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Abstract 

Advanced tungsten fibre-reinforced composites (Wf/W), showing pseudo ductile behaviour 

even at room temperature, are a promising option for future fusion reactors as the intrinsic 

brittleness of tungsten can be mitigated effectively. The drawn tungsten wires used as 

reinforcements are the key component of the composites, thus their mechanical properties 

and thermal stability define the allowed operation / fabrication temperature of the composite 

material itself. In this work, a comprehensive characterization of the pure and potassium 

doped tungsten wires was performed, focusing on the influence of various heat treatments 

on different microstructural features (nature of grain boundaries, grain shape and size, 

texture analyses) and mechanical properties. Annealing in the temperature range from 900-

1600°C enables the investigation of the microstructural stability of the two materials and 

arising annealing phenomena – recovery, recrystallization and grain growth. The results 

demonstrate that the pure tungsten recrystallizes fully in the temperature range 1300-

1500°C accompanied with tremendous coarsening and a complete loss of the initial fibrous, 

elongated grain structure. In contrast to this, potassium doped wire shows superior high 

temperature properties, where performed heat treatments cause only milder microstructural 

changes, consequently suppressing recrystallization and grain growth to temperatures well 

above the investigated ones. Furthermore, hardness measurements and observed softening 

complement the discussion of the grain morphology evolution.             
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1. Introduction 

 

The realization of commercial fusion energy systems is closely related to the 

development of the advanced materials capable of sustaining the harsh and 

challenging environment of a reactor device. This so called plasma facing 

components (PFC) are exposed to enormous particle fluxes, which impose extreme 

heat loads on the materials in use [1,2]. Tungsten (W) stands out as the most 

promising candidate for the first wall and divertor material [3,4] due to the highest 

melting point of all metals (thus allowing operation at elevated temperatures), good 

thermal conductivity, low tritium retention and low erosion [5]. However, as other bcc 

metals, tungsten features an intrinsic brittleness below the ductile-to-brittle transition 

temperature, which is rather high, being typically around 200-300°C for a standard 

bulk tungsten and moreover increased upon annealing [6,7]. Additional challenges 

associated with the use of W are further operational embrittlement caused by 

neutron irradiation [8] and/or recrystallization by overheating [9,10]. Thus, a 

successful design of the next generation of fusion reactors will greatly depend on 

the availability of the novel options of the tungsten based materials.    

Tungsten fiber-reinforced composites (Wf/W) are extensively investigated as a 

potential material for advanced plasma facing components [11]. This composite 

structure is obtained by embedding commercially available drawn tungsten wires in 

a tungsten matrix which is produced either by powder metallurgy [12] or by a 

chemical deposition process [13]. The advantage of Wf/W is in its pseudo ductile 

behavior and thereby increased toughness as a consequence of extrinsic 

toughening mechanism such as crack bridging by intact fibers, fiber pull-out, crack 

deflection and ductile deformation of fibers [14]. In such a way, the brittleness 

problem of W can be mitigated, making Wf/W composite a feasible PFC alternative. 

The drawn tungsten wires used as reinforcements are the key structural component 

of Wf/W composite, which sets the requirement of investigating their mechanical and 

microstructural properties.  

The research on W wires was rather extensive in the past century as this type of 

material has been used in the light bulb industry as a filament element [15]. The 

initial efforts were directed towards improving the production and processing routes 

while mainly using pure tungsten wire. However, embrittlement of pure tungsten as 

a result of recrystallization, grain growth and thermal fatigue arose as the main issue, 

which directly influenced lifetime performance of the lamps. The big breakthrough, 

which determined the course of wire research in the next few decades, was the 

discovery of the advantageous effect of the doping of tungsten by potassium (K). K 

bubbles strengthen the grain boundaries by acting as pinning sites and in such way 
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suppress the grain growth to higher temperatures. Thus, the initial advantageous, 

elongated grain structure can be preserved for a longer operational time. An 

improved potassium bubble strengthened non-sag tungsten wire was of great 

importance for the incandescent lamps due to its increased creep resistance at very 

high temperatures and excellent coiling properties at room temperature [16]. 

Following years were mostly dedicated to the investigation of topics regarding the 

potassium bubbles such as their formation and evolution during production [17–19], 

size modifications during operation [20], mechanisms of reshaping the bubbles 

during the deformation [21,22], just to name a few.   

