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a b s t r a c t 

Dislocation-grain boundary interaction is widely accepted as the rate-controlling process for ultra-fine 

grained bcc metals in their high temperature deformation regime above the critical temperature. How- 

ever, the influence of different types of grain boundaries remains widely unexplored so far. To this end 

we present here an advanced high temperature nanoindentation study on Ta2.5W specimens consisting 

of two distinctively different grain boundary types, but with similar submicron average spacing. While 

one set of samples consisted of a predominant fraction of high-angle boundaries, the second set con- 

tained mainly low-angle boundaries. Fully recrystallized samples served as a coarse grained reference 

batch. Using advanced nanoindentation at elevated temperatures up to 823 K, we find a temperature 

invariant hardness in the case of the low- and a strongly pronounced temperature dependence for the 

high-angle grain boundary samples. This underlines the importance of grain boundary diffusivity for the 

predominant process of interfacial stress relaxation. Pronounced interaction of dislocations with oxygen 

impurity atoms was observed from 473 to 773 K for the coarse grained microstructure, yielding serrated 

flow as an indicator for a Portevin-Le Chatelier effect up to 573 K. Both grain boundary types showed 

a significant influence to the dislocation-impurity interaction, whereby the high-angle grain boundaries 

suppress discrete flow characteristics. 

© 2021 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 

Over the last decade, modern technologies such as microelec- 

ronics, thin film technology or improved structural applications 

ave led to an increased demand of materials with confined mi- 

rostructure and architectures in the sub-micrometer regime. Al- 

eady in the last century Hall and Petch [ 1 , 2 ] found that with de-

reasing grain size the strength of a material can be improved. 

n recent years this phenomenon was intensively studied for 

ltra-fine grained (ufg) face-centered cubic (fcc) as well as body- 

entered cubic (bcc) metals [3–6] . The fundamental understanding 

f plasticity for conditions where interfaces govern the increasing 

trength of materials is hence of vital interest for academic and 

ndustrial research. 

In the case of dislocation controlled plastic deformation, the 

ontribution of a single dislocation includes at least three mech- 

nisms: nucleation, glide and storage or annihilation [7] . The slow- 

st of these mechanisms, which usually depends on the activation 
∗ Corresponding author. 
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nergy, controls the overall plasticity and becomes the rate con- 

rolling process [8] . It is generally accepted that in a bcc lattice dis- 

ocation plasticity below the so-called knee-temperature or critical 

emperature, T K , is controlled by a kink-pair mechanism [ 9 , 10 ]. Due

o their complex core structure [ 11 , 12 ] screw dislocations in bcc 

etals exhibit a reduced mobility compared to edge dislocations 

 13 , 14 ]. As such, at low homologous temperatures these materials 

how a strong temperature-dependence of strength. The rate con- 

rolling process is the nucleation of double kinks [15] . For some- 

hat elevated temperatures, the double kinks become thermally 

ctivated, until above T K screw and edge dislocations exhibit the 

ame mobility and the materials strength becomes athermal. In 

his high temperature (HT) regime dislocation motion is controlled 

y obstacle-controlled dislocation glide such as cutting of forest 

islocations, analogous to coarse grained (cg) fcc metals [ 16 , 17 ]. 

Reducing the grain size of bcc metals to the ufg regime in- 

reases the athermal strength contribution and consequently the 

train rate sensitivity of ufg bcc metals is lower compared to their 

g counterparts [ 4 , 16 , 18 , 19 ]. This is attributed to an increased

mount of long-range obstacles for dislocation motion provided by 

rain boundaries, while the contribution of the local Peierls barrier 

o the overall plasticity is reduced [ 18 , 20 , 21 ]. Despite these gener-
c. This is an open access article under the CC BY license 

https://doi.org/10.1016/j.actamat.2021.117110
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2021.117110&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:johann.kappacher@unileoben.ac.at
https://doi.org/10.1016/j.actamat.2021.117110
http://creativecommons.org/licenses/by/4.0/


J. Kappacher, O. Renk, D. Kiener et al. Acta Materialia 216 (2021) 117110 

a

a

s

b

d

s

c

[

d

a

a

t

a  

a

p

o

m

[  

s

a

[

n

v

a

τ

t

l

f

a

a

s

g

l

a

p

[  

g

p

a

p

a

n

t

e

s

p

b

3

a

t

w

p

o

s

t

c

h

s

g

i

e

w

2

w

a

p  

T

s  

T

p

t

W

a

c

t

t

t  

a

u

b

e

s

e

g

r

m

t

n

c

(

p

c

t

5

o

i

i

d

s

(

w

e

p

i

(

t

i

s

s

s

r

B

e

k

u

I

a

H

i

w

lly accepted findings, the rate controlling processes of bcc metals 

t the submicron scale remain intensively investigated. While 

everal studies find that below T K deformation is still controlled 

y kink-pair formation for grain sizes or single crystal sample 

imensions down to ~150 nm [ 16 , 22–24 ], some experiments and 

imulations at even smaller scales indicate a change of the rate 

ontrolling processes and a diminishing role of screw dislocations 

25–28] . 

Contrarily to cg bcc metals, in ufg microstructures the rate- 

ependence of plastic deformation is reported to increase above 

 certain temperature. This indicates that dislocation-grain bound- 

ry interaction, facilitated by the refined microstructure, con- 

ributes increasingly towards the dominating deformation mech- 

nism [ 16 , 18 ], in accordance with earlier reports on ufg fcc met-

ls [29] . This critical temperature is at ~0.2 of the melting tem- 

erature, thus the temperature regimes for thermal activation 

f dislocation-grain boundary interaction and kink-pair formation 

ay partly overlap, depending on the grain size of the ufg material 

 18 , 19 ]. For example, it was shown that alloying of W with Re can

hift the increasing strain rate sensitivity towards higher temper- 

tures, in accordance with the changed grain boundary diffusivity 

30] . 

