
lable at ScienceDirect

Acta Materialia 166 (2019) 687e701
Contents lists avai
Acta Materialia

journal homepage: www.elsevier .com/locate/actamat
Full length article
Rate limiting deformation mechanisms of bcc metals in confined
volumes

D. Kiener a, *, R. Fritz a, M. Alfreider a, A. Leitner a, c, R. Pippan b, V. Maier-Kiener c

a Department Materials Science, Chair of Materials Physics, Montanuniversit€at Leoben, Leoben, Austria
b Erich Schmid Institute of Materials Science, Austrian Academy of Science, Leoben, Austria
c Department of Materials Science, Chair of Physical Metallurgy and Materials Testing, Montanuniversit€at Leoben, Leoben, Austria
a r t i c l e i n f o

Article history:
Received 4 September 2018
Received in revised form
21 December 2018
Accepted 15 January 2019
Available online 18 January 2019

Keywords:
Size effect
Thermally activated processes
In-situ SEM
Deformation mechanism
Activation volume
* Corresponding author. Jahnstraße 12, 8700 Leobe
E-mail address: daniel.kiener@unileoben.ac.at (D.

https://doi.org/10.1016/j.actamat.2019.01.020
1359-6454/© 2019 Acta Materialia Inc. Published by E
a b s t r a c t

The influence of microstructure on the strength scaling behaviour of ultrafine-grained bcc metals is
investigated by scale-bridging experiments spanning four orders of length on tungsten and chromium.
By performing macroscopic compression experiments, nanoindentation and in-situ micro-compression
tests in a scanning electron microscope, the plastically deformed volume was thoroughly reduced until a
transition from bulk behaviour to single crystalline deformation characteristics was achieved. The stress-
strain behaviour and local sample deformation characteristics were related to apparent deformation
mechanisms established for polycrystalline bcc metals. The influence of small dimensions, interfaces and
free surfaces on the deformation behaviour is considered with respect to the single crystal situation. The
increasing fraction of free surfaces in small volumes explicitly alters the strength scaling behaviour in
dependence of the intergranular dislocation accumulation processes. Furthermore, thermally activated
deformation was analysed based on rate- and temperature-dependent properties, such as strain-rate
sensitivity and activation volume. To mechanistically interpret this data, a dislocation based model
predicting the temperature dependent activation volume was developed. We find that thermally acti-
vated kinks control the rate dependent properties below the critical temperature for all length scales and
microstructure states.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Body-centred cubic (bcc)metals such as tungsten, molybdenum,
chromium or iron are not only employed in classical engineering
applications, a variety of them is also used in modern fields such as
microelectronics, display technology, power generation or energy
harvesting, to name a few. Most of these high-technology areas are
strongly driven by miniaturization, thus not only the intrinsic
properties of the materials are important, but also understanding
the influence of confined volumes and high surface ratios is of
utmost importance for predicting and improving the material
performance.

Small-scale testing techniques such as nanoindentation or
micro-pillar compression experiments are well suited to permit
novel insights into the strength scaling behaviour in confined vol-
umes. Since Uchic et al. [1] reported a size effect in focused ion
n, Austria.
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beam (FIB) machined single crystalline (sx) compression samples
[2], ex-situ tests as well as in-situ pillar compression experiments
inside scanning electronmicroscopes (SEM) increased in popularity
[3e6]. In recent years, the strength scaling behaviour of sx, face-
centred cubic (fcc) [7e11] and body-centred cubic (bcc) [12e19]
metals was extensively studied. Nowadays, it is established that the
strength s in such confined volumes can be fitted by a power-law
scaling with the sample diameter as the base and n as the
strength scaling exponent (~d-n). Typical n-values for fcc metals are
~0.6. The mechanisms responsible for such a scaling behaviour are
interpreted based on a single-armed source model by Parthasara-
thy et al. [20], while more detailed mechanisms are discussed in
Ref. [21]. Notably, the crystal orientation, or more precisely the
number of active slip systems [22e24], as well as dislocation
density [25e27] were reported to additionally affect n. With
respect to temperature-dependent behaviour, while fcc metals can
be regarded as athermal [11], in bcc structures the strength scaling
exponent is furthermore dependent on a thermal stress compo-
nent, which limits themovement of screw dislocations via the kink-
pair mechanism [28e30]. Metals such as tungsten exhibit a high
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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thermal stress component at room temperature (RT), evidenced by
rather low n-values of 0.2e0.4 [8,12,15,19,23,30]. Contrarily, bcc
metals with rather lowmelting points (Tm) such as niobium or iron
show reduced thermal stress components resulting in strength
scaling exponents of 0.48 [30] and 0.59 [17], respectively. If thermal
activation reaches about 0.2 $ Tm, screw dislocations are not hin-
dered by the Peierls potential anymore and propagate with the
same velocity as edge dislocations [29]. At this critical temperature
(TC), the strength scaling behaviour in bcc metals approaches to-
wards the fcc value [14].