The potential application of tungsten based composites as structural components 

for a fusion reactor increased the interest in studying W wires with respect to 

mechanical properties and recently set off series of investigations. Both, pure and 

K-doped tungsten wires show exceptional ductility [23] and significant strength (due 

to the Hall-Petch effect) [24] at room temperature, properties important for facilitating 

toughening mechanisms of Wf/W through the crack bridging effect as well as the 

fiber deformation effect [25]. Furthermore, studies regarding the mechanical 

response and plastic deformation at elevated temperatures showed that the wire can 

keep its valuable properties [26,27]. Additionally, some investigations dealt with the 

question of the effect of annealing on tensile properties of pure [28] and potassium 

doped tungsten wire [29], interconnecting in such a way general microscopic 

features to different material responses occurring in the experiment.   

Despite a rather wide-ranging body of research on tungsten wires, there are still 

open questions where a deeper microscopic understanding of the main, important 

properties is needed. In this context of using tungsten wires as a reinforcement 

material, performing fracture toughness experiments and investigating the 

underlying mechanisms that control the fracture process is of great importance. This 

holds true for the as-fabricated condition as well as for different states after 

annealing. The evolution of the different microstructural features as a result of 

annealing is very important as it is strongly related to the macroscopic materials 

response and in particular to the fracture behaviour.  

The purpose of this work is to perform a systematic study on the effect of heat 

treatments in the broad range of annealing temperatures and investigate how 

microstructural and fracture properties develop upon annealing, with the special 

focus on the relationship between the investigated features. The study is divided into 

two parts. Here, in the first contribution, a comparison of the microstructural evolution 

is made between pure and potassium doped tungsten wires; hence, addressing the 

question of recrystallization phenomena and preservation of the grain structure by 

addition of doping elements. The use of advanced microscopy tools allows the 
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detailed analyses of the evolution of different aspects of the microstructure (nature 

of grain boundaries, grain shape and size, texture) enabling the assessment of the 

different stages of occurring annealing phenomena. The second paper concentrates 

on the fracture toughness assessment and investigates embrittlement by annealing.     

 

2. Materials and experimental methods 

 

 

The materials investigated within this study are drawn pure and potassium doped 

(K-W, 60ppm) tungsten wires, commercially available and provided by the OSRAM 

GmbH, Schwabmünchen. The standard fabrication of a tungsten based material is 

via the powder metallurgical route by sintering and swaging; subsequent drawing 

process enables obtaining the final, desired diameter of the wire. The nominal 

diameter of the investigated material for both types was 150 µm. Besides the as-

received wires, series of heat treated samples were produced from both materials. 

In order to thoroughly study the influence of annealing on the microstructure, heat 

treatments were conducted at following temperatures: 900°C, 1100°C, 1200°C, 

1300°C, 1400°C, 1500°C and 1600°C. In each case, the holding time was 1 hour 

with subsequent cooling in furnace until room temperature. The oxidation was 

avoided by annealing in a tungsten based vacuum furnace (Leybold Heraeus PD 

1000) at a pressure < 10-5mbar. To exclude the influence of the composition, all the 

samples were cut from the same two spools of pure and K-doped tungsten wires, 

respectively; therefore, each having the same chemical composition and identical 

production process. 

The preparation of samples suitable for further analyses was conducted by 

embedding the wire pieces in hard resin, followed by standard polishing steps 

resulting in the necessary smooth surfaces. For each material and annealing 

condition, samples were prepared in two principal viewing directions: longitudinal 

section (plane parallel to the drawing axis) and cross section (plane perpendicular 

to the drawing axis), as shown in the schematic drawing in Figure 1. The 

investigation of the microstructure was performed in a Zeiss Leo 1525 field-emission-

gun scanning electron microscope (SEM) with an electron backscatter diffraction 

(EBSD) detector. The analysis was done using an acceleration voltage of 20kV and 

approximately 10nA probe current. For each kind of wire in both longitudinal and 

cross sections, an area of 25 x 25 µm2 was acquired with a step size of 100nm. 

Orientation Imaging Microscopy (OIM) software was used to evaluate the obtained 

EBSD scans. Post-processing was carried out by removing points with a confidence 

index lower than 0.1. The evaluation of the acquired orientation maps allows the 
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identification of the grain size distribution, qualitative description of the grain shape 

and studying the nature of the grain boundaries. Misorientations between 5° - 15° 

are considered as low-angle grain boundaries (LAGB) and high-angle grain 

boundaries (HAGB) are defined for misorientations between 15° and 65°. Pole 

figures, determined from the orientation information of the EBSD scans, enable 

studying the evolution of the texture.  

To give the first impression of a correlation between the microstructure and 

mechanical properties Vickers hardness measurements were performed for both 

wires in the as-received and all annealed states. A load of 500g was applied (4.5N, 

HV0.5), with a dwell time of 15s. With these conditions, microhardness was 

measured in the central area of the longitudinal sections of the wire and for each 

sample 12 indentations were made within a distance of about 500 µm. The reported 

hardness values are statistical averages, with the indicated error bars being the 

standard deviation of the average values.  