The kinetics, represented by the relaxation time τ , of these dy- 

amic recovery processes at grain boundaries, i.e. thermally acti- 

ated accommodation of lattice dislocations within grain bound- 

ries [31] can be described as follows [ 32 , 33 ]: 

= A 

k B · T · s 3 

G · � · D GB · δ
(1) 

Apart from material constants such as the shear modulus, G , 

he atomic volume, �, and the boundary width δ; the abso- 

ute temperature, T , and fundamental constants such as a pre- 

actor, A (about 1/200 for severely deformed nanostructures [32] ), 

nd the Boltzmann constant, k B , τ solely depends on the bound- 

ry diffusivity D GB and the spreading distance s , which is re- 

tricted to the grain size as an upper limit. Different types of 

rain boundaries exhibit a changed boundary diffusivity. That fol- 

owing, it was shown that low-angle grain boundaries provide 

 higher thermal stability compared to their high-angle counter- 

arts, arising from reduced interfacial energies and diffusivities 

 34 , 35 ]. Renk et al. [36] recently demonstrated that the type of

rain boundaries in nanostructured fcc Ni strongly affects the tem- 

erature dependent plasticity. While for the more diffusive high- 

ngle grain boundaries properties obey a distinct temperature de- 

endence, low-angle grain boundaries behave rather athermal over 

 wide temperature range. Different to nanostructured fcc metals, 

o study regarding the influence of the grain boundary type on the 

emperature-dependent strength currently exists for bcc metals at 

levated temperatures. A lack of experimental data in this field is 

urprising, as several theoretical investigations highlighted the im- 

ortance of the grain boundary misorientation angle ( i.e. the grain 

oundary type) on the mechanical properties of bcc metals [37–

9] , and the materials are of importance for industrial application. 

Since bcc refractory metals are commonly used as high temper- 

ture structural materials it is of urgent importance to understand 

he plastic deformation behavior above the knee-temperature, 

here deformation is found comparable to fcc metals. This is in 

articular true for high-performance nanostructures and the role 

f the respective grain boundary type. Therefore, Ta2.5W was cho- 

en and analyzed in varying microstructural conditions. Comparing 

he temperature dependence of mechanical properties between a 

g microstructure with ufg conditions, mainly consisting of either 

igh-angle or low-angle grain boundaries, allows for careful analy- 

is of the influence of different grain boundary misorientation an- 

les on plasticity in bcc metals. As Ta is known for its sensitivity to 

nterstitial impurities [40] , it is of further interest, how the differ- 
2 
nt types of grain boundaries affect the interaction of dislocations 

ith interstitials and/or grain boundaries. 

. Experimental 

Technically pure Ta2.5W (all chemical compositions given in 

t.%) was received from Plansee SE (Reutte, Austria). A chemical 

nalysis for interstitial impurities revealed a concentration of < 5 

pm C, < 2 ppm H, as well as 19 ±1 ppm N and 20 ±1 ppm O.

he alloy Ta2.5W was selected as a model material for several rea- 

ons: due to the high melting point, T m 

, of Ta, paired with a low

 K [41–43] , there is a rather large temperature regime, where kink- 

airs are fully thermally activated but the microstructure is still 

hermally stable. Due to the rather low T K of Ta, compared e.g. to 

, it can be rather well deformed via high pressure torsion (HPT) 

t room temperature, and thus microstructural saturation can be 

onveniently obtained [44] . Alloying with W serves to increase the 

hermal stability of the ufg microstructures at elevated tempera- 

ures [30] . To reach a recrystallized, cg (labeled CG) microstruc- 

ure as a reference the sample was annealed for 2 h at 1773 K in

 high vacuum furnace (HTM Reetz GmbH, Berlin, Germany). Two 

fg structures with a deliberate change of the grain boundary type, 

ut a rather equal spacing were synthesized to elucidate the differ- 

nces in the thermomechanical response, one sample mainly con- 

isting of grain boundaries with high-angle character ( i.e. misori- 

ntation angle θ > 15 °) and a second one with mainly low-angle 

rain boundaries ( i.e. 2 ° < θ < 15 °), labeled as HAGB and LAGB, 

espectively. For the HAGB sample, discs of 8 mm diameter and 1 

m height were monotonously deformed via HPT [45] at ambient 

emperature for 10 rotations at a rotational speed of 0.2 rpm and a 

ominal pressure of 7.8 GPa. To create samples with LAGBs and a 

ell size in the sub-micrometer range cyclic high pressure torsion 

CHPT) [ 46 , 47 ] was applied. Therefore, recrystallized Ta2.5W sam- 

les (1773 K, 2 h) with 10 mm diameter and 1 mm height were 

yclically deformed at a 5 ° twist angle for five cycles. The rota- 

ional speed was again 0.2 rpm and the applied nominal pressure 

.1 GPa. 

To ensure microstructural stability, i.e. to anticipate recovery 

r slight grain growth in the case of the HAGB sample, anneal- 

ng for 2 h at 773 K was conducted in vacuum prior to mechan- 

cal testing. Microstructural investigations were performed in ra- 

ial direction (RD) of the discs at a radius of 3 mm. The LAGB 

ample was microstructurally investigated in tangential direction 

TD) of the sample and the chosen radius for further experiments 

as 4.5 mm. 

For microstructural characterization as well as nanoindentation 

xperiments the samples were carefully mechanically ground and 

olished. To remove any remaining deformation layer a final chem- 

cal polishing step was carried out with a 1:1 mixture of OP-S 

Struers GmbH, Willich, Germany) and 5% KOH in H 2 O. To reveal 

he microstructure of the CG sample back-scattered electron (BSE) 

mages were taken on a Tescan Clara scanning electron micro- 

cope (SEM) (Tescan, Brno, Czech Republic) at 15 kV and the grain 

ize was determined by means of line-intersection method. For the 

amples with submicron sized grains, microstructural imaging was 

eceived by an electron back-scatter diffraction (EBSD) setup from 

ruker Nano GmbH (Berlin, Germany) equipped in a LEO 1525 field 

mission SEM (Carl Zeiss Microscopy GmbH, Jena, Germany) at 20 

V. Misorientation angles between adjacent grains were analyzed 

sing the standard software package OIM analysis 7 from EDAX 

nc. (Mahwah, NJ). 

