(BSE) images of the furthest crack along the indents of sample
IG#4 are shown in figures B2(a1) and (a2), respectively. After
tilting 70° to the EBSD configuration, (b) displays the same
crack asin (a), which is also highlighted in (c). This is achieved
by first checking the EBSD image quality, as the crack is not
indexed (white pixels). Second, some surface dirt is also not
indexed, e.g. the area labeled with A. By comparing the rela-
tive locations of such features, the crack position is confirmed.
Finally, some grains with well-defined shapes are also used as
reference points to map figures (b) and (¢).

Appendix C. JMAK model parametrization

To the data in [49], the following IMAK model expression has
been fitted with an adequate agreement:

Xrx = 1 —exp (—B(t — tinc)?) (3]
in which,
(3.28><105>
B — e—22.98 X e RT , (C2)
3.69x10%
tine = € 2777 x e( o >, (C3)

where R is the universal gas constant (8.3145 J-mol~!-K~')
and 7 is the annealing temperature in kelvin. The results are
plotted in figure C1.
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Figure E1. KAM distribution in tungsten samples recrystallized in (¢) Magnum-PSI and (b) a vacuum oven.

Appendix D. Trimodal grain size distribution on
the cross-section

Cross-section micrographs of sample IG#2 and IG#3 near the
center. The dashed lines denote the region with different grain
sizes (figure D1).

Appendix E. KAM distribution in recrystallized
tungsten samples

KAM distribution in tungsten samples exposed in Magnum-
PSI and continuously annealed in a conventional vacuum oven.
Clearly, KAM hot spots appear in the purely recrystallized
regions of both specimens (figure E1).
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