 

3. Results 

 

 

3.1. Microstructural analyses 

 

The first impression of the deformed microstructure of the as-received wire can 

be seen from the backscatter electron (BSE) images, where the observed contrast 

of the image is related to different crystallographic orientations. The initial 

appearance of both materials is very similar; therefore, to avoid repetition, only the 

example of the doped tungsten wire in the longitudinal section (Figure 1a) and cross 

section (Figure 1b) is given. As a direct consequence of the drawing process of the 

wire, a unique microstructure is obtained consisting of extremely elongated grains 

along the drawing direction. Perpendicular to the drawing axis, uniformly distributed 

grains have significantly smaller dimensions. The grains are not equiaxed but rather 

twisted forming a characteristic curled structure. The influence of annealing, 

investigated through a systematic microstructural characterization comprising 

identification of changes of the grain shape and size, analyses of the grain 

boundaries and evolution of the developed texture, will be addresses in the following 

chapters.   
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Figure 1. Scanning electron micrographs of the as-received potassium doped tungsten wire in the 

BSE mode taken in the central area across a) longitudinal section and b) cross-section. The 

schematic drawing on the top shows the principle direction of deformation, as well as the position of 

the typical scanning areas in respect to the drawing direction. 

 

3.1.1. Grain size and shape  

 

The effect of different heat treatments on the microstructural stability was studied 

through series of EBSD orientation maps by making a comparison between data 

acquired in the central region of the cross sections (Figure 2) and longitudinal 

sections (Figure 3) of pure and potassium doped wires. Grains are identified as 

areas with a continuous orientation, while the low-angle grain boundaries (LAGB, 

misorientation of 5°-15°) and the high-angle grain boundaries (HAGB, misorientation 

of 15°-65°) are distinguished in the orientation maps by red and black lines, 

respectively. Cross sectional scans of the as-received wire reveal a microstructure 

of uniformly distributed fine grains and in the case of both pure and potassium doped 

tungsten, similar appearance can be seen. With an increase in annealing 

temperature substantial microstructural modifications are observed for the pure W 

(Figure 2a and Figure 3a); continuous increase of the grain size is accompanied by 

the disappearance of curling structures and more equiaxed grain shape. Heat 

treatment at the highest temperature of 1600°C leads to tremendous grain growth 

when compared to the as-received state of the material. In contrast to these 

observations, K-W wires show only a mild increase in grain size and the 
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microstructure remains rather stable over the entire temperature range (Figure 2b 

and Figure 3b). The noticeable uniformity of the grain colour in all the scans is an 

indication of a very pronounced and stable texture of the wires; however, this topic 

will be treated with greater detail in the chapter 3.1.3. The orientation maps acquired 

across the longitudinal sections reveal that both materials in the as-received 

condition have long, thin grains elongated in the drawing direction, with the shortest 

grain lengths in radial direction of the wire. As seen in Figure 3a, the characteristic 

elongated microstructure of the pure W wire is severely influence by heat treatments 

experiencing alternations in grain size (in both directions of the scan) already at 

lower temperatures of annealing. The significant coarsening eventually leads to the 

complete loss of fibrous appearance of the grains, where the microstructure of the 

final state consists of large, globular µm sized grains. Thermal stability of the K-

doped wire can be observed in Figure 3b, where regardless of some mild growth in 

the size of the grains, the overall elongated microstructure is preserved even for the 

highest annealing temperatures.     

From the orientation maps obtained by EBSD, the qualitative analysis of the 

grain size as a function of annealing temperature is performed. In Figure 4a, the 

results extracted from the cross sectional scans can be seen, where the evolution of 

the area weighted grain diameter is compared for pure and K-doped W wire. The 

microstructural stability of K-W wire is clearly seen as the grain size increases only 

slightly over the entire range of annealing temperatures, going from 0.57 µm in the 

as-received state to the 0.73 µm for the 1600°C treated sample. However, the heat 

treatments considerably affect the pure W wire through a tremendous grain 

coarsening with an average grain diameter changing from 0.47 µm (as-received 

state) to the value of 5.53 µm (1600°C/1h). By employing the line intersect length 

method in both vertical and horizontal orientation of the longitudinal orientation 

maps, information regarding length and width of the elongated grains can be 

obtained (Figure 4b and 4c). Similar trends of the grain coarsening with an increase 

of annealing temperature can be observed for pure W wire. Furthermore, the aspect 

ratio close to 1 is in the agreement with the complete loss of elongated grain shape. 