In order to investigate the mechanical properties, high temper- 

ture nanoindentation experiments were performed on an InSEM- 

T nanoindenter from Nanomechanics Inc., KLA (Oak Ridge, TN) 

n axial direction (AD) of the samples. The system is equipped 

ith a continuous stiffness measurement unit, superimposing a si- 
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Fig. 1. Microstructure of the investigated Ta2.5W samples: a) BSE image of the CG condition; b) and c) EBSD images of the HAGB and LAGB sample, respectively. The 

misorientation distribution of the HAGB and LAGB samples and the according boundary fractions are displayed in d) and e). 
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usoidal force signal with 100 Hz and a displacement amplitude 

f 2 nm to determine the contact stiffness continuously over in- 

entation depth. For the CG and HAGB samples a WC, while for 

he LAGB sample a SiC Berkovich tip (both Synton MDP, Nidau, 

witzerland) were used. The nanoindenter is installed in a Tes- 

an Vega3 SEM (Tescan, Brno, Czech Republic) under high vacuum 

onditions ( < 10 −4 mbar), allowing precise indent positioning as 

ell as preventing high temperature oxidation of tip and sample. 

 tip temperature calibration was carried out by direct indentation 

nto a thermocouple, as reported by Wheeler and Michler [48] . A 

tabilization time of approximately 2 h is required before the HT 

anoindentation experiments to ensure low thermal drift for re- 

iable data extraction. Area function and frame stiffness were ob- 

ained by room temperature (RT) indentation of fused quartz ac- 

ording to the analysis of Oliver and Pharr [49] . To follow any pos-

ible degradation of the tip after every sample testing series, addi- 

ional indentations on fused quartz were performed at RT. 

In order to obtain hardness, H , and Young’s modulus, E , con- 

tant indentation strain rate experiments [50] were performed at 
˙ 
 /P = 0.1 s −1 . The obtained values are averaged at an indentation 

epth of 700 to 800 nm for the CG sample and, due to the higher

ardness and hence lower maximum indentation depth between 

0 0 and 50 0 nm for LAGB and HAGB samples. Additional nanoin- 

entation strain rate jump tests, as introduced by Maier et al. [51] , 

ith an abrupt change in strain rate by an order of magnitude to 
˙ 
 /P = 0.01 s −1 for at least 100 nm and finally switching back to
˙ 
 /P = 0.1 s −1 , were executed. At least ten valid indentation experi- 

ents were performed for every sample, temperature and test pro- 

ocol. From the instantaneous hardness response [21] in respect to 

he changed indentation strain rate, the strain rate sensitivity, m , 

nd the apparent activation volume, V 

∗, can be calculated accord- 

ng to Eqs. 2 and 3 : 

 = 

∂ ( ln ( H ) ) 

∂ ( ln ( ̇ ε ) ) 
(2) 

 

∗ = 

C ∗ · √ 

3 · k B · T 

m · H 

(3) 

ith C ∗ being a constraint factor of 2.8. V 

∗ is commonly normal- 

zed to the cubed Burgers vector, b ³, to facilitate comparison be- 

ween different materials. 
3 
. Results 

.1. Microstructure 

In Fig. 1 the microstructure of the three investigated Ta2.5W 

amples, including statistical evaluation of the grain boundary 

haracteristics, are presented. A BSE image of the recrystallized 

G sample reveals globular equiaxed grains with an average di- 

meter of 31 ±8 μm ( Fig. 1 a). Due to the large grain size com-

ared to the maximum indentation depth of 900 nm, deforma- 

ion is mainly governed by single crystalline behavior with dimin- 

shing influence of any sort of grain boundary. The inverse pole 

gure maps obtained by EBSD of the HAGB sample ( Fig. 1 b) ex- 

ibit typical HPT-deformed grains with an elongation in TD. The 

ecisive grain diameter (small dimension) in AD was determined 

y the line-intersection method to be 85 ±29 nm, with the major- 

ty of grain boundaries being of high-angle character ( i.e. θ > 15 °, 
ig. 1 e). The distribution of the misorientation angle ( Fig. 1 d) was

ound to be close to the random distribution. In Fig. 1 c an overview

f the microstructure of the LAGB sample is presented including an 

nset taken at higher magnification. Due to the CHPT deformation 

he subgrains are again elongated, with an average resolved cell 

ize of 181 ±19 nm in the small dimension. At the chosen radius of 

.5 mm the proportion of LAGBs (2 ° < θ < 15 °, Fig. 1 e) was more

han 70%, which is also evident from the misorientation distribu- 

ion in Fig. 1 d. 

.2. Constant indentation strain rate experiments 

The measured hardness over testing temperature for the three 

ifferent sam ples is illustrated in Figs. 2 a-c. The RT hardness values 

re 6.28 ±0.02, 4.63 ±0.14 and 2.81 ±0.07 GPa for the HAGB, LAGB 

nd CG samples, respectively. The differences can be directly linked 

o an increased strength due to grain refinement. The observed 

volution of hardness over temperature is significantly dependent 

n the different microstructures. 