The variation of n is not only controlled by intrinsic effects [7].
Beside varying thermal stress contributions, also extrinsic effects
[31], preparation induced artefacts such as FIB damage [32e34], or
processing induced modifications [35] may alter the strength
scaling behaviour and must be taken into account.

To comprehensively study the effect of internal interfaces on the
size dependent strengthening, experiments spanning from the
macroscopic to the microscopic regime need to be performed for a
constant grain size. Testing macroscopic samples commonly allows
to obtain bulk properties. In fact, several tensile, compression and
also simulation studies were conducted on sx [36e41] as well as
polycrystalline samples [42e46] to address the interplay of
intrinsic length-scale contributions to strengthening mechanisms
in macroscopic volumes.

On the other hand, miniaturized testing techniques are capable
to limit the number of involved interfaces and investigate related
deformation mechanisms, for example, interaction of dislocations
with twin boundaries [47] or grain boundaries [45,48e50]. It was
previously shown that dislocations can be trapped within small
sample volumes and pile-up at internal interfaces [51,52]. However,
there is an ongoing debate how grain boundaries or general in-
terfaces affect the strength scaling characteristics.

To contribute to this discussion, in this work the influence of
interfaces on the deformation and strength scaling behaviour of
ultrafine-grained (ufg) bcc tungsten and chromium is thoroughly
addressed. The interplay of grain boundaries with confined vol-
umes is investigated by consequently reducing the deformed vol-
umes for a constant grain size until an sx state is achieved.
Therefore, macroscopic compression tests, nanoindentation and in-
situ pillar compression experiments are performed at various
temperatures and strain-rates. The acting deformationmechanisms
are analysed in terms of strain-rate sensitivity (m) and activation
volume (n). Based on these insights we examine the influence of
grain boundaries as well as the contribution of the thermal stress
component on the strength scaling characteristics.

2. Materials and methods

To examine a possibly wide range in material characteristic, a
large spread in intrinsic critical temperature is desired [29]. Thus,
tungsten was chosen as the bcc metal with highest melting point
and critical temperature, respectively. For the low temperature
metal chromium was selected. Iron would have an even lower
critical temperature, but depending on purity that might be even
below room temperature, causing unwanted additional experi-
mental challenges, as besides elevated temperature also cryogenic
testing would be required [53]. The experimental details on chro-
mium tested in a similar range of homologous temperatures were
published earlier [45,54,55], and we will only discuss differences
and similarities with the tungsten data presented in this manu-
script later.

The sx tungsten was grown by electron beam zone melting [56]
and examined previously micro- and macroscopically by Wurster
et al. [57]. The crystal was aligned in either (100) or (110) orien-
tation to test multiple slip orientations [36]. A lamella with about
1mm thickness was cut using a diamond wire saw and subse-
quently ground and electro-polished to remove plastically
deformed surface layers.

A forged sheet of ultra-high purity tungstenwith an initial grain
size of about 5 mmwas provided by Plansee SE (Reutte, Austria). The
as-received sample was cut by electron discharge machining (EDM,
Brother HS-3100) to disks of 30mmdiameter and 7mmheight, and
subsequently deformed via high pressure torsion (HPT [58e62]) to
achieve an ufg microstructure with mostly large angle grain
boundaries. After 10 rotations at 400 �C using a rotational speed of
0.2 rpm and an applied pressure of 4 GPa, an equivalent strain of
~7500% at a radius of 14mmwas imposed. A lamella as described in
Ref. [63] and several rectangular-shaped macroscopic compression
samples having final dimensions of 2 $ 2 $ 3mm3weremachined by
EDM from a disk radius of ~14mm in axial direction of the HPT disk
to avoid strain gradients and hence varying grain sizes within the
macroscopic specimens. As for the single crystal, prior to any
microstructural investigation, nanoindentation experiments or
macroscopic compression tests, the bulk samples were mechani-
cally and electrolytically polished.

