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Abstract

In this work, damage behavior of tungsten under high heatlfiads was investigated both numerically and
experimentally assuming a single heat pulse with duratiof.®5s. Finite element simulations revealed that the
thermal steady state was reached within several millisgzaifter the onset of a heat flux pulse and tensile residual
stress was produced during cooling providing the drivingdéofor crack growth. The crack initiation and growth
simulations andJ-integral calculation at crack tips delivered consistegguits on cracking mechanism. Electron
beam irradiation tests on tungsten samples were perfonwtadh confirmed the predicted damage behavior.

Keywords: thermal shock, extended finite element methbhtegral, electron beam irradiation tests

1. Introduction

Owing to unique combination of outstanding physical prtipsr tungsten has been preferably deployed for var-
ious applications in cutting edge technology sectors. $temgpossesses the highest melting point (3&2high
thermal conductivity (173 WnK at room temperature), modest thermal expansiony(#nK), high elastic modu-
lus (410 GPa), extremely low sputtering rate and neglidilyidrogen solubility [1]. Prominent application examples
include, for instance, the armor of plasma-facing comptsgnthermonuclear reactors [2], anode of X-ray tubes [3]
and nozzle of rocket propulsion engines [4], among othersorAmon operational characteristic of these applications
is that tungsten is exposed to extreme loading conditiongairticular, severe thermal shock loads. The tungsten
materials of the three aforementioned components are tesfigaubjected to transient high heat flux loads within a
short pulse duration time during normal df-mormal operation scenarios. Non-uniform fluctuation ofiperature is
likely to produce high thermal stress that may possibly kestructural or functional failure of the components [5].

Tungsten behaves in a brittle manner below its ductileritild transition temperature (DBTT). Thus, tungsten
can be vulnerable to brittle cracking, when it is cooled @ temperatures after the thermal shocks. This means that
the base temperature of a tungsten component has a diremttiom the fracture behavior of tungsten under thermal
shock, which is confirmed by the thermal shock tests [6—-9].TDBf tungsten ranges between 4@and 700C,

e.g. depending on loading rate [10]. Fracture toughnesshwh a measure of resistance to fracture, is found to
be smaller at lower temperatures in the fracture mechatests of tungsten [10, 11]. The question raises as how to
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Nomenclature

d length of the precrack

Je critical value ofJ-integral

P power density of the electron beam

Pavg average power density in the loaded area

r distance from the center of the loaded area
R radius of the loaded area

o, 0zandoy, stresses in radial, axial and hoop directions
&, &zande,,  plastic strains in radial, axial and hoop directions
z depth

predict cracking patterns as we observe in the thermal stestk using the data obtained in the fracture mechanical
tests.

The failure process in a tungsten component under a singtentil shock load is controlled by the stress develop-
ment. In the case of extreme high heat flux loads, the situdtgwomes more complicated due to thermal excursion
in the surface layer followed by plastic flow of the softeneaktenial in this layer. During heating stage compressive
thermal stress is produced in the surface layer, as thenxpahsion is constrained by the colder part. On the other
hand, cracking can occur only in a tensile stress state.eTdwey, the experimentally observed surface cracking pat-
terns indicate the presence of strong tensile stress de#aglduring cooling stage. This circumstance can come about
only through inelasticféects, which poses the second important question as to hatiqpyéeld is related to evolution
of tensile residual stress that provides driving force faicking.

In this paper, these two questions are treated on the bastngfutational and experimental simulation of high
heat flux thermal shock loading on tungsten. The aim of thequmiestudy is two-fold: 1. to clarify the underlying
mechanism of tungsten cracking under thermal shock, andl @utidate the cracking patterns of tungsten observed
in extreme high heat flux operations. To this end, finite el@na@alysis was carried out for assessment of crack tip
load and for prediction of crack initiation and growth. Bxded finite element method (XFEM) and virtual crack tip
extension (VCE) method were employed as major tools. Foeréx@ntal comparison, electron beam irradiation tests
were conducted and the surface damage was characterizéhe &athor’s knowledge, there is no previous fracture
mechanics study on this topic. Related studies are fouriteraiure which investigated stationary heat flux loading
cases [12, 13].