The HAGB sample ( Fig. 2 a) revealed a continuous decrease of 

ardness to 5.38 ±0.08 GPa up to 523 K. Between 573 and 723 K 

n increased hardness compared to the monotonous decrease can 

e observed with a peak of 5.89 ±0.04 GPa at 623 K. At the max-

mum testing temperature of 823 K the hardness was 4.46 ±0.08 

Pa, while the RT hardness after this testing sequence was with 

.79 ±0.04 GPa lower than the as-prepared state, indicating ther- 

ally induced grain growth. 
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Fig. 2. Evolution of hardness over temperature for the three different microstruc- 

tures: a) HAGB, b) LAGB and c) CG. In d) the measured Young’s modulus is plotted 

over temperature in addition to literature values [52] . The insets show residual in- 

dents at RT (see text). 
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In contrast to the pronounced temperature sensitivity of the 

AGB sample, probing LAGBs ( Fig. 2 b) revealed a temperature in- 

ariant hardness up to 473 K. An increased hardness compared 

o the general trend can again be observed between 523 and 

23 K, with a peak of 5.05 ±0.18 GPa. At 773 K a hardness of

.57 ±0.11 GPa was detected, while after the maximum testing tem- 

erature the RT hardness (4.74 ±0.10 GPa) slightly increased, al- 

hough within standard deviation. The slightly higher scatter in the 

AGB data, represented by a higher standard deviation of the mea- 

ured values compared to the HAGB or CG sample can be assumed 

s a result of the less homogenized microstructure when compared 

o the cg behavior or the saturated grain size of the HAGB samples, 
4 
s the size and shape of the developed dislocation boundaries de- 

ends on the crystallographic grain orientation. 

The CG sample in Fig. 2 c exhibits a strong temperature depen- 

ence of hardness up to 373 K (0.11 T m 

). A further increase of 

he testing temperature results in an athermal hardness response 

2.49 ±0.07 GPa) up to 423 K. Between 473 and 723 K an increased

ardness can be observed, with a peak of 2.65 ±0.07 GPa at 623 K. 

t 823 K a value of 2.05 ±0.05 GPa was measured, while the hard- 

ess after HT testing was found unchanged (2.83 ±0.07 GPa). 

In Fig. 2 d the observed Young’s modulus over temperature is 

resented along with additional literature values [52] . From the RT 

alues of 180.4 ±1.9, 186.2 ±3.9 and 180.9 ±4.1 GPa for the HAGB, 

AGB and CG sample, respectively, a monotonous decrease can 

e observed over the whole testing temperature range. The LAGB 

ample exhibits steadily higher values compared to the CG or 

AGB samples. A slightly increased pile-up behavior, as illustrated 

n the inset in Fig. 2 d for remaining indents at RT was observed

or the LAGB sample. While the impressions in the CG and HAGB 

amples were almost perfect triangles, the remaining indents on 

he LAGB sample reveal a convex deviation from the ideal indent 

hape. Observing the impressions of different testing temperatures 

id not reveal a significant change in the pile-up behavior with 

emperature. 

During the loading sequence of constant indentation strain rate 

xperiments discrete flow characteristics could be observed in the 

G sample from 473 to 573 K. Due to the intrinsically load con- 

rolled nature of the InSEM-HT system this behavior manifests 

s regular bursts in indentation depth and consequently drops in 

ardness, as shown in Fig. 3 a. Such a behavior is typically associ- 

ted with the Portevin-Le Chatelier (PLC) effect as a result of dis- 

ocations interacting with solute atoms. Although the effect is well 

escribed for macroscopic deformation experiments, detailed anal- 

ses via nanoindentation focused mainly on Al alloys so far [53–

6] . Comparing the appearance of the hardness over indentation 

epth ( Fig. 3 a) for different temperatures indicate a strong tem- 

erature dependence of this mechanism. While for 473 and 523 K 

t is regular and periodic over the whole indentation depth, at 573 

 the hardness drops occurred less regular at random indentation 

epth. The effect is qualitatively most pronounced at 523 K, show- 

ng the most prominent and rapid hardness drops. While non such 

ehavior could be observed at any temperature for the HAGB sam- 

le ( Fig. 3 c), the LAGB sample showed a slightly periodically curvy 

ow at 523 K ( Fig. 3 b). Additionally, during the low indentation 

train rate of ˙ P /P = 0.01 s −1 in the strain-rate jump tests, serrated 

ow could also be observed at 473 K. The events are, however, less 

ronounced compared to the CG material. For a better illustration, 

he temperatures where a PLC effect was observed are highlighted 

n orange in Figs. 2 and 3 . 

.3. Nanoindentation strain rate jump tests 

The results of the strain rate jump tests, strain rate sensitivity 

nd apparent activation volume are plotted in Fig. 4 over tempera- 

ure. At RT m- values of 0.014 ±0.001, 0.009 ±0.001 and 0.010 ±0.001 

or the CG, HAGB and LAGB sample, respectively, were determined. 

or the CG sample towards T K , the strain rate sensitivity decreases 

o 0.0 04 ±0.0 01 with increasing temperature at 373 K (around 0.11 

 m 

). As the testing temperature further increases a negative strain 

ate sensitivity can be observed (473 and 523 K), followed by a 

trongly rate sensitive strength regime between 623 and 773 K. 

t 823 K hardness is again almost strain rate independent with 

 = 0.0 02 ±0.0 01. In the HAGB sample m remains constant at 

.0 08 ±0.0 01 up to 523 K, followed by a steady increase as tem-

erature rises up to the maximum testing temperature, where val- 

es of 0.040 ±0.006 were measured. The strain rate sensitivity of 

he LAGB sample continuously decreases to 0.0 03 ±0.0 01 at 423 K, 
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Fig. 3. Hardness over indentation depth for selected temperatures to illustrate the discrete flow characteristics of the PLC effect in a) the CG condition. For the ufg samples 

consisting mainly of b) LAGBs a slightly wavy flow can be observed at 523 K, while such a behavior could not be detected for the c) HAGB sample. 
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ith a negative strain rate sensitivity at 473 K and constant values 

rom 573 to 773 K between 0.014 and 0.019. After the maximum 

esting temperature, the HAGB sample reveals a slightly reduced 

train rate sensitivity of 0.0 06 ±0.0 01 at RT, while the values for 

he LAGB and CG samples remained the same within the standard 

eviation. 