The grain size was determined using back-scattered electron
(BSE) images and electron backscattered diffraction (EBSD) grain
orientation maps were collected with a high resolution field
emission SEM (Zeiss LEO 1525, Oberkochen, Germany).

Non-tapered square-shaped pillars with side lengths in the
range between 150 nm and 5 mm and an aspect ratio (pillar height
to diameter) of 3:1 weremilled out of the fabricated lamella using a
dual-beam SEM-FIB workstation (Zeiss LEO 1540 XB, Oberkochen,
Germany) [63]. Pillar compression tests on samples larger than
1 mm were performed in-situ in an SEM (Zeiss LEO 982, Oberko-
chen, Germany) equipped with an UNAT-SEM indenter (Zwick
GmbH & Co. KG, Ulm, Germany) [64,65]. Samples having di-
mensions below 1 mm were tested in the SEM-FIB utilizing a Hysi-
tron PI-85 Picoindenter (Bruker Nano Surfaces, Minneapolis, MN,
USA). The indenters were equipped with conductive diamond flat
punches obtained from Synton-MDP AG (Nidau, Switzerland),
having diameters of ~8 mm and ~6 mm, respectively. All tests were
performed at room temperature (RT) in displacement-controlled
mode at constant displacement rates. These rates were adapted
to the individual pillar geometry in order to achieve a constant
nominal strain-rate of 3 $ 10�3 s�1 to exclude any potential strain-
rate effects. Further corrections for sample sink-in [66] and ma-
chine stiffness [67] were taken into account. This is important in
order to minimize errors associated with strain determination, as
this is obtained from the recorded machine displacement rather
than locally measured on the sample surface.

Macroscopic compression tests were performed in air using a
universal tensile testing unit (Zwick GmbH & Co. KG, Ulm, Ger-
many) modified with a load reverse tool to a compression device.
To assess thermally activated processes, experiments were con-
ducted at constant strain-rates between 10�2 s�1 and 10�4 s�1 for
temperatures ranging between RT and 610 �C. Loads were
measured utilizing a 10 kN load cell, and strain is calculated from
recorded time and corresponding crosshead velocity, in analogy to
the micro-compression experiments. All macroscopic and micro-
scopic compression samples were deformed to about 20% engi-
neering strain, and engineering stresses were calculated by
dividing the recorded loads by the top area of pillars and macro-
scopic samples before deformation, respectively.

Nanoindentation tests were performed using a Nanoindenter
G200 (KLA-Tencor, Milpitas, USA) equipped with a continuous
stiffness measurement (CSM) unit. The CSM frequency was set to
45 Hz and a harmonic displacement amplitude of 2 nm was
superimposed for all tests. The CSM signal was used to continu-
ously record the contact stiffness to assess the Young's modulus
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versus indentation displacement profile, which should be depth-
independent for mechanically isotropic materials. For RT testing,
a three-sided diamond Berkovich pyramid, imposing about 8%
plastic strain (MicroStar Technologies, Huntsville, USA), as well as a
diamond Cube Corner indenter, imposing about 20% plastic strain
(Synton-MDP AG, Nidau, Switzerland) [68,69] were utilised. Rate
controlled experiments with a constant strain-rate of 5 $ 10�2 s�1

were conducted to compare indentation stress to flow stress values
obtained from uniaxial testing techniques. High temperature
measurements were realized using a surface laser heating system
with independent heating capacity of indenter tip and sample.
Experiments were executed at 100 �C, 150 �C, 200 �C, 250 �C and
300 �C using a Berkovich pyramid tip made of sapphire (Synton-
MDP AG, Nidau, Switzerland). Strain-rate jump tests [70] with
displacement segments of 500 nm for each strain rate and to strain-
rate levels of 5 $ 10�2 s�1, 10�2 s�1, 5 $ 10�3 s�1 (high temperature)
and 5 $ 10�2 s�1, 5 $ 10�3 s�1 and 10�3 s�1 (RT), respectively, were
performed to investigate thermally activated processes. The
maximum indentation depth for all indents was set to ~2500 nm,
which is much deeper than the grain size of the material, thus
ensuring sampling of bulk material properties. Machine stiffness
and tip-shape calibrations were performed according to the Oliver-
Pharr method [71], while further details about the heating setup
are provided in Ref. [72].

