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Abstract. CFC and W macrobrush armour are foreseen as plasma facing components (PFCs) for ITER divertor. 
PFCs manufactured in ITER divertor design, have been exposed to multiple (up to 100 pulses) ITER-like 
transient loads in QSPA-T facility (Q=0.4-2.5 MJ/m2, τ =0.5ms). The measured material erosion data was used 
to validate the simulation codes developed in FZK (MEMOS, PHEMOBRID, PEGASUS), which then were 
applied to model the erosion of PFCs under the transient loads in ITER. The mechanisms of melt splashing were 
compared with results obtained in QSPA experiments. The crack formation at W surface was modeled using 
PEGASUS code and validated against the experiments. Influence of JxB force on metallic armour damage in 
ITER was analyzed. 

1. Introduction 

The operation of ITER is assumed to be the H-mode regime [1] with the transient release of 
energy onto plasma facing components (PFCs) by multiple ELMs and disruptions, which 
mainly determine the lifetime of PFCs [2]. The CFC and W macrobrush armour are foreseen 
for ITER divertor and the dome. The expected energy fluxes on the ITER divertor PFCs are 
estimated for Type I ELM as 0.5 – 4 MJ/m2 in timescale of 0.3-0.6 ms [3,4]. During the 
intense transients in ITER surface evaporation (CFC, W), surface melting (W) and surface 
and volumetric cracking (W, CFC) are considered as the main mechanisms of PFCs erosion. 
The melt motion in a thin layer of metallic armour may produce surface roughness, droplet 
splashing and eventually the dust emission in form of solidified droplets. The expected 
erosion of ITER PFCs can be adequately estimated by numerical simulation using the codes, 
validated against the target erosion data obtained in QSPA-T, MK-200UG and QSPA-Kh50 
facilities.  

It should be emphasized that the experimental result obtained in these facilities cannot be 
directly extrapolated to ITER under because the electron temperature of the impacting plasma 
in these facilities is much less then that, expected for the ITER transients. Thus, for the given 
heat load Q the plasma pressure by 10-20 times and density by 1000-2000 times are less in 
ITER, than at QSPA. Due to this fact, measured experimental erosion is essentially 
overestimated for ITER, especially for W armour erosion, where the plasma pressure plays 
the main role in the melt layer damage. Erosion of the CFC targets is simulated in QSPA 
rather adequately since difference in the plasma pressure in this case does not play role. 

Within EU and RF collaboration in fusion programme, the CFC and W macrobrush targets, , 
were exposed to ITER transient-like loads in the range 0.5-2.5 MJ/m2 and pulse duration of 
0.5 ms in the QSPA-T facility [5,6].  

The measured material erosion [5-7], has been used to validate the codes PEGASUS, 
MEMOS, PHERMOBRID and FOREV. These codes were then applied to model the damage 
of the divertor PFCs under the anticipated ITER multiple transient loads (with energy density 
Q =0.4-3.5 MJ/m2 (ELMs) and Q > 5 MJ/m2 (disruptions) for CFC and W amour [7-11]). The 
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FIG 1. The SEM view of the CFC tile surface 
erosion for different exposures [5]. 

code FOREV [12] was applied for evaluation of plasma shield formation due to the 
evaporation of target material.The FOREV data were used in MEMOS calculation.  

The code MEMOS describes 2-D and 3-D melt damage processes under plasma loads on 
metallic targets. The gradients of plasma pressure and the Lorentz force of the currents 
crossing the melt layer under the strong magnetic field, course the melt layer acceleration. The 
melt splashing generated by the Kelvin-Helmholtz (KH) and the Rayleigh-Taylor (RT) 
instabilities is taken into account. The CFC target erosion was calculated by the codes 
PHEMOBRID and PEGASUS in which degradation of thermal conductivity of CFC due to 
cracking and brittle destruction were estimated. Modified code PEGASUS was applied for 
simulation of tungsten surface cracking and for estimation of graphite and tungsten dust 
production under ITER like transient loads [13]. 