The corresponding activation volume, as an indicator for the 

olume collectively involved in the rate controlling deformation 

echanism [57] , was found to be very similar at RT (21 ±3, 16 ±2

nd 20 ±3 b ³ for CG, HAGB and LAGB, respectively). Note that no 

ctivation volumes were calculated for temperatures, where nega- 

ive strain rate sensitivities were measured. The activation volume 

n the CG sample shows the strongest increase with temperature, 

eaching values of more than 100 b ³ at 373 K. Additionally, be- 

ween 623 and 773 K lower values between 30 and 80 b ³ were 

bserved. The HAGB sample exhibits the lowest increase with tem- 

erature, peaking at 523 K (35 ±6 b ³), followed by a continuous de- 

rease towards 823 K, where a value of 15 ±3 b ³ was measured. 

he LAGB sample follows the trend of an increasing activation vol- 

me between RT and 423 K (107 b ³). Above 523 K values between

0 and 60 b ³ were determined. After high temperature nanoinden- 

ation the CG and LAGB samples exhibit an unchanged activation 

olume at RT, while for the HAGB sample a slight increase towards 

5 ±5 b ³ was observed. 

In Fig. 5 the evolution of hardness over indentation depth for 

epresentative strain rate jump tests are shown for the CG (a), 

AGB (b) and HAGB (c) samples at different temperatures. While 

he change in strain rate by an order of magnitude develops in an 

nstantaneous change in hardness for most of the presented curves, 

esting the HAGB sample at 723 K and higher temperatures results 

n a more transient behavior. Also the hardness after the change 

n strain rate back to the original value does not reach the same 

lateau as before the first jump. This is also true for the LAGB sam- 

le tested at 723 and 773 K. The change in strain rate also has a

emarkable influence on the discrete flow characteristic caused by 

he PLC effect. In the CG sample, where such a behavior was ob- 

erved during constant strain rate experiments from 473 to 573 K, 

he reduced strain rate results in a more pronounced serrated flow 

t 473 K, while at 523 and 573 K the hardness drops diminish. A 

imilar behavior can be observed for the LAGB sample, where ser- 

s

5 
ated flow is evident for low strain rates at 473 K, but not at the

tandard strain rate of 0.1 s −1 . The performance reverses again at 

23 K, where a wavy hardness over indentation depth can be ob- 

erved for 0.1 s −1 , while a smooth flow characteristic is visible for 

.01 s −1 . 

. Discussion 

Upon comparing the plastic deformation behavior as a func- 

ion of temperature between the cg microstructure, sampling a mi- 

or contribution from grain boundaries, with samples where the 

robed volume consists mainly of either high- or low-angle grain 

oundaries, it is evident that the type of grain boundary has a 

ignificant impact on the deformation behavior. Notably, the well 

atching Young’s modulus over temperature and its accordance 

ith literature [52] confirms the validity of our data. Slightly in- 

reased modulus values in the case of the LAGB sample are most 

robably related to the different indenter materials used, as a vary- 

ng temperature dependence of the Young’s modulus of the tip ma- 

erial as well as general inaccuracies of the values at RT can cause 

ignificant errors in the measured Young’s modulus of the inves- 

igated material [58] . The higher values could also be influenced 

y the observed slight pile-up behavior in the case of the LAGB 

ample, resulting in a overestimation of hardness as well as elastic 

odulus [59] . 

.1. Dislocation – solute atom interaction 

The mechanical properties of bcc metals in general and the re- 

ctive Ta in particular, are sensitive to interstitial impurities such 

s O, N or C [40] . Internal friction experiments on Ta reveal a Snoek

eak between 500 and 750 K [ 60 , 61 ], which was related to migra-

ion of O atoms leading to partial pinning of dislocations [ 62 , 63 ].

uch local atomic jumps can not only impede the movement of 

islocations but also affect the stress relaxation by defect induced 

istortion [64] . In the temperature regime of the impurity-induced 

elaxation peak the hardness of the CG sample shows an anoma- 

ous increase with temperature ( Fig. 2 c) and an increased strain 

ate sensitivity ( Fig. 4 ). Similar observations were made in macro- 

copic compression tests where an increased flow stress was ob- 

erved between 60 0 and 80 0 K for technically pure Ta2.5W with 
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Fig. 4. Results of the strain rate jump tests: a) strain rate sensitivity and b) acti- 

vation volume over temperature. For a negative strain rate sensitivity no activation 

volume was calculated. 
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3 ppm O [65] . Pink [66] reported an increased flow stress of Ta

ith 6 ppm O at 10% strain between 573 and 773 K. He further 

utlined, that a single impurity species may hinder the disloca- 

ion motion and hence increase the flow stress in two different 

ays: Either by forming Cottrell clouds or by a strain-induced or- 

ering process related to the Snoek-effect. The rate-controlling step 

f the two mechanisms is different, hence they may occur at dif- 

erent temperature intervals. The former effect is, however, respon- 

ible for a serrated flow characteristic, as reported in [67] between 

73 and 573 K. This strongly suggests that the uncommon increase 

f hardness with temperature is a result of thermally activated 

islocation-impurity interactions. 