3. Results

The grain size of the HPT deformed tungsten sample was
determined using a line intercept method for the BSE images and
by calculating the diameter of circles having identical areas as the
grains determined by EBSD. For this analysis, boundaries among
neighbouring grains exhibiting 15� misorientation or more were
ascribed as large angle GBs. This resulted in average grain sizes of
530± 170 nm and 480± 230 nm for Fig. 1a and b, respectively. In
the BSE image, substructures and low angle grain boundaries are
not accounted as boundaries, resulting in a slightly larger average
grain size. Moderately elongated grains in shearing direction are
observed, but no pronounced texture was evident. Moreover, the
grain boundary character was analysed, as shown in Fig. 1c. A large
angle grain boundary fraction of 87.2% common for HPT deforma-
tion in the saturation regime was detected.

The bulk hardness (H) of the (110) oriented sx and ufg tungsten at
RT was determined by nanoindentation using Berkovich and Cube
Corner indenter tips. Corresponding load-displacement curves are
shown in Fig. 2a. Note that for the Berkovich tests of ufg tungsten the
indentation system's load limit was already met at around 1500 nm
Fig. 1. Microstructure of ufg tungsten deformed by HPT at 400 �C at a disk radius of 14mm in
arrows the shearing direction during severe plastic deformation. (b) EBSD image of the respe
boundaries (87.2%) have a large angle character. (For interpretation of the references to col
indentation depth. The related replaced volumes are 116.2 mm3

(Berkovich) and13.3 mm3 (CubeCorner) for sx tungsten and39.7 mm3

(Berkovich) and 14.6 mm3 (Cube Corner) for ufg tungsten, respec-
tively. Hardness values were converted to flow stresses usingH¼ s $

C* with the constraint factor C*¼ 2.8 [69,73]. For the single crystal,
bulk values of H were obtained by extrapolating the depth-
dependent hardness profile to large displacements according to
theNix andGaomodel [74]. Although themoduli of sx (393GPa) and
ufg (402GPa) tungsten show slight variations, they are well in the
range of reported literature values of 380e420 GPa [75].

Hardness-converted flow stress values for sx tungsten resulted
in 1470MPa (Berkovich) and 1790MPa (Cube Corner), while for the
ufg material values of 3110MPa (Berkovich) and 2930MPa (Cube
Corner) were obtained, which are in accordance with literature
data, see Ref. [69] and references therein.

Fig. 2c and d present engineering stress-strain curves of (100)
oriented sx and ufg tungsten, respectively. In both cases, large
samples exhibit continuous flow curves. As the sample size de-
creases (below 3 mm), stress values in sx tungsten samples (Fig. 2c)
increase due to the sample size effect and stochastic plastic events
such as load drops are observed more frequently. A contrary
behaviour is observed for the ufg tungsten samples (Fig. 2d), where
the flow stresses decrease with decreasing sample sizes. At sample
diameters of ~3 mm, first serrations in the stress-strain curves are
discernible. Further decreasing the sample size leads to an apparent
decrease of flow stress values and numerous pronounced load drops
are detected, comparable to the discrete plastic events in small sx
tungsten samples. Notably, the elastic stiffness of the macro-scale
sample is reduced and not comparable to pillar experiments in
Fig. 2d. Alignment of the bulk samples was hampered due to
comparably low stiffness of the compression equipment, resulting in
a potential sample misalignment of ~1�, thus only approximated
strains are given for the bulk sample. However, due to the generally
low strain hardening behaviour of ufg materials at plastic strains
exceeding few percent [59], this does not significantly affect the
analysis. Specific data for ufg tungsten is reported for example in
Refs. [42,69], and this aspectwill be corroborated inmore detail later.