2. Experimental results on CFC and W 
brush erosion.  

The tungsten, lanthanum oxide doped 
tungsten, and CFC targets manufactured in 
macrobrush design (with brushes of 1x1 cm2 
with 0.5 mm gaps between them) were 
exposed to series of repeated plasma pulses 
(100 in each series) with energy density Q= 
0.5-2.0 MJ/m2 and 0.5 ms duration [5,6] and 
series of 5 plasma pulses at the energy 
density Q> 2.2 MJ/m2 [6]. The target were 
preheated up to 500ºC before exposure, 

which is beyond the DBTT for these tungsten materials. The plasma stream had Gaussian 
profile with half width of 8 cm and was inclined at 30º to the target surface. The plasma 
pressure was varied in range of 0.3 – 0.9 MPa. After every pulse (for Q>2.5 MJ/m2) and after 
each series of 10-20 pulses for (Q<1.5 MJ/m2) the target surface was inspected by means of 
the scanning electron microscope (SEM), optical microscopes and erosion mass losses. The 
results are shown below for the reference pulse duration τ=0.5 ms.  

2.1. Erosion of CFC macrobrushes 
According to SEM observation the 
erosion of CFC macrobrushes is 
determined mainly by erosion of 
PAN-fibres, whereas pitch fibres 
remain undamaged. The view of the 
CFC tile surface erosion for 
different exposure is shown in the 
FIG 1. 

In Fig. 2 the experimental results of 
CFC armour erosion is presented as 

a function of incident energy, Q. It is seen, that for the energy Q< 0.5 MJ/m2 erosion is 
negligible; for 0.6<Q<0.9 MJ/m2 the erosion of PAN-fibres after 100 exposures is observed 
not only near the edges, but also on the total surface of the tiles; for 0.9<Q<1.3 MJ/m2 a 
moderate erosion of PAN-fibres takes place after 50 exposures and for  1.3<Q<1.4 MJ/m2 the 
significant erosion of PAN-fibres takes place already after 10 exposures.The PAN-fiber 
erosion, obtained in profilometry  measurements, is about 3 µm/shot for loads 1.3<Q<1.6 
MJ/m2 and increases up to 6 µm/shot for the disruption-like loads Q>2.2 MJ/m2. The average 
erosion of the sample measured by mass loss are of 0.3 µm/shot and of 3 µm/shot  for large 

 
FIG.2. Measured erosion of CFC target vs energy 
density Q; pulse duration τ=0.5 ms. 
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ELMs and disruption like loads, respectively. These results indicate that PAN fiber damage is 
a main erosion mechanism for CFC armour. The erosion thresholds obtained in QSPA-T (for 
evaporation ~0.65 MJ/m2 and for vapour shielding ~1.27 MJ/m2) are well correlate with 
thresholds measured in MK-200UG experiments and recalculated to QSPA-T pulse duration 
of τ=0.5 ms [14]. 

2.2. Erosion of pure and lanthanum tungsten macrobrushes. 

Analyses of experiments on the tungsten 
macrobrush erosion demonstrate: the erosion 
is manifested mainly as the melt layer 
movement, bridging, and droplet formation 
(See Fig. 3). The overview of pure tungsten 
and lanthanum tungsten erosion as a function 
of energy density is shown in Figs. 4a and 4b 
respectively. 

A pure tungsten: Erosion of samples for 
Q<0.4 MJ/m2 was negligible; for 0.4<Q<0.9 
MJ/m2 melting of the plasma facing edges 
took place; for 0.9<Q<1.3 MJ/m2 melting 
was observed not only near the edges, but 

also on the total surface of the tiles. As the result of the melt layer movement along the 
plasma stream direction the separate bridges were formed between tiles after 50 exposures; 
for 1.3<Q<1.6 MJ/m2 - bridges were formed already after 10 exposures. The gaps between 
tiles were covered by remelted tungsten after 50 exposures. Droplet ejection was observed at 
Q> 1.3 MJ/m2. The average erosion of the sample is below 0.04 µm/shot for  energy loads Q< 
1.5 MJ/m2. The threshold of moderate tungsten evaporation measured in QSPA-Kh50 (pure 
sintered W) [15] and recalculated to reference pulse duration τ=0.5 ms is ~1.6 MJ/m2 well 
correlate with experiments at QSPA-T, where the average erosion of 0.06 µm per shot for 
Q=1.6 MJ/m2 was obtained. Calculations show, that for Q<1.6MJ/m2 erosion is correlated 
with strong evaporation and the mass losses due to droplet formation are rather small [8].  