In this work, we considered such thermal loading condititias are common to bothfenormal plasma operation
scenarios in a thermonuclear reactor (e.g. vertical digpieent events) and electron beam loading conditions in an
X-ray tube.

2. Experimental

2.1. Experimental settings

Plasma facing components in future fusion devices will igestied to intense thermal loads. To investigate these
thermal loads experimentally, electron beam facilitieg.(6]JUDITH, dilich, Germany) are used frequently [8]. In
X-ray tubes, the tungsten anode is subjected to similanthkloadings, since X-rays are generated by accelerating
high energy electrons onto the anode material. The expatahtacility involved in this work (as shown in Fig. 1)
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is set up at Siemens Healthcare and is used to study thegfafuungsten anodes in X-ray tubes. Tungsten samples
used in our experiments were made of rolled tungsten deliley PLANSEE AG, Austria and its purity is larger than
99.9 wt%. The sample size was 27.5 mn27.5 mmx 3mm. The surface of the samples was polished before the
electron beam exposure, and the final polishing was caraedging alkaline colloidal silica suspension (Logitech
SF1 Polishing Fluid). The power density distribution of #iectron beam at the surface of the samples was measured
with an X-ray camera. The power density showed a Gaussitnibdigon in an oval focal spot, which has diameters of
1223um and 271um when the power density that less than 10% of the maximunevalaeglected. For simplicity,

a rectangle of 1228m x 271um is assumed to be the loaded area. The test positions lie mol@with a radius

of 11.5mm, and the angle between two neighboring test positis 17, see Fig. 1. Numerical simulations have
shown that, for an individual test position, the impact téisg from the electron beam exposure of the neighboring
test position is negligible. The samples were loaded witiglsi thermal loads of average power densities between
0.374 GWm? and 0.624 GWn?. The average power densities were calculated by dividiaddtal input power rate

by the loaded area and multiplying with an absorptionfiéccient of 0.48. This absorption cficient is chosen by
taking account of the values (0.46 and 0.55) found in litexes [8, 14] and the correlation of numerically predicted
and measured temperatures in the thermal shock experimeBtemens Healthcare. The acceleration voltage was
65 kV and the tests were performed at room temperature. Hfeeelectron beam loading of 0.5, the sample was
cooled to room temperature.

electronbeam

) 63 / specimen

graphite

TZM

water flow = 2 |/min

length unit: mm diameter =2.5

Fig. 1. Schematic drawing (left) of the cutting surface of the experimental factli§iemens Healthcare and a top view (right) of
the sample surface. TZM refers to an alloy of 0.50% titanium, 0.08% mice, 0.02% carbon and balance molybdenum.

2.2. Experimental observations

The surface roughness was measured on the tested sampgeausgyence three-dimensional Laser Scanning
Microscope. Figs. 2, 3 and 4 show Laser Scanning Microscd31) images as well as out-of-plane deformation
images. To enhance the visibility of the out-of-plane defation images, a factor of 20 is applied for the deformation.
The surface of the sample in the loaded area is elevatediaét¢hermal loading. As the power density of the electron
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beam increases, the surface elevation increases. Thees@tfvation results from the volume compensation to the
inplane plastic deformation, which is shown in the follogrimechanical simulations.

