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a b s t r a c t 

Tungsten is, due to a combination of high strength and good physical properties, frequently considered 

for high-performance applications in the harshest environments. Oftentimes its inherent brittleness and 

low ductility stand in the way of a successful deployment in these fields. Since tungsten has been pro- 

posed as divertor material for nuclear fusion reactors, an improvement of ductility and fracture tough- 

ness is essential. An obvious first step to increase these properties is to reduce the grain size to the 

ultrafine-grained regime. As this still leaves the material with a relatively low-energy intercrystalline 

fracture mode, this work takes a step further. With the help of doping elements, which are identified 

from ab-initio simulations, an attempt to increase grain boundary cohesion of ultra-fine grained tungsten 

to improve ductility is made. After fabrication of the doped samples from powders using severe plastic 

deformation, thorough microstructural investigations and extensive mechanical characterization, utilizing 

various small-scale testing techniques, are combined to assess the properties of the materials. We report 

that the addition of boron and hafnium can significantly increase the bending strength and bending duc- 

tility of ultra-fine grained tungsten. An additional heat treatment of the boron doped sample amplifies 

this effect even further, drastically increasing the strength and overall mechanical properties due to a 

combination of hardening-by-annealing and increased grain boundary segregation. Thus, an effective way 

to adaptively improve the mechanical properties of tungsten by manipulating grain boundary chemistry 

is reported, validating grain boundary segregation engineering as a powerful tool for enhancing damage 

tolerance in brittle materials. 

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Since the beginning of systematic materials science, researchers 

ream of a material that combines the “trinity” of mechanical 

roperties: high strength, high ductility and enhanced fracture 

oughness. Especially ultra-high strength materials often cannot 

nleash their full potential, as they lack the ability to absorb dam- 

ge from overloading or tolerate pre-existing defects within the 

aterial. The mutual exclusivity of strength and ductility in ho- 

ogeneous metals has its roots in dislocation plasticity. As most 

trengthening mechanisms are based on restricting dislocation 

ovement, this in turn deteriorates plastic deformation and duc- 

ility. Similarly, such strengthening mechanisms have a detrimen- 
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al effect on fracture toughness, as the ability to successfully dissi- 

ate stress intensity from the crack tip via nucleation and propa- 

ation of dislocations is restricted [1] . The strength-ductility trade- 

ff can, however, be challenged by implementing various strategies 

xplored in recent years [ 1 , 2 , 11–13 , 3–10 ]. A reduction in grain size

f metals, for example, commonly leads to an increase in strength 

 14 , 15 ] and fracture properties [16–18] , while having little influ- 

nce on the ductility. In fact, for coarse-grained metals sometimes 

ven an increase in ductility can be observed, as the larger amount 

f grains gives a higher probability of dislocation slip systems be- 

ng orientated beneficial to mechanical loading [2] . However, when 

ntering the nanocrystalline regime (nc; grain sizes < 100 nm), the 

ransition from a dislocation-controlled plasticity to a grain bound- 

ry (GB)-controlled plasticity leads to a strong decrease in ductil- 

ty [ 2 , 3 , 7 , 19 ], with only a few fcc materials being able to retain

heir ductility through GB sliding and superplasticity [20–22] . Sim- 
nc. This is an open access article under the CC BY license 
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larly, the vast amount of GBs present in such small grained metals 

enders a comparably easy path for crack propagation, hindering 

racture toughness to improve further [ 18 , 23 ]. Therefore, ultrafine- 

rained (ufg; grain sizes between 100 and 500 nm) materials seem 

o represent a favorable tradeoff to achieve ultra-high strength, de- 

ent fracture toughness and still acceptable ductility. 

Due to the large amount of GBs in ultra-fine grained materi- 

ls, GB cohesion is of great significance for the mechanical perfor- 

ance. As mentioned above, grain boundaries are usually the weak 

ink in ufg and nc materials. Therefore, in order to reinforce these 

eak spots, the concept of grain boundary segregation engineering 

GBSE) has been introduced [ 24 , 25 , 34 , 35 , 26–33 ]. In GBSE, materials

hat are known to break in an intercrystalline fashion are doped 

ith elements that are predicted to strengthen GB cohesion. By 

eat treatments or mechanical mixing, these elements, e.g. boron 

n steels [36] , segregate at the GB for an optimal GB strengthening 

ffect. A related approach, the avoidance or removal of segregation 

f GB embrittling elements, such as S, P or O, has been practiced 

ver since medieval times and is an important first step to enhanc- 

ng GB cohesion [37] . The process of identifying GB strengthening 

lements in a given host material has been supported in recent 

ears by ab-initio simulations, such as density-functional theory 

 26 , 29 , 42–44 , 32 , 33 , 35 , 36 , 38–41 ]. 

Tungsten has been considered a promising structural material 

or the divertor part in nuclear fusion reactors, due to its unique 

roperties such as high strength, high melting point, excellent 

hermal conductivity, outstanding erosion resistance and its small 

endency to become activated or transmuted [45–49] . As a refrac- 

ory metal, it also shows inherent brittleness and intercrystalline 

racture even for conventional grain sizes, which is the major con- 

ern for employment of tungsten materials in the harsh environ- 

ent of nuclear fusion reactors as of today [ 45 , 46 , 55 , 47–54 ]. By

educing the grain size of tungsten down to the ufg regime, it 

ould not only gain a valuable increase in strength and fracture 

oughness [ 8 , 10 ], the large fraction of GBs introduced would also

rove themselves beneficial for counteracting and absorbing radi- 

tion damage [56–62] and for suppressing the growth of helium 

ubbles, an unavoidable by-product of the fusion reaction [63–67] . 

rain refinement in combination with GBSE is therefore a promis- 

ng approach to improve the mechanical properties of tungsten and 

reate a material showing an excellent combination of strength, 

uctility and toughness, even in harsh environments. In this work, 

everal ufg W samples, undoped and doped with various atomic 

lements, are fabricated using severe plastic deformation. Utilizing 

xtensive microstructural and mechanical characterization, the di- 

ect effect of each doping element on the mechanical properties of 

fg tungsten is identified and interpreted. 

