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Abstract. Microstructural data of neutron irradiated Tungsten (W) such as size and number density of voids 

and precipitates obtained by W up to 1.5dpa irradiation in the temperature range of 400-800C were compiled 

quantitatively. Nucleation and growth process of these defects were clarified and a qualitative prediction of the 

damage structure development and hardening of W in fusion reactor environments were made taking into 

account the solid transmutation effects for the first time. To improve recrystallization behavior and low 

temperature embrittlement, grain refined-W alloys were fabricated by K- or La-doping method. Rhenium 

addition to the grain refining process was also examined to improve mechanical properties. Characterizations of 

unirradiated materials were performed.  

 

1. Introduction 

 

1.1.  Tungsten for fusion reactor applications 

 

Tungsten (W) is considered to be a candidate for the plasma-facing component (PFC) 

materials of magnetic confinement fusion reactors such as the first wall of a blanket and a 

diverter plate because of its high melting temperature and high resistant to sputtering. During 

fusion reactor operation, as a result of high-energy neutron exposure, not only displacement 

damage but also transmutation elements are produced in W. After 5 years of operation in the 

DEMO-like reactor, the average neutron fluence would be 10 MWa/m
2
 at the first wall and 5 

MWa/m
2
 at the diverter, the displacement damage and Rhenium (Re) content would be 30dpa 

and 6% in W of the first wall, and 15 dpa and 3% in the diverter, respectively[1,2]. Re is one 

of major solid transmutation elements of W in fusion reactor conditions [3], and also it is well 

known that Re affects physical properties of W [4]. In ITER, a displacement damage of 0.7 

dpa and transmutation of 0.15% Re would be produced in the W diverter after a neutron 

fluence of 0.15 MWa/m
2
 at 200–1000C[1]. The transmuted Re concentration is small in 

ITER, therefore, transmutation may not be main concern of W in ITER, but neutron 

irradiation data of W has not been obtained systematically and is insufficient.  Defects affect 

various physical properties of materials including mechanical property, size stability and 

thermal conductivity and so on. The defects are also considered as trapping sites of hydrogen 

(Tritium), therefore, damage structure information is needed to estimate soundness, life time 

and Tritium inventory of PFC materials during irradiation. There are two W materials in PFC, 
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one is coated thin layer W of the blanket wall, and another is block shape W for divertor. In 

this work, we focus material development for divertor application. 

 

1.2. W material design for divertor applications 

 

Recrystallized W is well known as brittle materials in low temperature region (<300-500C). 

Grain structure is the most effective material parameter on ductility at this temperature region. 

Microstructure control by wrought and alloying have been used to improve the mechanical 

properties of this temperature region [4].  

FIG. 1. shows schematic summary on temperature dependence of physical properties and 

grain structure of rolled pure W. Recrystallization of pure W starts above 1100C and it 

depends on the working rate etc. As the test temperature is increased, strength decreases and 

elongation increases. Thermal conductivity also decreases with up to about 800C. Fine grain 

structure and high dislocation density introduced by rolling also improve embrittlement of W 

in low temperature region, but residual stress introduce by the rolling causes delayed fracture 

at RT region, therefore stress relief heat treatment is usually conducted to remove the internal 

stress introduced by working. The relaxation behavior of the internal stress introduced by 

elastic deformation was examined by bend stress relaxation test [5].  

 FIG. 1. Summary of temperature dependence of physical properties and grain structure of rolled W. 

 

Ductility of W decreases with decreasing test temperature as is shown in FIG. 1 and it causes 

low temperature embrittlement. It is well known as ductile-brittle transition behavior. The 

ductile-brittle transition is typical mechanical behavior of BCC metals including W. Below 

the ductile-brittle transition temperature (DBTT), cleavage is common fracture mode. In the 

case of recrystallized W, grain boundary embrittlement becomes major fracture mode and it 

increases the DBTT. If recrystallization temperature could be increased a couple of hundreds 

C, we could increase heat load tolerance of PFC. 