K-doped wire experiences significantly milder variations in grain size, with an 

increase being more pronounced for the length of the elongated grains. 

Nevertheless, when compared to pure wire, an overall stability of the microstructure 

can be observed with relatively small aspect ratio remaining rather constant.   
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Figure 2. EBSD orientation maps of the cross sections of a) pure tungsten and b) potassium doped 

tungsten wires. The evolution of the microstructure and thermal stability are investigated in respect 

to different annealing treatments, performed in vacuum for 1h. Color coded unit triangle is given as 

well, representing <100>, <110> and <111> crystallographic directions perpendicular to the sample 

surface. All of the scans were taken with the same magnification. 
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Figure 3. EBSD orientation maps of the longitudinal section of a) pure tungsten and b) potassium 

doped tungsten wires. The evolution of the microstructure and thermal stability are investigated in 

respect to different annealing treatments, performed in vacuum for 1h. Color coded unit triangle is 

given as well, representing <100>, <110> and <111> crystallographic directions perpendicular to the 

sample surface. All of the scans were taken with the same magnification.  
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Figure 4. Evolution of the grain dimensions as a function of different annealing conditions, derived by 

a) area weighted grain diameters from the cross sectional EBSD maps, b) the line intersect method 

in the vertical direction of the longitudinal sections of the EBSD maps and c) the line intersect method 

in the horizontal direction of the longitudinal sections of the EBSD maps. 

 

3.1.2. The nature of grain boundaries  

 

 The type of grain boundary is defined through misorientation angle between 

neighbouring grains and as already outlined, the low-angle grain boundaries (LAGB, 

5°-15°) and the high-angle grain boundaries (HAGB, 15°-65°) are identified in the 

orientation maps in Figures 2 and 3 as red and black lines, respectively. In order to 

make these features more distinguishable from the underlying orientation maps,  

examplary grain boundary maps are given for pure tungsten in the as-received and 

1600°C/1h conditions in both directions of the scanning area (Figure 5a). 

Furthermore, due to the importance of grain boundaries for the dislocation motion 

and related annealing phenomena, the misorientation angles were analysed by their 

frequency from which the information regarding the total GB length, as well as the 

individual contributions of LAGB and HAGB can be acquired. Analyses of the total 

amount of GB per scanning area in respect to different heat treatments are 

performed from the cross sectional (Figure 5b) as well as longitudinal orientation 

maps (Figure 5c), where fractions of low-angle and high-angle grain boundaries are 

also shown. Furthermore, a comparison is made between the results of pure and K-

doped tungsten wires.  
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Figure 5. a) Grain boundary map of the as-received and 1600°C annealed pure tungsten wire, where 

the low-angle grain boundaries (LAGB, 5°-15°) and the high-angle grain boundaries (HAGB, 15°-65°) 

are identified as red and black lines, respectively. Total length of grain boundaries per scanning area 

of pure and potassium doped W wires is given, depending on different annealing temperatures, 

analyzed from b) cross sectional orientation maps and c) longitudinal orientation maps. Abundance 

of low-angle and high-angle grain boundaries is indicated as well.  
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 In all the cases, the as received material shows the highest amount of GBs which 

consist to a large extent of high-angle boundaries. Simultaneously with initial 

annealing processes and increase in grain size, the length of grain boundaries 

reduces, with the effect being significantly pronounced for pure tungsten annealed 

at and above 1100°C. At the highest annealing temperature, the total GB reduction 

is about 80% and 85% for the data obtained from the cross sectional and longitudinal 

maps, respectively. The K-doped material shows a similar trend but with a 

significantly smaller GB reduction which is related to the stabilization of the grain 

structure at elevated temperatures. A correlation can be made between different 

heat treatments, the nature of grain boundaries and their number fraction. The 

misorientations histogram shows that a fraction of LAGB is about 20% for as-

received sample. In the case of pure W, the amount of low-angle grain boundaries 

increases from about 20 to about 30% after annealing at 1100°C, which can be 

correlated to recovery process. With the further increase in annealing temperature, 

LAGB are still present, but the ratio of better ordered high-angle grain boundaries 

significantly increases. For heat treatments above 1300°C, many grain boundaries 

are annihilated due to grain growth, many of the low-angle grain boundaries 

disappear and are replaced by high-angle boundaries, which is an indication of the 

recrystallization taking place. For a sample annealed at 1600°C, the vast majority of 

grains is separated by HAGB with a fraction of over 90%. K doped wire does not 

show such a drastic drop in the fraction of LAGB and the analyses from the 

longitudinal sections show a steady increase from 18.7 to 26.6% for as received and 

1600°C respectively, indicating that the beginning of the recrystallization is shifted to 

higher temperatures.   