. Experimental methodology 

.1. Material and fabrication 

To enhance the grain boundary cohesion in ufg W, several ele- 

ents have been chosen as candidate doping elements, based on 

he ab-initio simulations of Scheiber et al. [ 38 , 39 ]. Disregarding el-

ments that form brittle intermetallic phases in tungsten, are toxic 

r not affordable for a potential large scale fabrication in the fu- 

ure, the four elements carbon, boron, rhenium and hafnium were 

elected in this work. It should be noted that, according to [39] , 

f does not strengthen the GB cohesion directly. While a differ- 

nt work by Setyawan et al. [40] suggests that Hf could possibly 

trengthen the grain boundaries in a tungsten host material, in this 

ork it was mainly chosen due to its well-known affinity to oxy- 

en. As oxygen located at GBs is considered as a main contribu- 

or to the brittleness of tungsten [ 38 , 4 9 , 6 8 ], it is presumed that Hf

s doping element will bind oxygen in the form of hafnium oxide 
2 
nd therefore remove it from the grain boundaries. This strategy 

as already been applied successfully in previous work on molyb- 

enum [31] . Notably, to ensure their targeted deployment, all se- 

ected doping elements show an increased GB segregation ten- 

ency in W [ 38 , 39 ]. 

A fabrication route for ufg W from elemental powders using 

igh pressure torsion (HPT) has been developed by the authors in a 

revious work [69] . The advantage of starting from powders is the 

bility to precisely control chemical composition in terms of dop- 

ng with impurity and alloying elements. The material powders of 

 (99.97% purity, 2 μm particle size, Plansee SE, Austria), C (99.95% 

urity, 2 – 12 μm particle size, Merck KGaA, Germany), B (98% pu- 

ity, 44 μm particle size, Alfa Aesar, USA), Re (99.99% purity, 10 

m particle size, Mateck GmbH, Germany) and Hf (99.6% purity, 

4 μm particle size, Alfa Aesar, USA) are all stored and handled in 

rgon atmosphere within a glovebox. The powders are mixed to 

djust the content of the doping element at approximately 3 – 5 

t.%. Subsequently, the powder mixtures are compacted in argon 

tmosphere using a sealed mini-chamber [69] and a high pressure 

orsion tool [70] . A nominal pressure of 12 GPa and torsional defor- 

ation of about 0.1 rotations are applied to the powders. After the 

owder is compacted, an intermediate annealing step at 1600 °C 

or 7 hours in a vacuum furnace (Leybold Heraeus PD 10 0 0, Ley- 

old GmbH, Germany) is performed to enhance powder particle 

ohesion. Finally, the samples are deformed using HPT with a nom- 

nal pressure of 12 GPa at 400 °C for about 1 rotation, resulting in 

isk shaped specimens with a diameter of 6 mm and a height of 

.6 – 0.8 mm. For more detailed information regarding the fabrica- 

ion route of the ufg W samples, the interested reader is referred 

o [69] . 

Following the results of mechanical property tests presented in 

ection 3 ,an undoped and a boron-doped ufg W sample were heat 

reated at 500 °C for 5 hours in a vacuum furnace (XERION Berlin 

aboratories GmbH, Germany) subsequent to the HPT deformation 

ith the intention to increase grain boundary relaxation and dop- 

ng element segregation. The annealed samples are marked with 

ann.” in all Figures in this work. 

.2. Microstructural characterization 

The microstructures of the samples were investigated using 

 field-emission scanning electron microscope (SEM; LEO type 

525, Zeiss GmbH, Germany) equipped with energy dispersive X- 

ay spectroscopy (EDX; Bruker XFlash 6|60, Bruker, Bruker Corp., 

SA) and electron backscatter diffraction (EBSD; Bruker e −-Flash 

FS , 

ruker Corp., USA) detectors. In order to assess the GB chemistry 

ia atom probe tomography (APT), lift-outs of selected samples 

ere fabricated using an Omniprobe 200 manipulator (Oxford In- 

truments plc, UK) in a dual-beam focused ion beam (FIB)-SEM 

Zeiss Auriga, Zeiss GmbH, Germany). From the lift-outs, APT tips 

ontaining GBs were fabricated following the procedure detailed in 

71] on an FEI 3D DualBeam workstation (Thermo Fisher Scientific, 

SA) equipped with an EDAX Hikari XP EBSD-system (AMATEK 

nc., USA). The APT experiments were performed on a CAMECA 

EAP 30 0 0HR (AMATEK Inc., USA) in laser-pulse mode with a laser 

nergy of 0.6 nJ at 250 kHz, a test temperature of 60 K and a tar-

et evaporation set to 0.5%. The software IVAS 3.6.14 was used for 

he reconstruction and analysis of the measured atom probe tips. 