To improve the low temperature mechanical properties of W, wrought, grain refining and 

alloying have been used. For example, improvement of DBTT by Re addition was reported by 

several researchers [4]. The resistance to recrystallization embrittlement in W can be also 

increases by alloying or introducing dispersed obstacles to inhibit grain boundary motion 

[6,7]. In addition, the dispersion of a second phase such as oxide particles, bubbles or carbide 

precipitates are typical methods to improve mechanical properties at high temperatures. These 
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material have been used as high temprature applications such as filament of light bulb, 

electorods of welding apparutus or heater for high temperature.  

Among these fabracation process for microstructural controll, we 

selected Potassium(K)-dope and Lantanum(La)-dope W for fusion 

reactor applications from the view point of industrial background. 

Schematic illastration of these materials after stress releafe heat 

treatment are shown in FIG.2. Powder metallugical pure W was 

also examined as a reference material in this work. 

The K-doped W, which has K bubbles dispersed mainly at grain 

boundaries, shows a high tensile and creep strength at high 

temperatures [8–10]. Main application of the W-alloy is a filament 

of light bulb. Bubbles in K-doped W are formed by the 

volatilization of K during the sintering process. The K bubbles are 

expected to induce a multiplication of dislocations during the 

fabrication process and prevent dislocation and grain boundary 

motion at higher temperatures [10,11]. It was reported that crack 

formation under thermal shock loading was suppressed more in K-

doped W compared to pure W [12]. 

Lanthanum-doped W, which exhibits La2O3 particles also dispersed 

mainly at the grain boundaries, and shows good mechanical 

properties such as high tensile and creep strength at high 

temperatures, although its DBTT values are relatively higher 

compared to pure W [13-15]. It has been reported that the dispersed  La2O3 particles 

stabilize the grain structure at high temperatures, resulting from the stabilizing substructures 

and the obstruction of dislocation and grain boundary motion. Main application of the La-

doped W is electroad of welding. 

 

1.3. Irradiation behavior of W 

 

We have been studying neutron irradiation of pure W and W-alloys using fission reactors 

such as JMTR, JOYO (Japan) and HFIR (USA) at temperature range from 400 to 800C and 

dpa level was in the range from 0.15 to 1.54 dpa (Ed=90eV) [16-18]. The results of 

transmission electron microscopy showed that the major defect clusters of pure W under these 

irradiation conditions were voids. Dislocation loops were also observed in lower dpa region 

but its number density was 1/10 to 1/100 of void.  Ordered void array structure, which was 

called void lattice, were observed above 1dpa at 538 and 750C in JOYO. The void lattice 

had also reported previous works carried out in 1970s in EBR-II reactor in USA [19]. 

Re is major transmuted element of W and it improves mechanical properties of W, therefore 

we examined Re effects on microstructure and mechanical properties of W after neutron 

irradiation. The irradiation data of the W-Re alloys showed that the void formation behavior 

up to 1.5 dpa were strongly affected by Re concentration in W. Results of JOYO irradiation 

showed that the void size and number density tended to decrease significantly with increasing 

Re content. The void number density of the W-Re alloys compared to pure W was less than 

about 1/10, and void size was also smaller than that of pure W. The defect types of 5 and 

10%Re alloys in this irradiation conditions were similar, these were small amount of voids 

and fine precipitates [16, 17]. In the case of higher Re content alloys, severe irradiation 
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hardening was observed because of high density precipitates of W-Re intermetallic 

compounds ( or χ phase) [16,20]. These results suggest that a small amount of Re (3-5%) 

may enhance microstructural radiation resistance of W. The Re effects on void formation is 

under investigating using first-principal study [21]. 

The microstructural development with Re concentration change of irradiated pure W and 