In LSM images, grain growth in the loaded area is observedhiermal loads of 0.5 GWh? and 0.624 G\in?.
The grain growth is considered to be related with recryigttibn at the sample surface. The recrystallization tempe
ature of tungsten is between 118D and 1400C [15]. The maximum temperatures measured for thermal loads
0.374 GWm?, 0.5 GWm? and 0.624 GW? are 1250C, 1880°C and 2550C, respectively. The temperature was
measured using a digital camera witlffeient filters, where the brightness was correlated witheéh®erature. The
maximum temperatures for thermal loads of 0.5 @#&and 0.624 G\im? are much higher than the recrystallization
temperature of tungsten. As a result, the grain growth ieesl in the loaded area, although the loading only lasts
for0.5s.

For a thermal shock load of 0.374 G2, no crack is observed at the sample surface. Tiny cracks ecaler
a thermal shock load of 0.5 GW2. For a thermal shock load of 0.624 G, cracks occur. For a better view
of cracks, an image is taken with back-scattered electi®8&], see Fig. 5. The BSE image shows that after 0.5s
thermal loading with 0.624 GWh?, a clearly grain growth occurs in the loaded area, and thereracks initiated
along the grain boundaries.
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Fig. 2. LSM and out-of-plane deformation images of the sample surface farentil shock load of 0.374 G2,

3. FE modd

3.1. Geometry and FE mesh

In the single thermal shock experiments, the cooling andihgldevices below the sample do not play a critical
role for the material behavior near the sample’s top surfasehe temperature at the bottom of the sample is not
influenced significantly by the single thermal shock. Themefin the simulation, the cooling and holding devices
below the sample are not modeled. For simplicity, a circldaded area was considered instead of the rectangular
focal spot. The sample was assumed to be a disk with a thiskesfe8 mm, and the loading was assumed in the
central part of the top surface. The radius of the circuladéx area was 324n to match the rectangular focal spot
of the electron beam. The radius of the disk was set largegin(@imm) so that the electron beam loading can be
treated as a localized loading. The simplifications allowadwo-dimensional axisymmetric model. Compared to a
three-dimensional model, a two-dimensional model redaoegoutational fort significantly and avoids convergence
difficulties. For validation, a three-dimensional FE simulatidgth a rectangular loaded area was performed. Fig. 6
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Fig. 4. LSM and out-of-plane deformation images of the sample surface farentl shock load of with 0.624 G2,

shows the temperature predicted by the two-dimensionayametric) and the three dimensional models (a quarter
is modeled due to symmetry). The temperature along the caudalculated by the two-dimensional model can

represent a general case between two extreme cases indkedintensional simulations (along the long and short
axes). The discrepancy between the temperatures alongpte predicted by the two-dimensional and the three-
dimensional models can be neglected. Therefore the tetopealculated by the two-dimensional model can capture
the main feature of the temperature distribution preditigthe three-dimensional model.

The simulations were performed with the commercial FEM &BRAQUS [16]. A four-node axisymmetric quadri-
lateral element was used for the thermal and mechanicalaiimns. In total, there were 11598 elements. In order
to obtain accurate results in the domain under the thernuaksloads, a finer FE mesh with an element edge size of
4um is used in this area, see Fig. 7.

3.2. Loading and boundary conditions

In the simulations, the electron beam was modeled as a suntzat flux load. The power density of the electron
beam,P, was Gaussian distributed at the sample surface, as deddijpequation (1),



Fig. 5. A BSE image of the sample surface for a thermal shock load of with G242,

2
P = 2.2061P,,€ %, @

wherePqq is the average power density in the loaded arésthe distance from the center of the loaded areaRind
is radius of the loaded area, see Fig. 7. This distributiatéded from the measured power density distribution along
the long axis of the oval focal spot. The small amount of epdigtributed outside the loaded area is neglected in the
simulations.

The average power density in the loaded area ranged frod G@¥m? to 0.624 GWm?. The loading duration
was 0.5s. As cooling devices do not have much impact on thedsatures near the top surface of the tungsten
sample, a convective boundary condition was assumed abttenbsurface for the sake of simplicity.