.3. Indentation 

In order to get a first assessment of mechanical properties of 

he produced samples, Vickers microhardness was measured along 

he sample radius in tangential direction with a load of 500 g us- 

ng a Buehler Micromet 5104 machine (Buehler ITW Test & Mea- 

urement GmbH, Germany). In-depth information about mechani- 
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Fig. 1. Micromechanical testing setup for microcantilever bending. 

c

u  

i

d

(

p

2

s

d

i

m

g

n

o

t

r

i

e

a

i

d

r

c

a

p

a

a

F

a

S

F

(

t

d

r

s

t

σ

ε

w

a

t

t

F

n

v

o

c

3

3

a  

t

r

m

d

t

n

m

a

o

m

t

d

b

t

p

p

al properties, such as strain-rate sensitivity (SRS) or activation vol- 

me, was acquired by performing strain-rate jump tests [ 72 , 73 ] us-

ng a G200 Nanoindenter (KLA Corporation, USA) equipped with a 

iamond Berkovich tip and the continuous stiffness measurement 

CSM) option. A minimum of four tests were performed at a sam- 

le radius of 3 mm for each material condition. 

.4. Microcantilever bending tests 

As the HPT process leads to a deformation gradient, and con- 

equently also a microstructural gradient, along the sample ra- 

ius, the smallest and most desired grain size is usually found 

n the outer region of the sample disk. To only test this specific 

icrostructure and avoid unintended influences from the coarser 

rained regions at smaller radii, small-scale testing techniques are 

ecessary to specifically probe the mechanical properties of ufg W. 

For the most crucial assessment of the mechanical performance 

f tungsten, samples should be loaded under tensile stress condi- 

ions. However, microtensile tests are demanding in sample prepa- 

ation and unforgiving in terms of alignment [74–80] . Additionally, 

t is challenging to find a suitable gripper material stiff and hard 

nough to test the samples produced in this work. As most avail- 

ble grippers for tensile testing are made of tungsten themselves, 

t is likely that plastic deformation will also occur in the gripper 

uring the experiment, damaging the gripper and distorting the 

ecorded force-displacement data [80] . 

Therefore, in an attempt to combine (partial) tensile testing 

onditions and practicability in unveiling mechanical properties 

nd deformation behavior of the doped and undoped ufg W sam- 

les, microcantilever bending tests were performed. For this, the 

s-deformed HPT disks are cut in half using a diamond wire saw 

nd then ground to a wedge shape using a special sample holder. 

rom the very top of the wedge, cantilevers with dimensions of 

bout 3 × 3 × 10 μm are fabricated using a dual-beam FIB- 

EM (Zeiss Leo 1540XB, Zeiss GmbH, Germany), as depicted in 

ig. 1 . The cantilevers are tested in-situ in a field-emission SEM 

Zeiss LEO 982, Zeiss GmbH, Germany) using an UNAT-SEM inden- 

er (Zwick GmbH & Co KG, Germany) equipped with a conductive 

iamond wedge indenter tip (Synton-MDP AG, Switzerland). The 

ecorded force and displacement data, can be converted to bending 
3 
tress and bending strain, respectively, using the following equa- 

ions [81–83] : 

max,tensile = 4 · F · L B 
B · W 

2 
(1) 

 max, tensile = 

3 · W · u 

2 · L B 
2 

(2) 

here σmax,tensile and ε max, tensile are the maximum tensile stress 

nd tensile strain at the outermost fiber of the cantilever, respec- 

ively, F is the load, u the displacement, L B the bending length, B 

he width and W the thickness of the cantilever (compare with 

ig. 1 ). The displacement rate for these experiments was set to 20 

m/s, which corresponds to a strain rate of ∼ 10 −3 s −1 . In-situ 

ideos of all experiments were compiled by collecting an image 

f the SEM screen every second. For each material condition 3-4 

antilevers were fabricated and at least 2 were successfully tested. 

. Results 

.1. Microstructure and grain boundary chemistry 

SEM images of the microstructure of the as-deformed undoped 

nd doped ufg W samples are displayed in Fig. 2 . All images were

aken at a radius of 3 mm from the disk center in tangential di- 

ection. The grain sizes were measured using the grain intercept 

ethod. As apparent in Fig. 2 , the microstructures for all pro- 

uced samples are rather similar, the measured grain sizes confirm 

his assumption with all of them lying in the range of 110 – 160 

m. It should also be noted that – as intended – the heat treat- 

ent of an undoped and a boron doped specimen did not lead to 

ny noticeable grain growth. As is apparent in lower magnification 

verview pictures ( Fig. 3 ), the formation of various up to several 

icron-sized particles was observed in the final microstructure of 

he doped materials. The formation of HfO 2 oxides in the hafnium- 

oped sample was expected and desired and the formation of WB 

orides can be easily explained by the large negative mixing en- 

halpy of B and W [84] in combination with the high shear strain 

resent during HPT processing. The formation of the other large 

articles, on the contrary, is rather surprising. The W C carbide 
2 
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Fig. 2. SEM microstructure images and grain sizes of all investigated W materials. Images were taken using a backscattered electron detector at a sample radius of 3 mm in 

tangential direction. Samples marked with “ann.” underwent a heat treatment at 500 °C for 5h in vacuum after HPT deformation. 