W-Re alloys by fission reactors irradiation were 

shown in FIG.3 [17], as gray arrows with 

schematic illustrations of defect structure. The 

amount of Re in pure W and W-Re alloys after 

fission reactor irradiation were calculated using 

EASY-2001 code contained FISPAC code and 

nuclear data EAF. Based on the fission reactor 

irradiation data, qualitative prediction of damage 

structure development of pure W in ITER and 

DEMO-like fusion reactors with lower 

transmutation rate of W to Re are also shown as 

black arrows. The qualitative predictions of 

damage structure development in pure W are as 

follows: fine voids form at early stage of 

irradiation and void lattice structure appears at 

around 1 dpa at 600–800C. This structure is 

expected to be stable up to several dpa because 

formation and annihilation balance of vacancy and 

interstitial atom is considered to compensate by the 

lattice structure. With increasing neutron fluence up to above 10 dpa, the concentration of 

transmuted Re increases to several mass % even in a fusion reactor, the void lattice structure 

may be changed by Re effects on void formation. Precipitate of W-Re may form in the void 

lattice and disordering of the lattice and shrinking of the void may occur. Irradiation 

hardening is also considered but it may be smaller than higher Re containing alloys.  

We had performed irradiation experiments on K-/La-doped alloys [22,23], the results showed 

that radiation response of K-/La-doped alloys were similar to pure W up to 0.5dpa at around 

500C. Re containing W alloys showed void formation resistance [16,17], therefore, new 

alloys which were expected to have higher radiation resistance from early irradiation stage are 

expected by combination of Re addition and the grain refining process. In this work, current 

status of microstructure evaluation and recrystallization behavior, thermal diffusivity, 

mechanical properties of the grain refined W alloys will be introduced.   

 

2. Experimentals 

  

Powder metallugically process pure W, W-1 or 3%Re, K-doped W, K-doped+3%Re W and 

La-doped+3%Re W plates were fabricated under support of NIFS-LHD project in Japan. 

These materials were fabricated by A.L.M.T. Corporation in Japan as 5mm thick plates and 

heat treated at 900C for 20 min. as a stress releaf treatment. The Reduction of area in the 

final hot rolling processe of these alloys was 80%. Concentraitions of interstitial impurities 

(C,N,O) of these were below 10 ppm. Secondary recrystallized single crystal W was also 

fabicated by A.L.M.T. Corporation to examine grain boundary effects on material properties. 

Specimens for microstructureal observation, tensile test and thermal property test were cut out 

FIG.3. Prediction of microstructural 

development of W under fusion 

reactor conditions based on fission 

reactor irradiation data [17]. 
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from the plates by electro-discharging mechod. These specimens surface were grinded and 

polished mechanically up to #1500 (for tensile tst) or #3000 (for thermal property) emery 

papers.  

Recrystallization behavior was examined in vacuum at temperature from 900 to 2000C for 1 

hour. Grain size measurements were conducted on chemically etched surfaces using grain 

boundary intersections method by an optical microscope. Thermal diffusivity measurements 

were conducted using a laser flash method in high-purity Ar atmosphere and the specimen 

shape and size was a disk type with 10mm diameter and 2mm thickness. Tensile tests were 

conducted from RT to 1800C with the strain rate of 10
-3

s
-1

 in vacuum using a SSJ type small 

tensile test specimen. The gage length was 5mm, width was 1.2mm and thickness was 0.5mm.  

 

3. Results and discussions 

 

3.1. Microstructural evaluation and recrystallization behavior 

 

FIG.4 shows typical grain structure of as-received specimens. Grains of rolled specimens are 

elongated along the rolling direction and compressed to the thickness direction as is 

schematically shown in FIG.4-a. Grain size of K-

doped W was about 1/3 of pure-W sample. Grain 

size of K-doped+3%Re was similar to the K-doped 

W. Fine grain structure was successfully achieved 

by the K dope process. As is shown in FIG.4, the 

grain size was significantly anisotropic. 

Results of grain size after annealing is shown in 

FIG.5. Grain growth by recrystallization of pure W 

was observed above 1100C, but the grain growth 

of K-doped, 3%Re and K-doped+3%Re were 

above 1500C. Resistant to recrystallization were 

successfully obtained by the K-doping and Re 

addition.   
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3.2. Mechanical properties  

 

Temperature dependence of ultimate tensile 

strength of as-received pure W, K-dope and 

K-dope+3%Re was shown in FIG.6. Tensile 

direction of the specimen (X-direction) was 

parallel to the rolling direction (R.D.). The 

ultimate tensile strength of the three samples 

decreased with increasing test temperature. 