4, Materials

The simulations in this work were performed in a continuunchamics framework, and the material was assumed
to be homogenous and isotropic. In the simulations, mechhaproperties, such as Young’s modulus and yield
stress and thermal material parameters of tungsten, suttteamal conductivity, cd@cient of thermal expansion
and specific heat, refer to the data presented in literafdi®sl8]. Mechanical and thermal material parameters of
tungsten at selected temperatures are listed in Tables 2.and

The values of yield stress and ultimate tensile strengthimfdten are nearly the same [17]. Therefore, tungsten
is assumed to behave elastic-ideally plastic in all sinihast

5. Thermo-mechanical ssimulations

For the numerical study in this work, the heat transfer probivas solved first. After that, its solution was read
into the corresponding mechanical simulation as a prediferaperature field.
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Fig. 6. Temperature along the surface (left) and the depth (right) for a thestmoak load of 0.624 GYw? for the two-dimensional
and the three-dimensional simulations.

Table. 1. Mechanical material parameters of tungsten at selected temperdti}es [

Temperature°C) Young’'s modulus (GPa) Yield stress (MPa)

20 399 infinité
200 391 1221
600 375 724

1000 356 467
1600 321 64
2000 278 42

2 No value is reported in [17]. Here, it is assumed that tungsedraves purely elastic at this temperature.

5.1. Thermal simulations

The temperature field at the end of heating is shown in Figr&fthermal shock load of 0.624 GW?. High
temperature only occurs in the loaded area. At a positiorppfaximately 1 mm away from the loading center, the
temperature is below 20 at the end of heating. The temperatures at the surface and @ie axis of symmetry
are shown in Figs. 9 and 10 for thermal shock loads @iEdint power densities. The temperature increases as the
power density increases and the temperature decreases @istimce from the center of the loaded area increases.
For all three power densities, the temperature during hgaiabove DBTT in most parts of the loaded area. Fig. 11
shows the temperature at the surface as a function of timetfegrmal shock load of 0.624 GW?. The temperature
in the center of the loaded area increases from room temypertd 2170C within 0.01s. During the remaining
heating time (0.49 s), it increases further by less than®@@ndicating that a quasi-steady-state is reached after th
first few milliseconds. After heating, the temperature ggatlin the loaded area is drastically reduced within 0.002 s
as shown in Fig. 11. The numerical findings are in accordaritethe analytical solutions reported in [19] for the
one-dimensional heat conduction problem encountered wbeling down a sample of which the infinite surface is
heated by a heat source of finite size prior to cooling.

5.2. Mechanical simulations
5.2.1. Plastic strain fields

When the material is subjected to high temperatures and tatope gradients, plastic strains cannot be avoided.
Fig. 12 gives an overview of the plastic strain fields for artied shock load of 0.624 GYM?. During heating, the
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Fig. 7. FE mesh of the two-dimensional axisymmetric model and finer mesh inciimaid beneath the thermal shock loads. The
axisymmetric boundary condition is applied on the left edgis the radius of the loaded areais the distance from the center of
the loaded area denotes depth.

Table. 2. Thermal material parameters of tungsten at selected temperatufes [18

Temperature  Thermal conductivity Density Specific heat fli@ent of thermal expansion
S (W/mK) (kg/m®) (IkgK) (10°%/K)
27 176 19299 133 4.74
927 114 19051 155 5.06
1927 99 18725 180 6.77
2727 92 18379 218 9.19