Fig. 3. Lower magnification micrographs revealing various particles formed through HPT. a) EBSD map of carbon doped sample with metastable W 2 C carbides. b) SEM image 

and EDX map of boron doped sample with WB borides. c) EDX map of rhenium doped sample with WRe intermetallic σ -phase. d) SEM image and EDX map of hafnium 

doped sample with HfO 2 oxides. 
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hould not be stable below 1200 °C under equilibrium conditions 

ccording to the phase diagram and the formation of WRe inter- 

etallic phase contradicts the well-known high solubility of Re in 

 [85] . It is assumed that, due to the metastable nature of some 

f the phases, these particles form through intimate mixing orig- 

nating from the high pressure and shear strain during the HPT- 

eformation [ 86 , 87 ], yet their exact origin is not fully clear and

ill be subject to future work. As EDX measurements revealed that 

here is still enough concentration (2 – 4 at.%) of the doping el- 

ments in the W matrix, and it is relatively easy to avoid them 

hen fabricating micromechanical specimens, the particles do not 

nfluence the outcome of the present small-scale testing experi- 

ents (with the exception of the HfO 2 oxides, which are supposed 

o remove and bind pre-existing oxygen from the GBs). 
4 
To explore the segregation behavior of B, undoped W, W-B and 

eat treated W-B samples were additionally investigated regarding 

heir GB chemistry using APT. The samples doped with B were cho- 

en as representative APT samples, due to the difficulties of mea- 

uring B with EDX and because of the clear improvement of me- 

hanical properties of ufg W by doping with B, as presented in 

ection 3 c. The results from these measurements are depicted in 

ig. 4 . For every material condition, a tip containing a vertical grain 

oundary was selected for analysis and detailed investigation. The 

resence of a GB is indicated by the different Ga-content ( Fig. 4 a ),

 isosurfaces ( Fig. 4 c ) as well as the respective region of inter-

sts for GB analysis. The undoped W sample shows no significant 

egregation of any elements along the GB, with the exception of 

a, which is unavoidable to be introduced into the material dur- 
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Fig. 4. APT tips and investigations of element segregation at the GB in a) undoped W, b) W-B and c) annealed W-B samples. 
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ng FIB preparation. The unannealed boron doped specimen also 

hows signs of Ga and only a small amount of B inside the mate- 

ial. This indicates that the B must be very finely distributed within 

he sample and not segregated at the GB. After a heat treatment 

t 500 °C for 5 hours, segregation of about 0.3 at% B in the 1D-

oncentration profile was detected at the GB of the material (see 

ig. 4 c ). The interfacial excess value for B was calculated according 

o [ 88 , 89 ] and amounts to 0.23 at/nm ². Oxygen was identified to

ome extent in all investigated APT specimen at and near the GB. 

.2. Hardness and strain-rate sensitivity 

Fig. 5 a shows the hardness along the sample diameter for all 

amples. A clear gradient in hardness, originating from the defor- 

ation gradient of the torsion deformation, is apparent. It seems 

hat the two interstitial doping elements, C and B, lead to slightly 

igher hardness in the inner regions of the disks. However, at a 

istance of about 3 mm from the disk center, where all further ex- 

eriments in this work will be performed at, the hardness values 

ll lie in a range of 800 – 1000 HV0.5 (grey shaded area in Fig. 5 a ).

he undoped annealed sample broke during sample preparation, 

hich is the reason for not testing the whole specimen. 

Results from strain-rate jump tests are visible in Figs. 5 b and 

 c . The SRS coefficient and the activation volume were analyzed 

ollowing the procedure of Maier-Kiener et al. [ 72 , 73 ]. It is appar-

nt that the values are comparable, around 0.013 - 0.017 for SRS 

nd 7-9 b ³ in activation volume, with the exception of W-Re that 

howed a reduced SRS of 0.010 and increased activation volume of 

13 b ³. 

.3. Microcantilever bending 

A representative stress-strain curve ( σmax,tensile - ε max, tensile , see 

quations (1) , (2) ) for the boron doped sample including snapshots 

rom the in-situ SEM video of the respective cantilever test is de- 

icted in Fig. 6 . As there is no standard procedure for extracting 

aterial properties out of bending stress - bending strain curves, 

he following parameters were used in this work to compare the 

ifferent materials: As a measure of strength, the maximum bend- 
5 
ng stress recorded in the experiments was used. This serves as 

n equivalent to a UTS value and was deemed to be the most 

easonable quantity to compare. Obtaining a measure of ductility 

rom the bending curves is a more challenging task. As all experi- 

ents are performed in-situ in an SEM, one can utilize the avail- 

ble video information for that. The point in the video of each 

ested cantilever that shows first signs of crack formation was cor- 

elated with the stress - strain curve. The plastic strain at this point 

i.e. total strain minus elastic strain) is used as a measure to com- 

are ductility of the tested samples. A drawback of this method is, 

hat through the in-situ pictures we only gain information of one 

ide of the tested cantilevers, thereby possibly overlooking crack 

ormation on the backside of the specimen. However, due to the 

mall cantilever dimensions, it is likely that such a crack would 

e visible on the observed side shortly after, in which case only a 

inimal error in ductility is made. Moreover, for the presented ex- 

eriments whenever there was a sudden load drop in the recorded 

urves, this point was set as default failure event, and – most im- 

ortantly – always coincided with visible crack formation. Out of 

hese reasons and in the absence of a better alternative, this mea- 

ure of ductility was defined. It should, however, be clear that this 

s not to be regarded as a one-to-one equivalent to tensile ductility. 

antilevers that have been found to contain visible cracks or pores 

n or near the bending area have been discarded already before 

esting. 