Strength increase by K-doping was about 

64% at RT and 36% at 1500C compared to 

pure-W, and the K-dope+3%Re showed 

further increase of ultimate tensile strength 

compare to pure W especially at higher test 

temperature region. The alloy showed ductile 

behavior tested above 500C [24]. 

The higher strength of K-doped alloys is attributed to their fine grain size and remained K-

dope holes on the grain boundary, which works as obstacles of dislocation motion, grain 

boundary sliding and recrystallization. The 3%Re addition probably caused higher 

temperature strength by solution hardening of Re. 

Brittle fracture behavior was observed below 200C in the pure-W and it was also observed 

below 100C in K-doped and K-doped+3%Re W. Low temperature ductility were slightly 

improved by these fabrication processes. Tensile tests along Y- and Z-direction were also 

conducted and the results showed the same trend of the X-direction. The K-dope and K-

dope+3%Re showed higher strength compared to pure W [25].  

As is shown in FIG.4, the W samples prepared by the rolling have layered structure because 

their grain compressed along the roll loading direction and elongated to the rolling direction. 

Delamination parallel to the C-plane was usually observed. Anisotropy of the mechanical 

properties was expected by the non-uniform grain structure, but the anisotropy of strength and 

elongation were not clearly observed above 500C. The anisotropy appeared below 500C 

that was observed in brittle temperature region. Tensile strength along Z-direction was the 

lowest. The detail will be appeared elsewhere [25].  

 

3.3. Thermal properties 

  

Results of thermal diffusivity of the fabricated pure W and W-alloys are shown in FIG.7. 

Laser heated surface of the test specimen was parallel to C-plane of the rolled plate.   FIG. 7-

a shows Re concentration dependence of thermal diffusivity. Thermal diffusivity of 

secondary-recrystallized single crystal is also plotted. The difference between the single-

crystal and the poly-crystal at lower temperature region was small, but the difference becomes 

clear with increasing test temperature. The thermal diffusivity of poly-crystal is about 95% of 

single-crystal at 1000C.  

Thermal diffusivity of different direction of the rolled poly-crystal pure W was also measured 

at B-plane and A-plane. Difference of thermal diffusivity between the directions was not 

X
Z

Y

FIG. 6. Temperature dependence of ultimate 

tensile strength of W and W-alloys. 
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observed. The results showed that thermal diffusivity of the rolled plate was isotropic in spite 

of anisotropy of the grain structure. 

FIG. 7-b shows thermal diffusivity of K-doped and K-/La-doped+3%Re alloys. The results 

show that grain refining by K-dope does not affect thermal diffusivity, but addition of 3%Re 

decreases thermal diffusivity significantly as same as W-3%Re alloy. Thermal conductivity 

can be obtained based on the thermal diffusivity using specific heat. The specific heat of 

polycrystalline pure-W, K-dope W and K-dope+3%Re W was obtained using differential 

scanning calorimetry. The results of thermal conductivity show the same trend of the thermal 

diffusivity as shown in FIG.7-b and -c. 

 

 

4. Summary  

 

Powder metallurgically processed pure W and W-alloys were fabricated to improve 

mechanical properties, recrystallization behavior and radiation resistance by grain refining. 

Microstructural evaluation, mechanical properties and thermal properties of unirradiated state 

were examined. Improving mechanical properties and recrystallization behavior of the 

fabricated W-alloys compared to pure W were demonstrated. Thermal diffusivity of the W-

alloys was lower than pure W. Considering about temperature distribution of divertor 

component by heat load, lower thermal conductivity will lead higher surface temperature. 

Transmuted Re by neutron irradiation will also decrease thermal conductivity. Trade-off 

between the thermal conductivity and mechanical property, embrittlement resistance by the 

structural control must be considered quantitatively to design diverter cooling component. 

Finite element analysis (FEA) is one of useful method to predict temperature, strain and stress 

distribution of the component during heat load or cyclic heat load. The thermo-mechanical 

analysis of pure W, K-doped W, and K-doped+W-3%Re mono-blocks considering strength of 

their anisotropy, plastic deformation and hardening based on this work is in progress. Neutron 

irradiation experiments of these W materials by fission reactor will start by HFIR during 2014 

under J-US collaboration program PHENIX.    
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