 

 

3.1.3. Evolution of the texture 

 

The analyses of the pole figures obtained from EBSD data confirm a strong, 

preferential orientation of the grains with the <110> direction parallel to the wire axis, 

which is a direct consequence of the severe plastic deformation induced during the 

wire drawing process. The developed texture of both materials is very similar; 

therefore, to avoid repetition, only an example of the pure tungsten wire in the as 

received (Figure 6a) and annealed condition (Figure 6b) is depicted. All pole figures 

are presented using stereographic projection showing that the centre of the pole 

figure corresponds to the wire axis. Additionally, six peaks of lower intensity at 

approximately 60° can be observed, forming a continuous distribution of poles along 

a ring. The evolution of the developed texture is not influenced by the isothermal 
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annealing treatments. Even at the highest annealing temperature of 1600°C very 

little effect can be seen on the lattice orientation, as the texture remains the same 

with a very dominant <110> direction. The less continuous rings are related to the 

increase of grain size and therefore limited grain statistics. Slight weakening of the 

texture after recrystallization is observed as well.  

 

 

Figure 6. {001}, {110} and {111} pole figures derived from EBSD texture analyses of the cross section 

of a pure tungsten wire in a) as received condition and b) after annealing at 1600°C/1h.   

 

3.2. Radial microstructural investigation 

 

During the drawing process, a wire is imposed to a great amount of plastic 

deformation that is inhomogeneous throughout the cross section [16]. As a result, 

the heterogeneity of the stress state occurs across the diameter with a higher shear 

stress and strain in the surface region than in the interior of the wire. Consequently, 

variations of microstructural features and texture could occur, which would have a 
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significant impact on mechanical properties of the materials. With that in mind, 

additional microstructural analyses were completed, where EBSD mapping was 

performed as a function of wire radius. In Figure 7, a sequence of orientation maps 

of the central region of the as-received pure W wire can be seen. The microstructural 

evolution across the entire diameter of the wire can be investigated by connecting 

the obtained scans from one edge to another.  

  

Figure 7. EBSD orientation maps of the cross section of the as-received, pure tungsten across 

the wire diameter. The evolution of the texture is investigated by analyses of the pole figures and 

inverse pole figures of the scans in central and edge region. Color coded unit triangle is given as well, 

representing <100>, <110> and <111> crystallographic directions perpendicular to the sample 

surface.  

 

The qualitative analyses of the grain size do not reveal alternations throughout 

the cross section yielding an average area weighted grain diameter of (0.471 ± 

0.005) µm. The grain shape, in terms of aspect ratio, is unchanged as well. However, 

some features of the texture in the centre and the edge region appear to be 

somewhat different indicating an impact of the drawing process and the resulting 

heterogeneity of the stress state. In the center region, a very strong <110> fiber 

texture is seen with a maximum intensity in a pole figure of 16.6. Approaching the 

edge of the wire, a certain grain orientation change is perceived leading to the slightly 
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inclined <110> pole and smearing of the characteristic rings in {001} and {111} pole 

figures. Furthermore, the texture is significantly weaker with a maximum intensity of 

only 8.9. The variation of the maximum intensity from one edge to the other is 

significant and can be represented with a bell shape curve.  

 

3.3. Microhardness measurements 

 

 

Hardness measurements enable a fast determination of the changes of the 

mechanical properties in respect to different heat treatments through the correlation 

between the strength of the material and its grain size. Thus, the loss in hardness 

i.e. softening of the material occurring during annealing, complements observed 

alternation of the microstructure and helps identification of the different annealing 

stages – recovery and recrystallization. Figure 8a shows the results of Vickers 

microhardness measurements (HV0.5) as a function of the isochronal annealing 

temperature of the longitudinal sections for both pure and potassium doped tungsten 

wires. Three areas can be distinguished: 

 In the as-received condition, the hardness of a pure and K-doped W wire is 

683 ± 5.8 HV0.5 and 665 ± 7.2 HV0.5, respectively. After annealing for 1h at 

900°C, both materials experience a moderate decrease in hardness, with the 

effect being more pronounced for pure W.  

 With the further increase in annealing temperature (above 1100°C), a 

significant reduction in hardness of a pure W can be observed, reaching a 

value of 442 ± 10.4 HV0.5 for the sample heat treated at 1500°C. In contrast 

to this, the hardness of the K-W wire only slightly changes, changing from 615 

± 7.1 HV0.5 to 564 ± 6.2 HV0.5.  