Lanthanum oxide doped tungsten: For this material erosion under transient loads starts at 
significant lower energy compare with pure tungsten. As a consequence lanthanum oxide 
tungsten erosion is higher than the erosion of pure tungsten for the same loading conditions. 
(See Fig.3 and 4a.b). At the energy density of 1.0 MJ/m2 the mass loss of pure tungsten was 
negligible, whereas for the lanthanum oxide doped tungsten average erosion values where 
about 0.04 µm per pulse, which is similar than for pure tungsten at 1.5 MJ/m2.  

Crack formation in tungsten : In QSPA-T experiments at energy density of 0.6 MJ/m2 and 
larger the crack formation on the brush surfaces have been observed. For heat loads 
0.6<Q<1.0 MJ/m2 two types of cracks of different size and depth were distinguished. The 
post-mortem metallography has showed the depth of type 1 and type 2 cracks about 500 µm 
and 50 µm, respectively. For Q> 1.0 MJ/m2 the cracks form grids with a characteristic cell 
size of 50 µm and they are remelted during each pulse. The damage of bulk sintered tungsten 
targets, preheated  at 650oC (beyond the DBTT for this material) under repetitive ELM-like 
plasma pulses (up to 400) was also studied experimentally in the QSPA-Kh50 [16] for heat 
loads of 0.45MJ/m2 and 0.75 MJ/m2 (τ=0.25 ms), which are respectively below and above the 
melting threshold. 

It is shown that tungsten cracking can not be completely mitigated by the preheating above 
the DBTT. Preheating above DBTT suppresses the formation of type 1 cracks in these 
materials. After the first few hundred pulses only type 2 cracks were found. In the vicinity of 

Fig. 3 The SEM view of the macrobrush for 
lanthanum oxide doped tungsten and pure 
tungsten [6].  
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melting threshold the tungsten damage by surface cracking becomes dominating after several 
hundreds shots.  

Tungsten droplet ejection.  The onset of droplet formation, velocities and angular 
distributions of droplet ejection 
were studied on a flat tungsten 
target and a W macrobrush target 
at QSPA-T [6,10]. The target 
was oriented perpendicular to the 
plasma flow in the first case and 
at 30 degrees in the second case. 
Statistical measurement of 
droplets characteristics has been 
performed at the absorbed 
energy density 1.6 MJ/m2 with 
pulse duration of 0.5 ms for the 
normal plasma incidence on a 
flat tungsten target. Onset 
conditions of droplet ejection 
correspond to the absorbed 
energy density about 1.2 MJ/m2 
and the plasma pressure of 0.18 
MPa. The main part of the 

emitted droplets has the velocity of about 6 m/s. About 80% of the droplets are ejected at 
small angles to the target surface (less than 450). The measured sizes of W droplets emitted in 
these conditions are in the range of 10-100 µm. 

3. Numerical simulations of the CFC and W brush damage  

Numerical simulations aiming to validate the codes MEMOS and PHERMOBRID were 
carried out for targets exposed in the QSPA-T experiments. The absorbed energy density Q 
was varied in a range 0.35-1.5 MJ/m2 with the reference pulse duration of τ =0.5 ms, the 
plasma pressure at the inclined target of 0.05, 0.1, 0.2, 0.4 MPa was assumed in the 
simulations. This is representative of the experimental range in QSPA taken into account the 
impact geometry (plasma pressure of  0.3 – 0.9 MPa) and also of the expected values in ITER 
(typically one order of magnitude lower than in QSPA during ELMs). Full 3-D geometry 
calculations have been carried out to take into account heating of the frontal and lateral sides 
of brushes for the given inclination angle of plasma impact and the width of the gap. 

3.1. The CFC-macrobrush targets.  

The 3D model of CFC target with pitch fibres, 
PAN fibres and matrix describing 3D structure of 
real CFC with temperature dependent heat 
conductivities was used in numerical simulations 
[8]. Due to their rather low heat conductivity, 
noticeable evaporation of the PAN fibres occurs at 
the heat loads Q> 0.7 MJ/m2 and plasma shielding 
by evaporated atoms, which decreases the heat 
load at the surface starts to play a role for energy 
densities above 0.8 MJm-2 [8]. Numerical 
simulations demonstrated that due to their high 

heat conductivity the pitch bundles carry  mainly the energy deposited at the target surface 
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FIG. 5. Calculated and measured PAN 
fibres erosion vs. of absorbed energy 
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FIG.4. Measured erosion of pure W (a) and W-1%La2O3 
(b) targets vs energy density Q; pulse duration τ=0.5 ms. 
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into the material. The dependence of the absorbed energy versus incident energy calculated 
for the pitch bundles  agrees well with the measured one by CFC calorimeter in agreement 
with this modelling result [8]. 