A compiled “strength - ductility map” of all fabricated material 

amples is shown in Fig. 7 a . It is no surprise that the strength of

ll tested materials lies well within the ultra-high strength regime, 

iven the immense intrinsical strength of the tungsten base mate- 

ial combined with an ultra-fine grain size. All tested unannealed 

amples show strengths exceeding 2500 MPa up to 4500 MPa. The 

uctility ranges from rather small failure strains of 2.5% to strains 

f 15%, which is very respectable for such a high strength material. 

t is noteworthy that, with the exception of C, all doping elements 

ncrease the strength of ufg W, while only two of them, B and Hf, 

lso maintain or improve ductility. The positive effect of B and Hf 

s further underlined in Fig. 7 b , where the area below the stress- 

train curves until failure, i.e. the plastic work of the material or 

lastic energy density, are shown. Values of 406 ± 5 MJ/m ³ (boron) 
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Fig. 5. Indentation results of all investigated W samples. a) Microhardness across the diameter of the HPT disks. The grey shaded area marks the region on the samples, 

where all further experiments are performed. b) SRS and c) activation volume results from nanoindentation strain-rate jump tests. 
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nd 363 ± 14 MJ/m ³ (hafnium) are a clear improvement compared 

o the undoped material (286 ± 21 MJ/m ³). In Fig. 7 it is also ap-

arent that doping with C deteriorates the mechanical properties 

f ufg W, even though Scheiber et al. [38] predicted it to be a GB

trengthening element in tungsten, and the beneficial effect was 

emonstrated in Mo [31] . 

Following the great performance of the B doped ufg W sam- 

le, this material was additionally heat treated at 500 °C to de- 

iberately enhance the GB segregation of the doping element. The 

ndoped ufg W was also annealed at the same conditions to pro- 

ide a reference sample. As is apparent in Fig. 7 a , the annealed

amples show an enormous increase in strength compared to all 

ther tested samples. The strength of the undoped and annealed 

 material is 5.37 ± 0.25 GPa, whereas the annealed W-B mate- 

ial displays an even higher strength of 7.08 ± 0.33 GPa, more than 

ouble the strength of the undoped and unannealed W material 

3.28 ± 0.37 GPa). Moreover, the ductility of the annealed samples 

8.3 ± 2.8 % and 8.2 ± 2.2 %, respectively) is comparable with the 

nannealed undoped W (8.7 ± 0.8 %) and unannealed W-B sam- 

les (8.9 ± 0.3 %). By maintaining ductility while at the same time 

rastically raising the strength, the overall spent plastic work also 

ncreases dramatically to 450 ± 130 MJ/m ³ and 658 ± 224 MJ/m ³, 
espectively, as can be observed in Fig. 7 b . 

. Discussion 

The fabrication route presented in [69] and applied in this work 

as found to be successful in reliably processing tungsten powders 
6 
o dense bulk samples of ultra-fine grain size in the range of 110- 

60 nm ( Fig. 2 ). These ufg samples do not only excel on their own

n terms of high strength and noticeable ductility, the powder fab- 

ication route also allows for precise doping with GB strengthening 

lements to enhance these properties even further. 

As revealed by APT measurements on the boron-doped sample 

 Fig. 4 ), respective doping elements are not primarily situated at 

he GB, which is not too surprising as their distribution is achieved 

y mechanical deformation with only little thermal input. Only an 

dditional heat treatment provides the necessary energy for the 

oping elements to diffuse towards and segregate at the GBs. From 

he presented APT results, it is safe to assume that before such 

 heat treatment, the doping elements are randomly distributed 

ithin the material, as an enhanced GB segregation tendency is 

hermodynamically given [ 38 , 39 ], but kinetically limited. 

While the hardness results ( Fig. 5 a ) might indicate that the in-

erstitial doping elements C and B lead to higher hardness, a more 

easonable explanation for the bulk hardness increase is the for- 

ation of μm-sized and extremely hard W 2 C carbides and WB 

orides, as seen in Fig. 3 a and 3 b . Remember that carbides and

orides were avoided for microcantilever testing. While there are 

lso HfO 2 oxides and WRe intermetallic phases found in the other 

abricated samples ( Fig. 3 c and 3 d ), those are smaller in size and

mount and assumed to be softer than the borides and carbides. 

s such, only for the carbides and borides a noticeable increase 

n bulk hardness was observed. At the edge of the disk speci- 

en, where all further experiments were conducted, the hardness 

f all samples lies in the same range of 800 - 1000 HV0.5, so no
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Fig. 6. Representative stress-strain curve of boron doped ufg tungsten and in-situ pictures of the respective bending test. The white scale bars in the lower left of the in-situ 

pictures represent a length of 2 μm. 

Fig. 7. a) Maximum bending stress (i.e. strength) over plastic bending strain at failure (i.e. ductility) of all fabricated materials. Each small square represents a successful 

microcantilever bending test, the big squares represent the average strength and ductility of each material. b) The integrated area below the stress-strain curves until failure 

is taken as a measure for plastic work expended during deformation for all fabricated samples. 
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ignificant change related to the doping elements is observed here. 

urthermore, the annealed samples show a similar hardness distri- 

ution as the ufg W variants doped with substitutional elements 

r the undoped material. This confirms that no significant grain 

rowth occurred during the annealing. It should be mentioned that 

he annealed W-B sample shows lower hardness than the unan- 

ealed W-B material in the inner regions of the sample disks. 

his can be explained by dislocation recovery phenomena in these 

oarser grained regions, which are known to onset in cold-worked 

 at about 400 °C [90] . 