thermal expansion is largely constrained by the cold bulkeni outside the loaded area. As a result, plastic strain
in radial direction is generated by compressive stressiduhie loading time. In the cooling phase, plastic strain
in radial direction is generated by tensile stress due talimking of the materials. However, the plastic strain in
radial direction generated during cooling cannot couratiarice the plastic strain in radial direction generateihdur
heating. The remaining plastic strain in radial directieads to a residual stress field at the end of cooling. Theiplast
strains in the hoop and the radial directions are very simiteaxial direction, the plastic strain can be estimatedieun
the assumption that the plastic flow usually takes placeawitichange in volume, corresponding to a Poisson’s ratio
of 1/2. As aresult, there is two times as much plastic strain ialahtection as there is in radial direction, see Fig. 13.
Fig. 14 shows the surface plastic strain in radial directifiar 0.5 s, 0.502 s and 16 s for a thermal shock load of
0.624 GWm?. Plastic strain in radial direction is negative at the entiexiting due to the constraint of the cold bulk
material surrounding the loaded area. After heating staparge reduction of the magnitude of the surface plastic
strain in radial direction takes place within 0.002 s, whintlicates that the material in the loaded area is in a tensile
state. The magnitude of the plastic strain in radial dicecin the center of the loaded area is significantly more
reduced than at other locations. Within 0.002 s after hgatiops, almost no further plastic strain in radial direti®
generated, as the plastic strains are almost identical 5@2® and 16 s. In Fig. 15, plastic strain in radial direcéibn
different depths is shown at the end of cooling for a thermal stuaakwith 0.624 GWm?. In the center of the loaded
area, the magnitude of plastic strain in radial directiothatsurface is smaller than at a depth of 0.032 mm, while it
is larger at the surface at the end of heating, see Fig. 1% iftlicates that less plastic strain in radial direction is
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Fig. 9. Temperature at the surface at the end of heating for thermal shatk dbaliferent power densities.

generated during cooling at a depth of 0.032 mm than therah®asurface.

The influence of the power density on the surface plastiasimaradial direction is shown in Fig. 16. The size of
the surface plastic zone increases, as the power densigages. Although a larger power density leads to a larger
magnitude of plastic strain in radial direction in the cemtiethe loaded area during heating, the plastic strain iratad
direction generated during cooling is larger as well. Stefplastic strains in radial direction in the center of the
loaded area are almost identical at the end of cooling famhéloads of 0.624 G\Wh? and 0.5 GWm?2. However, at
a depth of 0.08 mm, the plastic strains in radial directiandifferent, see Fig. 17. The magnitude of plastic strain is
larger for a larger power density.

5.2.2. Stress fields

Fig. 18 shows an overview of stress fields. During heatingpressive stresses are generated, and stresses are
limited by the low yield stress of tungsten at high tempeesu After the sample has cooled down, residual tensile
stress is generated due to the plastic strain field. Therevareritical locations at which a concentration of residual
stress in radial direction can be observed: firstly, theargight below the loading center; secondly, the region
close to the edge of the loaded area at the surface, see theffigiress in radial direction at the end of cooling in
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Fig. 11. Temperature at the surface at various times for a thermal shock @62 GWm?. The loading duration is 0.5 s.

Fig. 18. The stress in hoop direction behaves similarly todtness in radial direction except that there is no stress
concentration near the edge of the loaded area at the suaieess in axial direction is negligible compared to the
radial or hoop stresses.

In Fig. 19 the evolution of surface stress in radial directi® shown for a thermal shock load of 0.624 G¥f.

The surface stress in radial direction is compressive dureating and tensile during cooling. At the end of cooling,
the stress in radial direction changes from tensile to cesgive, as depth increases (see Fig. 20). This is due to the
bending &ect caused by the stress profile in depth direction.

The influence of power density on the surface stress in rddiadtion is shown in Fig. 21. The maximum surface
stress in radial direction and the distance between thecehthe loaded area and the position where the maximum
surface stress in radial direction occurs both increaskeapdwer density increases. In the center of the loaded area,
however, an increase in power density leads to smallerssimgadial direction. At a depth of 0.08 mm, the influence
of power density on stress is more significant, see Fig. 2BsSis larger for a larger power density.
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Fig. 12. Plastic strain fields for a thermal shock load of 0.624/@W &, &5, ande,, are the plastic strains in radial, axial and
hoop directions.

