
 
 
1. Introduction 

Evaluation and prediction of heat load response in 
plasma facing components such as divertor and blanket first 
wall during operation is demanded to keep structural 
reliability of them. Heat load test using a component 
specimen is one of the promising and available methods for 
evaluation of heat load response of them. However, it is 
difficult to clarify the damage accumulation and fracture 
mechanism when using such experimental method. 
Therefore utilization of the numerical simulation methods in 
addition to the experimental ones is important because 
evaluations under various conditions can be performed. 

Vacuum plasma spraying (VPS) method is one of 
the promising engineering coating methods for tungsten (W) 
on the structural materials such as F82H steel. Since the 
operation temperature of VPS-W coating should be limited 
below the maximum utilization temperature of F82H (~873 
K), it is possible that the material properties related to the 
heat load response such as the density, strength and thermal 
conductivity are different from those of the bulk W materials. 
Therefore, evaluation of the heat load response is essential 
for the VPS-W.  

Tokunaga et al. reported the heat load test for the 
VPS-W coated F82H using ACT facility of NIFS 1). As the 
result of this test, there observed no cracks after 100 cycles 
of pulsed heat loads at 4.8 MW/m2, where the W surface 
temperature was 1090 K (coolant temp.: 384 K). For the 
cyclic heat load at 5.5 W/m2, in contrast, the surface 
temperature increased up to 1150 K (coolant temp.: 414 K) 
and cracks were formed remarkably after only 16 cycles. 

This study focused on the heat load test by 
Tokunaga et al.. By simulating this heat load test using a 
finite element analysis (FEA), crack initiation process and 
condition of the VPS-W during the heat load was 
investigated. 

 
2. Results and discussion 

Because the damage accumulation and crack 
initiation processes during the heat load test was assumed as 
follow, the FE calculations under various conditions were 
conducted for simulating these processes. 
 
(1) During temperature rising term due to heat load, the 

heat-loaded area was thermally expanded. On the other 
hand, the non-heat-loaded area did not expand in 
comparison with that. As a result, compressive stress 
was generated in the heat-loaded area. 

(2) If the compressive stress of the heat-loaded area reached 
the yield stress of the VPS-W, plastic deformation 
occurred in this area. 

(3) During the cooling term after stopping the heat load, the 
temperature of the VPS-W was decreased and thermally 
shrunk. The shrinkage of the heat-loaded area was 
relatively small compared to the non-heat-loaded area 
because the plastic deformation occurred in the 
heat-loaded area during the temperature rising term. 

(4) As a result, if the tensile stress, which exceeded the 
strength of the VPS-W, was generated in the 
heat-loaded area, the crack initiated in this area. 

 
Fig. 1 shows the appearance of the FE model and 

stress history of center of the VPS-W surface under various 
calculation conditions. By assuming the bottom temperature 
as 300 K, the damage accumulation and crack initiation 
processes during the heat load test was successfully 
simulated. The tensile stress after the cooling term when the 
surface temperature was 1150 K was higher than that when 
it was 1090 K. The temperature boundary for these 
conditions was similar to the tensile strength of the VPS-W.  

In addition, thermally occurred residual stress 
during the VPS coating process is one of the factors which 
will change the calculation accuracy. The residual stress was 
considered to be above 1 GPa by the 1 dimension elastic 
mechanistic calculation. 

Based on this research, understanding of the 
accurate material property values and the residual stress 
generated during the VPS coating process is the key to 
increase the simulation accuracy of the heat load response of 
the plasma facing component. 

 
1) T. Tokunaga, et al., J. Nucl. Mater., (2012). 

Fig. 1 Appearance of the FE model and stress history 
of center of the VPS-W surface 
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Fig. 3. Fast camera images shows W droplet ejection. 

 
Fig. 2. Surface morphology of melting W sample.  

 
Fig. 4. Fast camera images shows occurrence of heave 
and crack of the VPS-W layer after plasma impact.  

 
Fig.1 Schematic view of the ELM-PWI simulator by SPICA.  

 

  
Plasma facing materials (PFMs) in large fusion 

devices like ITER are exposed to not only steady state heat 
loads of up to 20 MWm-2 but also transient heat loads of up 
to 1GWm-2 especially in the divertor region. Transient heat 
flux tests for performance of ITER tungsten (W) are 
required to be investigated under realistic plasma parameters 
and conditions simulating transient events such as Type I 
edge localized modes (ELMs) and disruptions events in 
ITER. The ELM heat loads in ITER are expected to be 0.2–
2 MJ/m2 during 0.1–0.2 ms on the divertor plate during each 
event. The conditions typical for their transient events are 
difficult to achieve in electron/ion beams and plasma 
simulators which are used as static heat flux sources for the 
damage tests. The Compact Toroid (CT) injector is 
applicable as powerful transient heat load simulators 
satisfied ITER requirements for material damage tests. The 
high pulsed heat flux produced by coaxial plasma guns will 
damage the divertor materials leading to surface evaporation, 
cracking, melting, boiling and droplet ejection. The ablation 
rate is much lower than that found using lasers and electron 
beams due to the vapor shielding effect. Thus, when 
compared with laser or electron beams facilities, the plasma 
guns have suitable facilities to incorporate the shielding 
effect into erosion simulation of the ELMs/disruptions. 
Earlier tests with the magnetized coaxial plasma gun at 
University of Hyogo showed enough test capacity to 
simulate for the ITER relevant high heat flux conditions. 

We have recently performed ELM transient W 
melting experiments by using SPICA (SPheromak Injector 
using Conical Accelerator) plasma gun device which is 
located in NIFS as shown by Fig.1. In this experiment, we 
have tested pure tungsten plate samples (thickness 2 mm 
and 3 mm) and the vacuum plasma spray (VPS) W coated 
graphite plate used at the divertor in LHD. These test 
samples in the target chamber are placed at the axial 
distance of z=5 mm or 12 mm away from the tip of 
accelerator inner electrode. 

The exposure duration is ~0.016 ms and the peak gun 
current is 200-300 kA at the charging voltage of 15-23 kV. 
The peaked absorbed energy density is 1.9 MJ/m2 at z=30 
mm which is measured with a graphite calorimeter. In this 
experiment, the external magnetic fields are not applied.  

Figure 2 shows a damaged area (spot size 30x40 mm) 
on the W plate surface after the plasma exposure with 68 
pulses. W can see traces of coagulation of meting W and 
bridging of gaps due to melt motion. Figure 3 shows the 
first observation of W droplet splashing (ejection) on the W 
target by using a high speed camera (NAC Image Tech.: 
HX-3). Note that the pattern of white lines on the pictures 
indicates that the droplet is flying toward the left side during 
and after the plasma impact. The droplet speed is about 28 
m/s. Figure 4 shows dynamics of the surface damage of the 
VPS-W. We can see that the W layer heaves at t=200 µs and 
then cracking occurs by t=300 µs. FE-SEM analysis shows 
that there are many flaking spots on the highly heated area 
of the damaged W layer. Thus, it is found that the surface 
temperature increases up to 2000-3000℃.  
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