The SRS and activation volumes probed by nanoindentation 

train-rate jump tests ( Fig. 5 c ) lie in a range of 0.013 - 0.017 and

-9 b ³, respectively, which is commonly attributed to the kink-pair 

echanism regarded in bcc metals at low temperatures [91–97] . 

ere, the rhenium doped sample shows a slightly higher activa- 

ion volume and reduced SRS, which is in good agreement with 

he theory that Re promotes dislocation glide in tungsten by alter- 

ng the asymmetry of the screw dislocation core [98] . Annealing 

he W and W-B samples leads to no obvious change in SRS and 

ctivation volume, indicating once again that no major microstruc- 

ural changes are taking place during the heat treatment, except 

or the intended B diffusion and segregation. 
7 
While the doping elements seem to only have a minor influ- 

nce on GB mobility and thus resulting grain size as well as hard- 

ess and activation volume, the results from microcantilever bend- 

ng tests paint a different picture. Due to the partial tensile na- 

ure of the bending test, the most crucial loading mode for tung- 

ten is tested. Therefore, any influence of a modified GB cohe- 

ion would show the biggest effect in these tests. Before discussing 

he results of the microbending tests, it should be mentioned that 

he cantilevers were examined with the crack growth direction in 

adial specimen orientation. To demonstrate the influence of this 

est orientation on the mechanical properties, further microstruc- 

ural analysis has been performed. Fig. 8 a and 8 b show the cu- 

ulative grain size distribution in axial and radial direction, re- 

pectively. From this data it can be seen that the grain size dis- 

ribution is relatively slim, indicating a uniform grain size in the 

espective directions. However, it is also apparent that the aver- 

ge grain size in axial direction is smaller than in radial direction. 

his grain anisotropy is further visualized in Fig. 8 c . The grain as- 

ect ratio of all investigated ufg W samples lies between 1:1 and 

:2, with the majority of samples showing a ratio close to 1:1.5. 

s demonstrated in previous work [ 99 , 100 ], this slight grain shape

nisotropy originating from the torsional deformation leads to an 
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Fig. 8. Cumulative grain size distribution of grains in a) axial and b) radial direction of all investigated samples. c) Grain anisotropy of axial and radial direction show an 

aspect ratio of 1:1.5 for most ufg W samples. 
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rientation dependence of fracture performance for HPT processed 

fg materials. The configuration used in the present work, with the 

rack growth direction in radial specimen direction, was found to 

ield the highest fracture toughness values. As intercrystalline frac- 

ure is also a major factor controlling ductility in such an ultra-fine 

rained material, a similar directional dependence is assumed for 

uctility. However, since grain shape and anisotropy could poten- 

ially be tuned by larger scale fabrication methods (e.g. rolling) and 

ligning the microstructure in a preferred loading direction is usu- 

lly possible, the authors decided it is best to test the material in 

his direction to show the potential of the material, rather than 

esting a potentially weaker direction. 

The microcantilever bending results in Fig. 7 a underline that 

fg W shows very attractive mechanical properties. The undoped 

aterial already demonstrates a strength of 3.28 ± 0.37 GPa, 

igher than cold-rolled tungsten [101] , highest-strength steels 

 102 , 103 ] or previous works on ufg W [ 94 , 104 ], while also exhibit-

ng a formidable bending ductility of 8.7 ± 0.8 %, unprecedented 

n tungsten [ 49 , 101 ]. Notably, as the stress and strain distribution

s much more complex for a bending experiment than for a ten- 

ile experiment, we do not advise to directly compare the strength 

nd ductility values gained in this work with tensile or compres- 

ion values in literature. That being said, as the nature of the ex- 

eriment still yields a valid stress-strain curve, the feasibility to 

ompare the strength and ductility for materials tested in the same 

ending test conditions, and therefore the ability to correctly as- 

ess the effect of each doping element on strength and ductility, 

revails. 

From the EBSD images in Fig. 9 a and 9 b , it is apparent that the

ndoped W cantilevers fail – as expected – in an intercrystalline 

ashion, since the grains on either side of the crack have differ- 

nt orientations. This is crucial, as an improvement of mechanical 

roperties by GBSE can only be expected when the failure mode 

s in fact intergranular. All tested ufg W variants failed intergran- 

larly, as is evident by EBSD images on a representative annealed 

-B cantilever shown in Fig. 9 c and 9 d . The profiles of the crack

nset and fracture surfaces seen in top view SEM micrographs of 

nnealed undoped W ( Fig. 9 e ) and annealed B doped W ( Fig. 9 f )

rovide additional evidence for intercrystalline failure in the mate- 

ials. 

Figs. 9 e and 9 f also show that there is no pronounced neck-

ng in the gauge area of the cantilevers, indicating homogenous 

eformation. In fact, the transverse strain measured in all can- 

ilevers never exceeded 2.3%. When accounting for this strain using 

 Mohr’s strain circle, a maximum relative error of < 3% is made 
t

8 
or ductility, which corresponds to a maximum absolute error in 

ailure strain of 0.3% (percentage points) for a worst case scenario. 

herefore it is safe to assume that the cantilevers show predom- 

nantly homogeneous deformation in the bending area, justifying 

he chosen testing method for strength and ductility. 