The PAN fibres, frontal and lateral brush edges are significantly overheated in these QSPA-T 
experiments. That leads to the negligible erosion of pitch fibres and intense evaporation 
erosion of the PAN ones and lateral and frontal edges. Calculated dependences of PAN and 
pitch fibres erosion as function of absorbed energy are shown in Fig. 5. Good agreement with 
measured PAN fibres erosion could only be achieved by taken into account target vapour 
shielding caused by the intense evaporation of PAN fibres in these conditions. Numerical 
simulations demonstrated a weak dependence of the modelled erosion rate on the plasma 
pressure that allows the experimental/modelling results to be extrapolated to ITER directly, as 
the energy density is the main parameter which determines the erosion rate of CFC. 

3.2. W-macrobrush targets.  

The 3D numerical simulations [11] of W macrobrush erosion after single ELM loads with a 
time duration 500 µs have shown that melting of the frontal and lateral brush edges starts at 
Q>0.45 MJ/m2 whereas the melting of the top brush surface starts at Q>1 MJ/m2. This well 
agrees with the melting thresholds obtained in QSPA-T experiments. The calculations 
revealed a significant damage to brush edges caused by the interaction of impacting plasma 
with the lateral surfaces. Numerical simulations [8] demonstrated that for heat loads Q<1.6 
MJ/m2 the evaporation is mainly responsible for the W mass losses (average evaporation of 
0.06 µm per shot calculated for Q=1.6 MJ/m2 is comparable with experimental one). 
Calculated magnitude of melt erosion depends linearly on the tangential pressure at the 
surface. For example, for Q = 1.5 MJ/m2 after each shot the surface roughness along a single 
brush increases for 0.2 µm at 0.05 MPa (which is the expected plasma pressure of ITER 
ELMs) and for 1.5 µm at 0.4 MPa (QSPA-T) [8,9]. Thus the 3D calculations demonstrated 
that in case of repetitive transient loads the PFC lifetime can significantly decrease: e.g. 0.2 
µm×103 ELMs =0.2 mm.  

The Lorentz (JxB) force due to the current density J = 1 MA/m2 which crosses a target in a 
strong magnetic field B=5T, corresponds to the pressure gradient 5 MPa/m. For tungsten 

target and plasma load this is one order of value less 
than typical pressure gradient at the surface and thus 
it can be neglected. Furthermore, such order of J is 
expected at the loads ~10 MJ/m2. Therefore for ITER 
ELM loads the J×B force is not important even for 
the strong ELMs (ELMs with plasma shield, which 
for the reference pulse duration of 0.5 ms happens at 
Q>2.5-3 MJ/m2) and thus the plasma pressure 
gradient, or the direct momentum transfer from the 
impacting plasma stream in the case of weak ELMs 
(ELMs without vapor shield, Q < 1.6 - 1.8 MJ/m2) are 
the main driving forces.  

Further numerical simulations using MEMOS for W 
targets were focused on damage estimations after repetitive heat loads [11]. The damages to 
W-macrobrush targets underwent multiple ELM- and disruption-like loads as at the plasma 
gun QSPA-T as it will be after ITER transients were investigated calculating the changes of 
surface roughness after every load pulse in the subsequent erosion evolution. These numerical 
simulations demonstrated that the erosion monotonically increases with the number of pulses. 
The surface roughness is proportional to the pulse number. This demonstrates Fig.6 for the 

 
FIG. 6. Erosion of outer divertor W- 
brush armour motion under ITER-
like repetitive transients
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moderate ELMs with the averaged heat load Qa =0.9MJ/m2 and corresponding peak heat load 
Qmax=2 MJ/m2 (for the reference pulse duration τR =0.5 ms, the vapour shield was calculated 
by.FOREV). The brush roughness after repetitive transient loads is proportional to the energy 
load, For Qa =0.9MJ/m2 and after 103 ELMs the surface roughness reached 30 µm (Fig. 6), 
and for Qa =1.8MJ/m2 (Qmax=4.2MJ/m2, τR = 0.5) the surface roughness reached 60 µm.  