6. Fractureanalysis

Cracks at the surface of the tungsten armors can rapidlyagaip into the tungsten component and lead to a
loss of functionality, which shortens the life time of themgonent significantly. In this work, both XFEM and the
FEM-based VCE method are used to conduct a fracture analysils XFEM, one is able to predict crack initiation
and propagation, while the FEM-based VCE method can be ossidulate fracture mechanical parameters.

6.1. XFEM simulation

With XFEM, the FE mesh does not need to be updated to trackrdek ath, which is considered to be the
biggest advantage of XFEM over the conventional FEM. To &ateucrack initiation and propagation, a maximum
principal stress criterion (MPS) for crack initiation anul energy based damage evolution law for crack growth are
applied. Hence, the assumption of precracks is not needbd XFEM simulations. Once the principal stress exceeds
its maximum allowable value, a crack is initiated. At the saime, the cohesive ffiness in the elements, in which
crack formation occurs, is degraded. The cohesivinstis degradation is described by the energy based damage
evolution law. If the energy dissipation associated witickrextension is larger than the fracture energy, the cahesi
stiffness becomes zero, and the crack is completely opened. Theofaultimate tensile strength can in principle
be used for the MPS. The ultimate tensile strength of tumgateund its DBTT (400C-700°C) is about 900 MPa-
700 MPa [17]. Considering that crack formation is mainly tluéhe brittleness of tungsten below DBTT, the MPS is
defined to be 900 MPa. For the fracture energy used for damadetien, 0.25 m/mn?¥ is used, which is transferred
from the fracture toughness obtained from the test at@g@erformed by Gludovatz et al. [11] based on linear elastic
fracture mechanics.

The XFEM predictions are collected in Figs. 23, 24 and 25. qimentity STATUSXFEM characterizes damage
evolution. A value of 1.0 characterizes an opened crackitifmsalues smaller than 1.0 stand for cracks that require
additional energy to be opened. For thermal shock load af4A0@BA/n?, initiation of a single crack that requires
additional energy to be opened is predicted, which indg#tat this loading is not critical for cracking, see Fig. 23.

11



0.012

0.008-

0.0041

Plastic strain

—0.004r — radial |

axial

0 0.1 0.2 0.3 0.4 0.5
Distance from the center (mm)

Fig. 13. Surface plastic strain in radial and axial directions at the end of cooling fleermal shock load of 0.624 GW2.
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Fig. 14. Surface plastic strain in radial direction at various times for a thermalsload of 0.624 G\jm?.

For a thermal shock load of 0.5 GW?, several cracks are initiated (Fig. 24), but they need amidit energy to be
opened. The multiple crack initiations, which are closedoheother, result in a degradation of the cohesivéngtss

in the corresponding area. However, the densely distribatacks will rarely occur in reality, since intergranular
cracking is more likely to occur due to the weaknesses of thim¢poundaries. For intergranular cracking the distance
between two cracks is at least the size of a grain. When thendistbetween the cracks is larger, the energy dissipation
associated with crack extension will also be larger, whiatidates that opened cracks may occur for the loading of
0.5GWn?. In Fig. 25, opened cracks are found for a thermal shock l6&d6@24 GWm?. Compared to the tensile
stress at the surface, the tensile stress below the susftargér (as shown in Fig. 18). As a result, cracks are imitiat
below the surface. Thisflect leads to impurities below the surface, possibly as dtresthe fabrication process,
critical for cracking.
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Fig. 16. Surface plastic strain in radial direction at the end of cooling for therimatlsloads of dierent power densities.