By adding the targeted doping elements to ufg W and conduct- 

ng heat treatments, different effects on strength and ductility can 

e observed, which are outlined and discussed individually below: 

.1. The effect of annealing 

As showcased by the undoped annealed sample, a moderate 

eat treatment at 500 °C for 5 hours enhances the strength of 

he material, while preserving the microstructure. This adaptive 

trength increase can be explained by the hardening-by-annealing 

ffect, a phenomenon commonly found in very fine grained met- 

ls [105–109] . By annealing nc and ufg materials below the grain 

rowth threshold temperature, on the one hand mobile disloca- 

ions annihilate at GBs, and on the other hand GBs relax into an 

nergetically more favorable state. In the case of severely plasti- 

ally deformed materials, this relaxed GB state is usually associated 

ith “smoother” GBs that do not contain many GB ledges or other 

B defects which could serve as possible sources for easier disloca- 

ion nucleation [ 2 , 59 , 106 , 109–113 ]. By removing both, mobile dis-

ocations in the grain interior and potential nucleation sites at GBs, 

lastic deformation could only occur through a limited amount of 

onventional dislocation sources in the grain interior or nucleation 

f dislocations at relatively smooth GBs, which requires a higher 

tress level compared to dislocation nucleation at GB ledges, there- 

ore explaining the increase in strength. It should be noted that 

his hardening-by-annealing phenomenon does not seem to have 

n influence on ductility of ufg W, indicating that there is still suf- 

cient dislocation plasticity present in the material and underlin- 

ng once more that GB cohesion is the limiting factor to ductility. 

t is interesting to note that the hardening-by-annealing seems to 

ave no influence on the measured microhardness of ufg W, as can 

e seen in Fig. 5 . Considering that both the required stress level 

or dislocation nucleation from GBs as well as the type of nucle- 

ted dislocations are severely different between tensile and com- 

ressive loading conditions [114] , this might be an indicator that 

ensile stress conditions are more sensitive to such a GB relax- 

tion effect. Such a presumed scenario would bear critical impli- 

ations, since most hardening-by-annealing studies are conducted 

sing hardness measurements, but this requires further investiga- 

ion to proof in detail. 
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Fig. 9. EBSD overlay on SEM image of a) an undoped W and c) an annealed W-B cantilever after testing. b,d) Zoomed in EBSD maps around the crack, indicating intercrys- 

talline failure. Top view SEM micrographs of annealed undoped W (e) and annealed B doped W (f) cantilever indicating predominantly homogeneous deformation in the 

gauge area and clear evidence of intercrystalline failure. 
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.2. Carbon 

The addition of C decreases ductility and, as a consequence, the 

verall plastic energy density (see Fig. 7 b ) of ufg W. Even though it

as been identified as a GB cohesion enhancing element [38] , such 

n effect could not be confirmed with the current testing effort s. C 

s known to change the core of screw dislocations in W and other 

cc metals to a less mobile hard core configuration, limiting the 

uctility in a W-C solid solution [115–117] , which would natively 

etoriate ductility. Another possible explanation for the reduction 

f mechanical properties might be the formation of nanosized car- 

ides at the GBs, but within the present investigations we were not 

ble to identify any. However, as doping of ufg W with C seems to 

ot improve the bending stress-strain properties, this work aims 

ts detailed attention at more promising variants instead. 

.3. Boron 

Doping with B increases the strength and also slightly the duc- 

ility of ufg W. Therefore, also thespent plastic work and overall 

echanical properties improve. As deduced from APT measure- 

ents and mentioned above, the B in this sample is most likely 

ery finely and randomly distributed within the specimen, indicat- 

ng that already a very small amount of B at the GB can improve

he properties tremendously. Therefore, it is no surprise that an ad- 

itional heat treatment, which promotes more segregation of B at 

he GB, amplifies this effect even further. As can be seen in Fig. 7 a ,

he boron doped and annealed samples shows extraordinarily high 

trength values even exceeding 7 GPa. Furthermore, this incred- 

ble increase in strength is achieved while simultaneously main- 

aining the bending ductility at the same level as for the undoped 

 or unannealed W-B sample. Naturally, this increase in strength 

lso leads to outstanding values for the plastic energy density of 

he material ( Fig. 7 b ). This increase in mechanical performance is 

xplained by a combination of three effects: 1) The above men- 

ioned hardening-by-annealing effect leads to a strength increase 

n its own through GB relaxation and dislocation annihilation. 2) 
9

oreover, out of all predicted elements within the simulations of 

cheiber et al. [ 38 , 39 ], B showed one of the highest potentials for

B strengthening, making it a very potent GB cohesion enhancer, 

nd 3) as an interstitial element with a high GB segregation ten- 

ency in W [38] , boron could potentially remove and replace the 

eakening oxygen at the interstitial GB sites, thereby strengthen- 

ng the GB both directly and indirectly (see Fig. 10 ). These com- 

ined positive aspects explain the highly effective property en- 

ancement of B in annealed ufg W. The APT measurements in 

ig. 4 b are confirming that oxygen is depleted directly at the GB 

n the W-B sample. However, in the annealed material ( Fig. 4 c ) a

light segregation of O is found in addition to the B segregation. 

his indicates that the strengthening effect of the segregated B is 

nough to completely outweigh the weakening effect that O has 

n GB cohesion. 

.4. Rhenium 

The W-Re material showed an increase in strength but a slight 

ecrease in ductility. This is surprising, as Re usually has the oppo- 

ite effect in a W host material [ 85 , 97 , 98 ]. Considering the reduced

RS and increased activation volume values acquired by nanoin- 

entation strain-rate jump tests, it is evident that Re has a positive 

ffect on dislocation mobility [ 98 , 118 ], yet from the bending exper- 

ments it does not seem to be very potent in avoiding GB failure. 

hile the ab-initio simulations in [39] predict Re to strengthen the 

B cohesion in W, they also show that the effect of Re on the 

B would only be about 20% compared to that of e.g. boron. We 

ould rationalize this behavior by considering that higher disloca- 

ion mobility might promote pile-up formation at GBs, with the 

elated stress localizations promoting grain boundary failure. How- 

ver, as no clear improvements of the mechanical properties by 

oping with Re were observed ( Fig. 7 b ) and Re is a rather expen-

ive material, making it unattractive for future large scale fabrica- 

ion and application, we do not follow this consideration up with 

etailed investigations, as this would require e.g. in-situ TEM stud- 

es. 
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Fig. 10. Schematic of the effects of B and Hf on the GB chemistry. Boron diffuses to the GB and replaces O, while Hf attracts O from the GBs and forms HfO 2 oxides. 