MEMOS simulations for a W macrobrush showed also 
that if the separatrix strike point (SSP) moves along the 
divertor target during a transient, such random 
movements can decrease significantly the melt erosion 
and the vaporization erosion in comparison with those 
calculated assuming a fixed SSP position. This effect 
becomes significant as soon as mean amplitude of SSP 
motion exceeds the full width of the area in which 
significant roughness is produced by a single transient 
event. This effect is demonstrated in Fig. 7 for 
disruption-like loads. After 100 disruptions with Q = 6 
MJ/m2 and τ = 2 ms the effect is small: the depth of the 
crater caused by melting is of about 0.8 mm while for 
single event crater depth is about ~10 µm and thus it 

would be 1 mm after 100 equal disruptions. However, for a large energy load series of 100 
disruptions with Q=15 MJ/m2 and 5 ms the effect becomes significant: a deep crater about 1.5 
mm and a mountain near the crater edge of 1.5 mm appear (Fig. 7), while for single event 
crater depth is about 35 µm (3.5 mm after 100 disruptions).In the case of thermal quench the 
influence of JxB forces along the macrobrush surface (associated with current flow 
perpendicular to the surface) on the W melt layer acceleration is found negligible for J <4 
MA/m2 and a toroidal magnetic field of B ~5T. However, JxB forces perpendicular to the 
surface (caused by the interaction of eddy currents induced by the flattening of the current 
profile during the thermal quench and the  poloidal magnetic field) cause significant splashing 
due to RT instability. For the typical poloidal field at the divertor strike point for scenario 2 
(15 MA) of 0.5 T, droplet splashing due will occur for currents above the critical value ~ 
0.004MA/m2. For the variations of the poloidal field at the strike point expected during the 
thermal quench (~ 10 T/s), the induced current on the surface is  ~ 0.1MA/m-2, i.e. more than 
an order of magnitude larger than that needed to exceed the RT instability threshold. As a 
consequence, droplet splashing is also expected by this mechanism during disruptions. It is 
important to note that, unlike ELMs (see next section), for all disruptions which cause melting 
of the surface (even relatively low energy flux disruptions) significant droplet emission by RT 
is expected. 

Droplet splashing and bridge formation. The  KH instability is found to be the main 
mechanism of the droplet formation under transient loads for ITER-like conditions [9,10]. The 
calculated threshold of the droplet ejection predicted by the KH instability for QSPA-T 
conditions is Q=1.3 MJ/m2, the expected droplet sizes lie in the range 20-50 µm, and droplet 
velocities are in the range of 4-6 m/s. These values agreed reasonable well with experimental 
data both for perpendicular plasma impact on a flat W target and for inclined plasma impact in 
case of macrobrush target. Simulations carried out for similar energy loads for plasma 
conditions as expected during ITER ELMs (i.e. a factor of 10 lower pressure) show that 
neither the plasma pressure nor the Lorentz forces can accelerate the molten layer to the level 
required for KH instability onset. This allows one to conclude that no melt layer splashing by 
droplets will be expected in ITER during ELMs. 

FIG. 7. Distribution of the erosion 
along the outer divertor after 10, 
and 100 disruption, SSP motion 
within δ=5cm  



 
 

IT/P6-10 

 
 
7 

The RT instability at the edges of macrobrushes can cause the extension of the melt layer to 
the next brush, thus producing the bridges between brushes as it found in the QSPA-T [5,6]. 
Analyse shows [9] that at high melt layer velocity mV >1 m/s, sharp macrobrush edges lead to 
a fast growth of the RT waves and droplet ejection occurs at the edges with typical droplet 
size r < 100 µm. At lower velocities the RT instability leads to the formation of bridges 
between the neighbouring brushes. This effect can be reproduced in repetitive heat load 
simulations [11]. For ITER, due to lower plasma pressure and low Lorentz force values, the 
expected velocities of the molten layer are small and cannot produce strong droplet formation 
by the TR instability. Fig.6 shows that neither bridging nor droplet ejection take place in 
simulation of W- brush armour after 1000 pulses and energy 0.9 MJm-2. 