It is generally accepted that the serrated flow behavior of the 

LC effect originates from dynamic strain aging, i.e. thermally ac- 

ivated release of solute-decorated mobile dislocations, in conjunc- 

ion with solute aging of forest dislocations [ 68 , 69 ]. In a certain

emperature and strain rate range, mobile dislocations that are 

emporarily pinned by forest dislocations become occupied with 

ufficiently mobile solutes. A negative strain rate sensitivity can 

hus be observed, as the stress required to detach the solute- 

ecorated dislocation is higher than keeping the dislocation in mo- 

ion upon their release [70] . Hence, diffusion of the responsible so- 

ute atoms has to be high enough to age the pinned dislocations. 

sing a diffusion pre-factor, D 0 (0.0044 cm ²/s), and an activation 

nergy for diffusion, E A , of 106.483 kJ/mol [ 71 , 72 ], the calculated

iffusion coefficient for O in Ta is 1.02 �10 -17 m ²/s at 523 K. Other

mpurities, such as N or C have a several magnitudes lower diffu- 

ion coefficient [ 72 , 73 ]. For the substitutional alloying element W, 
6 
he diffusion coefficient can only be extrapolated from experiments 

erformed at much higher temperatures, however, this results in a 

alue in the order of 10 -39 m ²/s at 523 K [74] . Estimating a diffu-

ion path for O interstitials in Ta through x = 2 
√ 

D · t for 1 s gives 

 value of 6 nm. This is well within the range of the deformation 

ate applied in the nanoindentation experiments, which increases 

inearly with displacement up to around 40 nm/s at an indentation 

epth of 800 nm. Hence it can be argued that the interaction of O 

mpurity atoms with dislocation cause a PLC-like behavior in the 

G Ta2.5W alloy. 

Interestingly, the influence of O in the case of the ufg mi- 

rostructure manifests different. Generalization of the influence of 

rain boundaries on the PLC behavior is difficult, as it is depen- 

ent on microstructure and (local) chemical composition, which, 

egarding the microstructure, strongly depends on material pro- 

essing [55] . In Al-Mg alloys it was shown, that for AA5182 HPT 

eformation leads to a smooth load-displacement behavior during 

anoindentation, while the same material exhibits serrated flow 

n the recrystallized condition [75] . Contrarily, ufg AA5754 shows 

ronounced discrete flow characteristics at low strain rates [76] . 

n the present study no PLC-effect could be observed in the case 

f the ufg HAGB sample, while for the LAGB sample a PLC effect 

s evident at 473 and 523 K, although less pronounced compared 

o the CG microstructural condition. As the drops in hardness re- 

uire collective motion of dislocation avalanches [77] , HAGBs may 

ct as barriers, suppressing a serrated flow. It could be argued that 

or LAGBs the effect is attenuated, but slip transfer between adja- 

ent subcells is still possible, resulting in the observed periodically 

urvy flow. 

While the HAGB sample exhibits a peak hardness at the same 

emperature as the CG specimen (623 K), the temperature regime 

here hardness is obviously influenced by solute atoms is nar- 

owed between 573 and 673 K. An increasing strain rate sen- 

itivity with temperature is evident starting at 573 K, however, 

uch a behavior is typical for ufg bcc metals above a critical tem- 

erature [ 16 , 18 , 30 ], indicating a thermally activated facilitation of 

islocation-grain boundary interaction through diffusion processes. 

t can be assumed that an increased strain rate sensitivity caused 

y the thermally activated accommodation of lattice dislocations 

ithin grain boundaries overlaps with the dislocation-impurity in- 

eraction and hence no clear distinction between the two effects 

n the strain rate sensitivity can be made. Generally, the interac- 

ion of dislocations with impurities strongly depends on the dif- 

usivity of the solute atoms, which in turn is enhanced through 

nterfaces, such as grain boundaries, resulting in different temper- 

tures where impurity effects occur. Another plausible explanation 

ould be, that in the ufg microstructure impurity atoms preferably 

egregate towards grain boundaries, as even reported for other cg 

efractory metals [78] . Oxygen in particular has a strong tendency 

or grain boundary segregation in refractory metals [79] . The dif- 

erence in the peak-hardness temperatures between the HAGB and 

AGB sample could thus arise from a change in the O concentra- 

ion in the grain interior due to different grain boundaries and the 

ynthesis route. Conventional HPT deformation in case of the HAGB 

ample introduces large amounts of strain ( ε = 109 at r = 3 mm) 

nd the final grain size is a result of an equilibrium of generated 

nd annihilated grain boundaries [80] . Already during this process 

rain boundaries can be enriched with solute atoms [81] , in par- 

icular with interstitial elements [82] . In contrast to that, during 

yclic HPT the material experiences significantly less plastic defor- 

ation ( εacc = 4.5 at r = 4.5 mm). Subcell boundaries are intro- 

uced in large preexisting, recrystallized grains (compare Fig. 1 c). 

 strain induced O decoration of these LAGBs to similar levels as 

or the HAGBs thus seems improbable. This situation is not ex- 

ected to change during the heating sequence of the HT nanoin- 

entation tests. While the absolute interfacial excess may change 
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Fig. 5. Magnification of the hardness response due to a change in strain rate during the strain rate jump tests for a) CG, b) LAGB and c) HAGB samples at selected tempera- 

tures. 
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n  
or both samples, this should not affect the differences discussed 

except for special HAGBs, the interfacial excess after a thermo- 

echanical treatment was always reduced for LAGBs compared to 

eneral HAGBs [83] . Therefore, the grain interior of the HAGB sam- 

le is expected to be depleted in O atoms compared to the LAGB 

ample, possibly causing an increased peak-hardness temperature. 

uch an argumentation is supported by an early work of Szkopiak 

84] , who investigated the strain aging behavior of the system Nb- 

: RT tensile tests on prestrained and aged Nb samples revealed a 

hift of the maximum increase in the lower yield point, �σ y , to- 

ards longer aging times for lower O concentrations. Applied to 

ur investigations this means that less O atoms within the grains 

ause a shift of the peak-hardness towards higher temperatures. 