6.2. J-integral calculation

The J-integral [20] is a useful quantity for the analysis of thealmanical fields near crack tips. In this work,
the J-integral was calculated using the FEM-based VCE methotl e axisymmetric mod&l The J-integral
is numerically attractive, since it can be evaluated by & padependent contour integral. To compute the contour
integrals, the domain integral method is used, which issqaibust in the sense that accurate contour integral estimat
are usually obtained even with quite coarse meshes. Jlihtegral in this work is calculated at the end of cooling,
when the material behaves purely elastic. If plasticityussctheJ-integral calculation is also possible by describing
the elasto-plastic material behavior as an "equivalerstielenaterial” [16]. However, the residual stress influemeest
be considered, otherwise tdentegral will not be path-independent. A path-indeperideimtegral can be obtained
when the residual stress field is treated as an initial sfralich [21], which has been implemented in ABAQUS [16].
The criterion for crack propagation is defined as follows: ths J-integral reaches its critical valud.], unstable

1The J-integral can be calculated with XFEM as well, however, ently only for first-order or second-order tetrahedron arst-Brder brick
elements for three-dimensional models in ABAQUS XFEM code,[®lich does not fit to the two dimensional model set up in thiskwor
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Fig. 17. Plastic strain in radial direction at a depth of 0.08 mm at the end of coolinthésmal shock loads of fierent power
densities.

fracture sets in, and cracks can propagate. The criticabwvall theJ-integral is defined to be the same as the fracture
energy.

In the XFEM calculations, only cracks perpendicular to tye surface are found. Therefore, in this work, only
J-integrals for precracks perpendicular to the top surfaesecamputed at the end of cooling. The direction of the
virtual crack tip extension is defined pointing into the séamp.ength and location of precracks (see Fig. 26) are the
variables of a parametric study. To avoid influence from otihacks, only one precrack is allowed in each simulation,
where the growth of the precrack is not possible.

Fig. 27 shows the calculatetlintegrals as a function of crack length and location fdfedent thermal shock
loads. In general, thd-integrals first increase as the crack length increasesn,Tafer reaching a maximum, they
decrease again. . For a thermal shock load of 0.374@8\\J-integrals are much smaller thdg and no crack growth
will occur. For a thermal shock load of 0.5 GW¥, in the central part of the loaded area=(0.041, 0.162 mm) the
J-integral for a precrack which is shorter tham®, is smaller thanl;, while it is larger than]. for a precrack
longer than 1eum. Since the grain boundaries are more vulnerable than #ie opterior, and hence assuming that
the initial defect can grow more easily along the interfaeeneen two grains into a crack of i6n perpendicular
to the surface, further crack growth can occur accordindghéaltintegral calculation. For a thermal shock load of
0.624 GWm?, nearly allJ-integrals are larger thak in the central part of the loaded area. Crack propagatioarig v
likely to occur. However, thd-integral is smaller thad, as the crack length is larger than 0.15 mm, which indicates
that this crack cannot become longer than 0.15mm. The cremkreence obtained from thkintegral calculations
generally coincides with XFEM predictions.

7. Comparison of experimental and simulation results

7.1. Maximum temperature and cracking occurrence

Fig. 28 shows a comparison of the maximum temperatures meghsuthe experiments and calculated in the cor-
responding simulations. The maximum temperature is ligpel@pendent on the power density. For a thermal shock
load of 0.374 GWh?, the simulation result coincides with the measured valigeguell. However, the deviation
between the simulation results and the measured valuesiisusbfor a thermal shock load of 0.624 GiY. The
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0.1mm

Fig. 18. Field of stress in radial direction for a thermal shock load of 0.624/@tension positive, compression negativey),
oz;ando, are the stresses in radial, axial and hoop directions.

reason may lie in the fact that the surface roughening caogedthermal shock load of 0.624 GW? may result in
a reduction of reflected electrons.