4

t

c

f  

e

e

(

t

a

d

m

i

[  

t

c

i

o

e

m

t

t

p

m

t

o

c

w

fi

e

c

L

w

t

e

o

c

N

p

p

5

a

d

a

i

i

a

u

m

t

c

t

m

s

t

a

o

.5. Hafnium 

The hafnium doped sample shows improved strength and duc- 

ility, but also a large variability among the individual tested mi- 

rocantilever. The well-known affinity of Hf to O and the observed 

ormation of HfO 2 ( Fig. 3 d ) leads to the conclusion that Hf is very

ffective in binding oxygen, therefore removing the embrittling el- 

ment from the GB to indirectly strengthen GB cohesion in ufg W 

see Fig. 10 ). This behavior has already been observed for Mo in 

he past [31] . While this effect is rather interesting and leads to 

 clear improvement of the mechanical properties, it is not evi- 

ent that it can be further improved or utilized for an adaptive 

aterial characteristic, e.g. by forced segregation through anneal- 

ng, since a direct strengthening effect of Hf at the GB is not likely 

 39 , 40 ] and the majority of oxygen is presumably already bound in

he hafnium oxides. The large variation among the different W-Hf 

antilevers, however, could be a sign of a varying effectivity of Hf 

n removing oxygen throughout the sample, indicating that more 

xygen from the initial powder surfaces could potentially be bound 

ither through diffusion by an annealing step or by initially adding 

ore Hf to the powder mixture. Another possible explanation for 

he large variation among the cantilever properties could be unde- 

ected smaller HfO 2 particles within the cantilevers, reducing the 

robed ductility. 

Finally, as B and Hf show the most promising improvement of 

echanical properties of ufg W and the material is potentially in- 

eresting for employment in nuclear fusion reactors, the behavior 

f the two doping elements under irradiation should be briefly dis- 

ussed. Both B and Hf are very good radiation absorbers, which is 

hy they can be used as moderator rods in a variety of nuclear 

ssion reactos [119] . This would add a minor radiation-shielding 
10 
ffect to the deployed material. The boron isotope B 

10 can de- 

ay into Li and He after neutron irradiation, following: B 10 + n 1 → 

 i 7 + H e 4 . The insoluble Helium is well known to form bubbles 

ithin metals, which leads to degradation of mechanical proper- 

ies, swelling and structural disintegration [120] . However, consid- 

ring the application in a nuclear fusion reactor, this rare occasion 

f B decay is expected to have a minor impact, compared to the 

ontinuous bombardment with He ions from the fusion reaction. 

evertheless, one has to take into account that in such a case, the 

ositive effect of B on GB cohesion and mechanical properties is 

otentially lost over time. 

. Conclusion 

In this work, ufg W samples doped with various interstitial 

nd solute elements have been successfully fabricated. While the 

oping elements seem to only have little influence on grain size 

nd hardness of the bulk material, a clear effect on the bend- 

ng properties has been discovered utilizing microcantilever bend- 

ng experiments. While the addition of C and Re seems to have 

 negative or hardly any effect on the mechanical properties of 

fg tungsten, B and Hf serve to improve the mechanical perfor- 

ance and expended plastic energy density. It was demonstrated 

hat B strengthens the GBs in tungsten directly (by enhancing GB 

ohesion) and also potentially indirectly (by replacing oxygen at 

he GB), which leads to an increase in bending strength, while 

aintaining the bending ductility level of the undoped ufg W. The 

trength of the boron doped tungsten can be increased even fur- 

her by a heat treatment, leading to more segregation of B at GBs 

s well as an additional hardening-by-annealing effect. Hafnium, 

n the other hand, is not known to strengthen the GB directly, but 



M. Wurmshuber, S. Jakob, S. Doppermann et al. Acta Materialia 232 (2022) 117939 

i

p

h

f

W

t

s

t

s

s

t

i

a

i

b

c

f

a

t

D

c

i

A

C

t

f

a

R

 

 

 

t is very effective in binding oxygen from them, leading to an im- 

rovement in bending strength and ductility. Due to the clear en- 

ancement in GB cohesion and the close interlink of ductility and 

racture toughness, it is assumed that the fracture toughness of ufg 

 also improves tremendously with the addition of B and Hf. Frac- 

ure mechanical tests to assess this expectation are planned and 

ubject of future work. 

In conclusion, it was demonstrated that the mechanical proper- 

ies of ufg tungsten can be enhanced by the addition of suitable GB 

trengthening doping elements, such as B and Hf. These findings 

hould also relate towards improving properties of coarser-grained 

ungsten material. However, once the fracture mode changes from 

ntercrystalline to transcrystalline, no further increase in ductility 

nd toughness through GB doping can be expected, as then the 

nherent brittleness of the tungsten crystal rather than the grain 

oundaries is the limiting factor. Therefore, it is recommended to 

ombine the GBSE approach with very small grain sizes first and 

oremost, to fully tap the strengthening and toughening potential 

nd create a high-performance material suitable to deploy in ex- 

reme environments. 
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