Finally, at the end of this section the question to be addressed is 

hether the 20 ppm of O derived from chemical analyses are suf- 

cient to cause the observed effects, or if impurities were taken up 

uring high temperature testing from the residual gas in the vac- 

um chamber. For enrichment of O within Ta2.5W two different 

teps need to be fulfilled: adsorption of molecules onto the sam- 

le and diffusion of the solved atoms towards a sufficient distance 

rom the surface. Diffusion from the surface can be estimated from 

q. 4 [85] : 

 ( x ) = c R · erfc 

(
x 

2 

√ 

Dt 

)
(4) 

ere, c(x) represents the concentration of a diffusing species at a 

istance x from the surface, c R is the constant concentration at 

he surface, D is the diffusion coefficient at a certain temperature 

nd t the time. Considering D of O in Ta at the maximum testing 

emperature of 823 K (7.67 �10 −14 m ²/s [72] ) and an average an-

ealing time of 3 h, an increase in the O content up to around

% of the surface concentration c(x)/c R can be assumed at a dis- 

ance of 800 nm from the surface. Thus, from a diffusion perspec- 

ive an enrichment of O in the material is conceivable. Cowgill and 

tringer [86] investigated the surface contamination of Ta with O 

or a variety of temperatures and pressures considering a Langmuir 
7 
sotherm and reported a surface coverage of 20% at 823 K for a 

ressure of 67 mbar. It is further described that the surface cov- 

rage is linearly related to the applied pressure for a low pressure 

egime. Since in the current study the experiments were executed 

n vacuum below 10 −4 mbar, almost six orders of magnitude lower 

ompared to the investigations in [86] , the O surface coverage of 

a can be assumed as negligible. Thus, the observed dislocation- 

xygen interaction can be solely related to the initial O content in 

he material (20 ppm), also supported by the unchanged hardness 

f the CG sample after testing at 823 K. 

.2. Microstructural thermo-mechanical stability 

The large fraction of grain boundaries makes ufg microstruc- 

ures prone to grain growth already at comparably low homol- 

gous temperatures. Annealing the HAGB sample prior to HT 

anoindentation at 773 K for 2 h ensures that pure thermally in- 

uced grain growth up to this temperature and annealing time can 

e neglected. Probing the sample at the maximum testing temper- 

ture of 823 K, however, results in grain growth, as can be derived 

rom the reduced RT hardness ( Fig. 2 a) determined subsequently to 

he maximum testing temperature. Microstructural investigations 

f isochronally annealed (2 h) HAGB samples confirm this behavior 

 Fig. A1 ). A continuous increase of the decisive grain diameter in 

D can be observed with increasing annealing temperature above 

73 K. Representative for the HT nanoindentation experiments a 

rain size increase of 16% can be observed for a sample annealed 

t 823 K (average grain diameter 99 nm) compared to annealing 

emperatures of 773 K (average grain size 85 nm). The RT hardness 

f the LAGB sample after testing at the maximum temperature of 

73 K demonstrates that measurements are conducted within the 

hermal stability limit of the microstructure. 

However, grain boundary migration and hence grain coarsen- 

ng can occur facilitated through applied stresses [87–89] . Thereby, 

rain growth can take place in the plastic deformation zone under- 

eath the indenter even below the thermal stability limit [ 36 , 90 ].
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n fact, observations on pure nanocrystalline Cu [91] suggest that 

echanically induced grain growth is driven by the applied stress 

ather than diffusion-controlled at elevated temperatures. A neces- 

ary indicator for such a behavior can be derived from the hard- 

ess response over indentation depth during strain rate jump tests 

 Fig. 5 ). For a thermo-mechanically stable microstructure, the jump 

ack to the initial strain rate should result in the same hardness 

evel. If this is not the case, as indicated with grey lines in Fig. 5 for

oth HAGB and LAGB samples above 723 K, the microstructure un- 

erneath the indenter is prone to grain growth, explaining the ob- 

erved reduced hardness above this temperature [36] . 

.3. Regarding the rate-controlling deformation mechanisms 

The temperature dependence of hardness of the CG sample 

 Fig. 2 c) as well as the decreasing strain rate sensitivity and ac- 

ordingly increasing activation volume indicate kink-pair forma- 

ion as the rate controlling deformation mechanism below 0.11 T m 

 9 , 10 ]. Above 373 K hardness remains athermal, while the rate sen-

itivity is 0.003. An increasing activation volume with temperature 

an be interpreted with larger spreading of the kink-pairs due to 

hermal activation [18] while 100 b ³ at 373 K indicate a chang- 

ng deformation mechanism towards dislocation-dislocation inter- 

ction [92] . It is worth noting that the low activation volumes be- 

ween 623 and 773 K represent the strong influence of diffusion 

rocesses on the deformation behavior as described above. The ho- 

ologous temperature of around 0.11 T m 

for thermal activation of 

he kink-pairs in Ta2.5W is relatively low compared to other bcc 

etals, where T K is reached around 0.20 T m 

[ 16 , 93 ]. This is in line

ith a double-kink formation energy, reported to be 0.74 eV for 

a, what is less than half the value of W (1.60 eV) [94] . A simi-

arly low transition temperature was further experimentally con- 

rmed by several authors [ 41 , 42 , 65 ]. The reduced hardness at 823

 compared to 423 K, where deformation is controlled by cutting 

f forest dislocation and the yield stress should be temperature 

ndependent, can be explained by dynamic dislocation interaction 

uring indentation. Nanoindentation with a Berkovich indenter ap- 

lies a representative strain of 7.16% [95] . Hence, for materials with 

 strong work hardening tendency, a significant contribution to 

he measured hardness values will originate from strain harden- 

ng [96] . As the testing temperature increases, the work hardening 

ate may decrease and thus the measured hardness value would 

e reduced although the yield point could remain the same. The 

ork-hardening behavior of recrystallized Ta2.5W as derived from 

ompression tests on macroscopic samples decreases significantly 

t these high temperatures, while the yield stress remains constant 

67] . Hence, dynamic recovery is enhanced at 823 K, represented 

y decreasing hardness values. 