The cracking occurrence found in the experiments genecailiycides with both the XFEM and th&integral
predictions. No cracking occurrence is found for a therrhalck load of 0.374 GWn?, while for a thermal shock
load 0.624 GWm? cracks are both predicted numerically and detected in ther@rents. For a thermal shock load of
0.5 GWn?, the experiments show an occurrence of tiny cracks. XFEMikition predicts the initiation of multiple
cracks, but these cracks are not completely opened.JIihtegral for the precrack, which is situated in the central
part of the loaded area and which is longer thamd® is larger thanl. for a thermal shock load of 0.5 GW?. The
numerical results for a thermal shock load of 0.5 @Windicate that cracks may occur, however, they do not grow
as readily as for a thermal shock load 0.624 @A/

7.2. Surface roughness

Line surface roughness results were extracted from Fig3.ad 4. Their results are shown in Fig. 29. Two
lines (see the dashed lines in Figs. 2, 3 and 4), which passdhrthe center of the loaded area and are parallel
to either the horizontal (width) or the vertical (height)ged of the LSM images, are chosen for the line surface
roughness measurements. The roughness far away from ttedleaea is assumed as zero. For thermal shock loads
of 0.374 GWm? and 0.5 GWm?, the roughness along the two lines does not exhibit drart@ta fluctuations, and
surface roughening is induced by plastic deformation. Rixeamal shock load of 0.624 GW?, the zig-zag profile
of roughness suggests that cracks are opened.

The roughness predicted by the thermo-mechanical sironkis plotted as well. The roughness in the simulation
refers to the vertical displacement at the top surface.dsdlsimulations, no cracks are considered. The findinggof th
experiments and the simulation results coincide with edlerdor the thermal loads under which surface roughening
is mainly induced by plastic deformation, and the minor ebetween the experimental and simulation results might
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Fig. 19. Surface stress in radial direction at various times for a thermal shackdb0.624 GWh?.
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Fig. 20. Stress in radial direction atftiérent depths at the end of cooling for a thermal shock load of 0.624GW

result from the error in the thermal calculation and fromoesrdue to the simplification of the model (e.g. circular
instead of rectangular loaded area). If cracks are opeherk aire obvious ffierences between the experimental and
the simulation results, see Fig. 29 c.
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Fig. 21. Surface stress in radial direction at the end of cooling for thermalksloacls of diferent power densities.
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Fig. 22. Stress in radial direction at a depth of 0.08 mm at the end of cooling famtideshock loads of dlierent power densities.
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Fig. 23. Crack predicted by XFEM simulation for a thermal shock load of 0.374/@&W
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Fig. 24. Cracks predicted by XFEM simulation for a thermal shock load of 0.5@iV
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Fig. 25. Cracks predicted by XFEM simulation for a thermal shock load of 0.6246.
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Fig. 26. Precrack for the calculation of thkintegral,r is the distance from the axis of symmetyis the length of the precrack,
andRis the radius of the loaded area.
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8. Conclusions

In this contribution damage behavior of tungsten under hight flux thermal shock loads was investigated as-

suming a single heat pulse with duration of 0.5s. Crackinghagism was identified by means of FEM-based
computational fracture mechanics analysis. The numéyipatdicted cracking features were compared with the ex-
perimental measurement obtained from the high energyretebeam irradiation tests. The followings are the major
results:

1. Finite element simulations revealed that the thermadstestate was reached within several milliseconds af-
ter the onset of a heat flux pulse. Experimental observatwmved that thermal shock loads could cause
considerable grain growth, although the pulse durationretasively short (0.5 s).

2. Finite element simulations confirmed that the surfaceling of tungsten was caused by tensile residual stress
produced during cooling stage as a consequence of compgiastic yield of the surface layer under heating.

3. At thermal shock loads below 0.5 G the loaded area at the surface exhibited plastic roughemihgut
occurrence of cracks. The plastic deformation of the serfager was measured using the laser scanning mi-
croscope and compared with the predicted profile of the fel@ment simulations achieving good agreement.

4. According to the thermal shock tests open cracks begariiodn the surface when the applied heat flux load
was higher than 0.5 GY?. This threshold value of power density for cracking was juted by the compu-
tational fracture simulation as well. Both XFEM techniqurela/CE method yielded consistent predictions on
the cracking behavior.
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