 At the highest annealing temperature of 1600°C, the pure W wire experiences 

a drastic drop of hardness to the lowest obtained value of 321 ± 10.4 HV0.5. 

Contrary to this strong softening, the hardness of the K-W wire remains nearly 

constant, indicating high temperature stability of the underlying 

microstructure. The lowest obtained microhardness value of this material 

yields 551 ± 6.1 HV0.5.   

  

The observed variation of the microhardness and the stability in case of K-W 

wires are in excellent correlation to the evolution of the microstructure with different 

annealing treatments (Figures 2 and 3). In such a way, a link can be made with the 

grain size, which is related to the strength of the material by the well-known Hall-

Petch relation [30,31]. This can be validated by plotting the hardness results of the 
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samples in different annealing states against reciprocal square root of corresponding 

grain sizes, given as d-1/2 (Figure 8b). The presented exemplary plot is given for the 

pure W wire, where the dependence is shown for two values of grain size: area 

weighted grain diameters obtained from the cross sections (Figure 4a) and averaged 

vertical intercept lengths obtained from the longitudinal sections (Figure 4b). In both 

cases, the linear fit corresponds to the obtained results quite well and the same is 

also true for K-W wire. Additionally, the linear relationship is also seen by plotting the 

hardness results against square root of corresponding length of grain boundaries, 

given as d1/2 (Figure 8c), with the similar behaviour observed for lengths of HAGB, 

LAGB and their total amount.   

 

 

Figure 8. a) Vickers hardness (HV 0.5) results of the pure and potassium doped W wires after 

annealing at different temperatures for 1h. The microhardness was measured in the longitudinal 

section of the sample. The relationship of the hardness data is established in respect to b) the grain 

size, given as √𝑑−1/2 and expressed in terms of grain diameters and vertical intercept lengths and c) 

the GB lengths, given as √𝑑1/2, where a comparison is made for the HAGB, LAGB and their total 

amount. The linear relationship is accentuated by a linear fit function.  

 

4. Discussion 

 

 

The main characteristics of the wire microstructure in the as received state are 

fibrous grains elongated along the axial direction and the development of a very 

pronounced <110> fibre texture. Such an appearance is typically seen in heavily 

deformed bcc wires [32] and as expected, the results of as-received pure and K 

doped tungsten are very similar. Another peculiar feature observed in the cross 

section of the wire is a distinctive pattern known as grain curling or the so called Van 

Gogh sky structures [33]. The origin of the formation of such ribbon-shaped grains 

lies within the tendency of textured grains to deform by plane strain elongation [34]. 
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In the course of severe plastic deformation during the drawing process, the 

microstructure of the wire is severely altered from the initially equiaxed grains (of the 

sintered ingot) to the elongated grains parallel to the axial direction and the shape 

change of each grain must be compatible with that of the neighbouring grains. 

However, with plane strain flow, this can only be accomplished by twisting of grains 

around each other. In such a way, grains become shaped like ribbons, curled around 

the wire axis establishing a very pronounced, sharp <110> fibre texture. As observed 

in our investigations, the developed <110> texture is conserved after heat 

treatments, which is in a good agreement with other investigations [28]. Furthermore, 

the characteristic appearance of the microstructure is conserved throughout the wire 

diameter with a noticeable localized variation in texture in the outer region which is 

in a good correlation to other studies [35]. Such a heterogeneity can have a notable 

effect on the resulting failure mode in the edge region of the wire, as it will be shown 

in the second part of this contribution. 

The heat treatments cause modifications in the grain structure of the wires 

alongside with changes of other microstructural features as well as mechanical 

properties. Understanding this behaviour is inevitably related to the discussion of the 

main three annealing phenomena: recovery, recrystallization and grain growth 

[36,37]. The recovery refers to homogeneous microstructural changes in a deformed 

material and occurs prior to the recrystallization; the driving force of the process is 

the stored energy in the deformation structure due to point and line defects. This 

stored energy of the material is lowered during recovery by dislocation movement 

through two primary thermally activated mechanisms, these being the annihilation of 

dislocations and the rearrangement of dislocations into lower energy configurations 

(polygonization and low angle grain boundaries). Both processes are achieved by 

glide, climb and cross-slip of dislocations leading to the overall decrease in 

dislocation density by the end of recovery [36].  