The difference in the temperature- and strain rate-dependence 

f hardness regarding the HAGB and LAGB sample is striking. Be- 

ow testing temperatures where an influence of O is evident, the 

AGB sample exhibits a strong temperature dependence with a 

ardness decrease of around 0.9 GPa up to 523 K, whereas the 

AGB sample behaves almost perfectly athermal. The microstruc- 

ure is thermally stable in this temperature regime; hence this be- 

avior can be solely related to the influence of the grain boundary 

haracter to the deformation mechanism. Notably, a kink-pair con- 

rolled deformation regime for the ufg microstructures could not 

e clearly identified from the hardness or flow stress over temper- 

ture. The results of the strain rate jump tests reveal a comparable 

ehavior between the CG and LAGB sample, while the strain rate 

ensitivity in the case of the HAGB sample is unaffected between 

T and 373 K. However, due to the lack of sufficient data points 

elow T K the question regarding the dominating processes for the 

fg samples in this deformation regime will not be addressed in 

his manuscript. Thus, the following discussion refers to tempera- 
8 
ures exceeding 373 K. The activation volume of several 10 b ³ in- 

icates dislocation-grain boundary interaction as the rate control- 

ing step [16] , i.e. plastic deformation is controlled by dynamic re- 

overy processes at grain boundaries and grain boundary diffusion 

 29 , 31 ]. As described by Eq. 1 the relaxation time for these pro-

esses scale inversely with the grain boundary diffusivity. While 

o grain boundary diffusion data that distinguishes between LAGB 

nd HAGB is available for Ta, diffusivity along grain boundaries in 

eneral is strongly dependent on the misorientation angle of the 

wo adjacent grains [97–99] . For fcc Ni, where interfacial diffu- 

ivity is well investigated, the grain boundary diffusion coefficient 

or LAGBs is at least two orders of magnitude lower [ 35 , 36 ] and

 similar trend can be assumed for Ta. Consequently, the reduced 

elaxation time in the case of HAGBs results in an increased ther- 

al activation of dislocation-grain boundary interaction, reflected 

y the stronger temperature- and rate dependence of flow stress 

36] . The increasing strain rate sensitivity above 573 K for both 

fg samples indicates that the mechanism is thermally facilitated 

bove this temperature. As dislocation-grain boundary interaction 

s a thermally activated process, part of the energy barrier can be 

vercome by mechanical work, see Eq. 5 [100] : 

F ∗ = �G 

∗ + τ ∗ · V 

∗ (5) 

ere, �F ∗ is the Helmholtz free energy to overcome the energy 

arrier, consisting of a thermal contribution, represented by the 

ibbs free energy �G 

∗ and an equivalent mechanical work τ ∗•V 

∗, 

here τ ∗ is the resolved shear stress. While Eq. 1 only considers 

he thermal contribution to the relaxation time, the applied high 

hear stresses during nanoindentation of the ufg structures allow 

o surmount the activation energy for dislocation-grain boundary 

nteraction below temperatures where the process is facilitated by 

hermal activation only [ 29 , 36 ]. This is in line with the difference

n temperature dependent hardness for samples consisting mainly 

f HAGBs and LAGBs even below the temperature where strain rate 

ensitivity increases remarkably. 

The results of the present study underline the importance of 

nterfacial stress relaxation in the high temperature deformation 

egime of ultra-fine grained bcc metals. Comparison with nanos- 

ructured fcc metals of different grain boundary types [36] fur- 

her confirmed that the rate-controlling deformation process is 

ommon for nanostructured metals of both crystal structures, 

amely accommodation of lattice dislocations within grain bound- 

ries. Based on our present results, we underline the significance 

f kinetics for accommodation processes of dislocations at grain 

oundaries. This finding is of general nature and transferrable and 

hould thus be considered for future materials developments in 

igh-performance structural applications: A reduced temperature- 

ensitivity of strength combined with a higher thermal stability 

enders nanostructured bcc materials with LAGBs beneficial com- 

ared to HAGBs. This is in particular true for application temper- 

tures close to the thermal stability limit. While processing routes 

till require improvements to synthesize these nanostructured bcc 

aterials on a larger scale, our findings potentially open future re- 

earch fields for improved grain boundary engineering. 

. Conclusions 

High temperature nanoindentation was conducted on Ta2.5W 

n the recrystallized as well as severely deformed condition, with 

hese samples consisting mainly of high- and low-angle grain 

oundaries, respectively. The goal of this research was to clarify 

ow interfacial stress relaxation is affected by the grain boundary 

ype in bcc metals in the high temperature deformation regime. 

rom a comparison of the temperature- and strain rate-sensitivity 

f hardness the following conclusions can be drawn: 
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Fig. A1. Microstructural evolution of HAGB samples for different 2 h isochronal annealing experiments. The inverse pole-figure maps indicate grain grow above 773 K, 

supporting the interpretation of HT nanoindentation experiments at the maximum testing temperature. 
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• The differences in the behavior of HAGB and LAGB emphasizes 

the importance of interfacial stress relaxation and its depen- 

dence on boundary diffusivity. Our results strongly suggest that 

the high temperature deformation behavior in ufg bcc metals 

above the knee-temperature is controlled by accommodation of 

lattice dislocations within grain boundaries, a process that oc- 

curs mechanically driven at low homologous temperatures and 

accelerates by thermal activation above a certain critical tem- 

perature. Thus, the temperature- and rate dependence of hard- 

ness is strongly pronounced in samples consisting mainly of 

HAGB, while LAGB perform rather athermal and thus a lower 

strain rate sensitivity is evidenced. 

• Between 473 and 773 K the flow stress of Ta2.5W is strongly af- 

fected by small amounts (20 ppm) of O dissolved in the crystal. 

From 473 to 573 K a Portevin-Le Chatelier effect with serrated 

flow characteristics is evident, while at higher temperatures the 

effect manif ests in an increased hardness and strain rate sensi- 

tivity. 

• The grain size and boundary character in the lower end of 

the ultra-fine grained scale have a significant impact on the 

dislocation-interstitial interaction, resulting in a shift of the 

temperature for which the flow stress is affected and suppres- 

sion of discrete yielding in the case of HAGBs. 
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