4. Simulation of cracks in tungsten under ITER specific heat loads  

The experiments in the QSPA facilities show intense tungsten surface cracking for conditions 
typical for ELMs in ITER. The cracks at the tungsten surface arise due to the thermostress, 
which developes under severe heat load conditions foreseen for ITER ELMs and disruptions. 
In tungsten the thermostress due to thermal expansion from room temperature to the melting 
temperature is more than one order of magnitude larger than the tensile strength.  

The thermo-mechanical code PEGASUS has been 
developed for numerical simulation of tungsten 
surface cracking [7]. Numerical simulation can 
qualitatively reproduce the crack patterns obtained 
in the QSPA-T experiments. Both, experimentally 
observed and simulated crack networks consist of 
a coarse primary mesh formed by deep cracks 
(type 1) and a shallower secondary crack mesh 
(type 2), with crack depth less than an order of 
magnitude (Fig. 8).  

5. Simulation of dust production. 

Dust production from the divertor armour during 
ELMs has been investigated for the CFC target in ITER [13]. Analysis of the available 
experimental data on dust particle production and particle size distribution for MPG-8 
graphite and NB31 CFC which were obtained in the MK-200UG and MK-200CUSP facilities 
for ITER-like loads has been used to calibrate the required material properties of NB31 CFC 
in PEGASUS. Unfortunately, these data are rather uncertain and can affect strongly the 
numerical prediction. Calculations with PEGASUS show that the PAN fibre erosion is 
dominate and the erosion rate is in a good agreement with NB31 CFC in MK-200UG 
experimental values. The results of PEGASUS have been analysed to determine the formation 
of particulates during these events and used to evaluate the production of dust by ELMs in 
ITER. The particle size distribution after an ELM-like heat load of 1 MJm-2 and 0.5 ms 
duration can be approximated as )10exp()( 0 +−= rNrN α  ,where )(rN  is the number of 

particle of size r (in µm) emitted from m2 and 26
0 107.7 −⋅≈ mN , 1~α . Dust particles with 

r >10 µm are practically absent in simulation. 

6. Conclusions. 

The plasma facing components specified for ITER divertor targets were exposed in the 
plasma gun facility QSPA-T to ELMy- and disruption-like heat loads (0.5 MJ/m2<Q<2.5 
MJ/m2). It was found that significant CFC erosion mainly occurred due to PAN-fibres 
evaporation for absorbed energy above 0.5 MJ/m2. This erosion rate was found in the range 

Fig. 8.W cracks observed in QSPA-T 
(top) and simulate in PEGASUS-3D 
(bottom) for 0.9 MJm-2 and τ=0.5 ms.
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1.2 - 2.5 µm/pulse for ELM-like heat loads and up to 6 µm/pulse for disruption-like loads, 
Q>2.2 MJ/m2. Simulations show a good agreement with experimental results and predict 
weak dependence of CFC erosion on plasma pressure, justifying the relevance of 
experimental results to ITER. Experiments and code assessments show that CFC can be used 
in hydrogen phase of ITER operation, however at higher energies very strong erosion is 
expected already for energies beyond 0.5 MJ/m2.   

The tungsten erosion was occurring as a target surface evaporation, movement of molten layer 
and droplet ejection. Erosion was negligible for energies less than 0.5 MJm-2. In QSPA-T 
average tungsten erosion was measured as 0.06 µm/shot at Q~1.6 MJm-2 for exposition time 
τ=0.5 ms. For W-La2O3 significant erosion 0.04 µm per event was observed already at lower 
energy of 1.0 MJm-2. The onset of droplet ejection from pure W target was found at 1.2MJ/m2 
and velocity of the droplets below 20 m/s. Simulations show rather good agreement with 
experimental results of molten layer damage and droplet formation for tungsten samples in 
QSPA-T. Experiments predict an intense tungsten surface cracking under ITER ELMs loads, 
when the surface melting and evaporation occurs. However, due to smaller value of plasma 
pressure at the plate during ELMs, erosion of tungsten macrobrush tiles in ITER is expected 
to be smaller than in QSPA-T.  Estimations also show, that effect of Lorentz force on erosion 
is small (compare with pressure drop), but can be essential in the case of beryllium. As a 
result the droplet splashing erosion of tungsten tiles will not occur in ITER. Even for ELMs 
without surface melting, effect of compressive thermal stress due to the temperature gradient 
can be potentially dangerous in formation and accumulation of fatigue micro-cracks in 
tungsten bulk. This work is the subject of further investigations 
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