Recrystallization in general is a thermally activated process in which new 

dislocation-free grains are formed within the deformed or recovered structure and 

grow into it; the driving force arises from the elimination of the dislocations introduced 

during deformation and is characterized by the movement of high-angle grain 

boundaries. When recrystallization sets in, dislocations are almost entirely removed 

from the recrystallized regions by sweeping grain boundaries. After completion of 

this process, further growth of the recrystallized grains may occur. The driving 

process of this subsequent grain growth is the reduction in stored energy of the 

material in the form of grain boundaries [36].   

Determination of different annealing phenomena that occur in the range of 

investigated temperatures is inevitably linked to how one defines the recrystallization 

process itself, which can be quite variant in the literature. The obtained data were 

analysed and interpreted in regards to the respective processes as following: the 
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recovery process is mostly determined through an increase in the fraction of LAGB; 

the recrystallization process is related to the temperature range where distinctive 

changes occur in the grain structure (in terms of size and shape) accompanied by 

pronounced softening of the material and variations in the amount and type of 

dominant grain boundaries; and lastly further substantial increase in grain size of the 

recrystallized structure is classified as grain growth.          

The grain structure and related microstructural features of the two investigated 

materials appear rather different after annealing at successively increasing 

temperatures. Analysis of pure, undoped tungsten wire annealed in the range below 

1100°C shows that the grain structure exhibited a greater degree of homogenous 

fine scale coarsening in the cross sections, followed by limited grain boundary 

migration and increased ratio of low angle grain boundaries which is all an indication 

of a recovery process taking place. Further proof is an initial rapid decrease of the 

Vickers hardness which is related to the reduction of dislocation density by 

dislocation rearrangement and annihilation. Annealing temperature of 1100°C 

seems to be the onset of the recrystallization as the first appearance of some 

isolated grains, which had grown more than neighbouring grains, is seen. Moreover, 

grain boundary movement is more pronounced and the total amount of boundaries 

is significantly reduced at this temperature. The recrystallization process seems to 

be complete after heat treatments up to 1400-1500°C as the grain boundary 

movement progressed to the point that the initial overall linearity of the structure in 

the longitudinal directions is eliminated leading to the relatively equiaxed structure 

of the grains. The majority of the boundaries present at this stage of recrystallization 

process are predominately high-angle grain boundaries. Simultaneously, a 

noticeable reduction of hardness is observed associated with dislocation-free, 

recrystallized softer regions of the material which replaced the work hardened fine 

fibrous microstructure. After heat treatments at the highest temperature, pure 

tungsten wire undergoes subsequent grain growth process where the initially fibrous 

microstructure is completely altered forming large, equiaxed shaped grains with an 

increase in average grain size by an order of magnitude. Furthermore, tremendous 

softening is observed with a reduction in hardness by more than 50% of initial value. 

The outlined results are in agreement with the previous studies of annealing 

properties of pure tungsten wires [38] as well as with the typically reported 

recrystallization temperature of tungsten (1300-1500°C) [39–41]. Nevertheless, the 

results are not in (complete) correlation with conclusions made by Zhao [28] where 

it was deduced that the wire fully recrystallizes already after annealing for 3h at 

1000°C. Such a conclusion was drawn mostly from the absence of the grain curling 

and the removal of the dislocation structures. However, a direct comparison to our 

findings is not straightforward as the interpretation of the different stages of 

annealing phenomena is not the same and is based on analyses of different 
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microstructural features. Furthermore, the annealing times are not corresponding, 

as the wire was heat treated three times longer than in our case, which would make 

an additional influence to the observed microstructural changes.  

In contrast to annealing properties of pure tungsten, potassium doped wire 

experiences significantly milder structural changes in the range of investigated 

temperatures. Below annealing temperature of 1400°C the fibrous structure is 

completely conserved with slight amount of lateral movement; the variation in grain 

size, aspect ratio and Vickers hardness are minor as well. At higher annealing 

temperatures, the migration of short lengths of longitudinal boundaries of all 

misorientations became more pronounced leading to the increase of grain width in 

the longitudinal direction. As more sections of grain boundaries parallel to the wire 

axis move in radial direction, many boundaries transverse to the drawing direction 

are formed. Nevertheless, an extensive grain boundary movement is successfully 

inhibited, while the recrystallization is shifted to even higher temperatures. The 

overall appearance of elongated structure is preserved with slightly lower aspect 

ratios of the grains and an increase in the amount of low-angle grain boundaries; 

this fits pretty well with the process of polygonization, which is related to the 

rearrangement of dislocations in the LAGB. In the case of heavily drawn doped 

tungsten, the process of polygonization is sometimes referred in literature as primary 

recrystallization or homogenous grain growth [42]. Furthermore, it can be seen that 

the microstructure of the doped wire after a 1600°C anneal was approximately 

equivalent to that of the undoped material annealed at 1100°C.  

It is well known that the annealing behaviour and recrystallization mechanism of 

K-W wires is closely related to the presence of the dispersed second phase, namely 

potassium used as a dopant element [16]. The potassium is entrapped in pores 

during sintering of the tungsten ingot. The pores are further elongated by subsequent 

swaging and drawing, forming long tubes with a very high aspect ratio [43]. The 

areas of elongated potassium are precursors of the bubbles, which are arranged in 

parallel rows and all aligned in the drawing direction of the wire. Upon heating of the 

wire to higher temperatures, the elongated tubes divide into rows formed by 

individual well shaped spherical bubbles [44]. These bubble rows are the responsible 

mechanism for inhibiting grain boundary migration and controlling the shape and 

growth of the grains. The complete study of the successive annealing processes and 

observation of all the morphological modifications of the doped tungsten wire require 

performing heat treatments at significantly higher temperatures. The observed 

structural stabilization of the microstructure within this contribution, seems to remain 

an active mechanism up to 2100°C which is the highest annealing temperature, 

where the uniform, fine-grained elongated structure persists [29,45]. As the wire is 

heated above this temperature, secondary recrystallization or exaggerated grain 

growth would occur characterized by formation of large grains and predominance of 
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the longitudinally oriented grain boundaries. The undoubtedly important role of 

potassium bubbles is seen through their pinning effect, inhibiting mostly longitudinal 

grain boundary motion and may hinder triple junction motion. The strings of bubbles 

influence the grain morphology by retarding the lateral motion of grain boundaries 

while grain growth occurs unimpeded parallel to the strings and to the wire axis. In 

such a way long grains with interlocking boundaries of large areas can be formed 

[46].   

 

 

 

5. Conclusions 

 

 

In this work, a comprehensive characterization of the pure and potassium doped 

tungsten wires was performed, focusing on the influence of various heat treatments 

on different microstructural features and mechanical properties. Annealing in the 

temperature range from 900-1600°C enabled the investigation of the microstructural 

stability of the two materials and arising annealing phenomena. The main findings 

can be summarized as following: 

 The microstructure of both materials in the as-received state is very similar, 

consisting of fibrous grains extremely elongated along the axial direction; 

characteristic ribbon shaped grains curled around the wire axis can be 

observed in the cross sections of the both wire types.       

 The grain structure of the undoped tungsten wire experiences severe 

modifications upon heat treatments which can be related to sequential 

processes of recovery, recrystallization and grain growth. A correlation can 

be made between the variation in grain size / shape, the nature and 

abundance of particular types of grain boundaries at certain annealing 

temperature and softening of the material, indicating that the recrystallization 

process is finished in the temperature range between 1300-1500°C for the 

pure material. The significant coarsening ultimately leads to the complete loss 

of fibrous appearance of the grains where the microstructure of the final state 

consists of the large, quasi-symmetric, globular µm-sized grains.     

 In contrast to the annealing properties of pure W, the K doped wire 

experiences significantly milder structural changes in the range of 

investigated temperatures. The most pronounced changes occur above 

1400°C, where the migration of shorts lengths of longitudinal boundaries of 

all misorientations became more noticeable alongside with an increase in the 

amount of low-angle grain boundaries, indicating that the process of 
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polygonization took place. Nevertheless, an extensive grain boundary 

movement is successfully inhibited by the dispersed second phase preserving 

the overall elongated microstructure, even for the highest annealing 

temperature.  

 As a direct consequence of the drawing process, a very sharp <110> fiber 

texture is developed by deformation induced grain rotation. The texture is 

slightly less prominent at the surface of the wire. Such a pronounced 

preferential orientation of the grains remains unaltered for both materials, 

even upon heat treatments at the highest annealing temperature of 1600°C.    

   

The main conclusion of the work is that the full recrystallization and grain growth 

in tungsten wire can be successfully shifted to temperatures higher than 1600°C by 

addition of potassium as a doping element. From a microstructural point of view, the 

application of K-doped wire for a structural parts of fusion reactors, as it is the case 

for Wf/W composites, is strongly advised. The performed systematic study of the 

influence of heat treatments on the evolution of the grain morphology for both type 

of materials is crucial for the assessment of the fracture toughness of the wire. The 

grain size and more importantly grain shape have a tremendous influence on the 

micromechanisms controlling the fracture process. Deeper insights, however, will be 

gained from fracture tests on non-annealed, as well as annealed wires. With the help 

of the results presented here, it is possible to investigate the correlation of the 

observed microstructural features to fracture properties and embrittlement by 

annealing. These topics are treated in details within the second part of the 

contribution.    
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