Post compression SEM images of various ufg tungsten specimens
are shown in Fig. 3. In total 36 bulk samples each having a size of 2 $

2 $ 3mm3, as representatively shown in Fig. 3a, were tested from RT
up to 610 �C. At low temperatures, independent of strain-rate, cracks
occurred during compression. Above 450 �C, plastic deformation
took place without obvious crack initiation and propagation. This
characteristic is indicative of a rate- and grain size dependent
brittle-to-ductile transition temperature (BDTT) [76,77]. Fig. 3b and
c display residual Berkovich and Cube Corner impressions at RT,
axial direction. (a) BSE image, red arrows indicate the compression direction and green
ctive microstructure and the corresponding inverse pole figure. (c) The majority of grain
our in this figure legend, the reader is referred to the Web version of this article.)



Fig. 2. Multi- and uniaxial mechanical data of sx and ufg tungsten determined using nanoindentation and compression tests. (a) Load-displacement curves obtained with Berkovich
and Cube Corner indenters. (b) H/2.8 and Young's moduli vs. indentation depth. (c, d) Exemplary engineering stress-strain curves of the respective sx and ufg tungsten with a large
variety of sample sizes. See text for details.
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respectively. Fig. 3dei depict deformed ufg tungsten pillars of
various sizes. Larger pillars in Fig. 3d and e show indication of
intercrystalline failure at grain boundaries, as common for ufg
tungsten [78,79]. A sample side view andmagnified details of Fig. 3d
indicated by the red arrow and the rectangle are displayed in Fig. 3h
and i, respectively. The white arrows highlight decohesion and local
failure at grain boundary triple points, which were also observed
within and around residual imprints (Fig. 3b and c). Fig. 3f repre-
sents an ufg pillarwhere the sample size approximatelymatches the
grain size, while in Fig. 3g, due to the further sample size reduction,
a single grain spanned the specimen cross-section. In this situation,
localized plastic deformation determined by the crystallography is
observed, as expected for a single crystal.

The local plastic deformation behaviour of sx and ufg tungsten is
also provided in supplementary videos, where Video 1 represents
the deformation behaviour of ~5 mm and ~0.3 mm sized sx tungsten
pillars. Video 2 depicts the deformation characteristics of ~3 mm,
~1.3 mm and a ~0.3 mm sized ufg tungsten samples. In the larger ufg
pillars, cracks developing at grain boundary junctions can be
observed.

Supplementary videos related to this article can be found at
https://doi.org/10.1016/j.actamat.2019.01.020.

Fig. 4 presents SEM images of etched (a) and FIB-prepared (b-g)
cross-sections of deformed specimens. Fig. 4a shows a crack tip
observed in a macroscopic sample. The varying surface pattern
(points and triangles) for individual grains indicate etch pits
resulting from dislocations that align perpendicular to the etched
surface (estimated dislocation density ~1.65 $ 1014m�2). The major
crack propagated along an intercrystalline path, and additional
small cracks are observable at grain boundary triple junctions,
indicated by white arrows in Fig. 4a. The cross-sections in Fig. 4bee
displays deformed pillars. They exhibit polycrystalline deformation
comparable to observations from the bulk samples, even though
the number of grains in the deformed volume is drastically
reduced. Once the sample size is dropped to the average grain size
(Fig. 4f) or below (Fig. 4g), the probability for crack nucleation at
grain boundary junctions decreases. This can be rationalized by
considering that for a constant defect density, e.g. a fraction of all
triple junctions, the absolute number of defect nucleation sites in
the tested volume scales to the third power of the specimen size.
Furthermore, the unconstrained deformation at the surface reduces
compatibility stresses that would arise otherwise. Still, a detailed
statistical treatment is complicated by the fact that most of these
defects are internal and cannot be assessed from surface observa-
tions. Pronounced single slip crystal plasticity is observed for the
smallest pillar (300 nm, Fig. 4g), where a discrete localized slip step,
highlighted by the green arrow, emerged within an individual grain
as dictated by local crystallography.

To assess the influence of the tested volume on the mechanical
properties, the flow stress is plotted against the plastically
deformed volume of individual experiments in Fig. 5. For macro-
scopic and microscopic uniaxial compression tests, the plastically
deformed volume is given by the sample base area and height.
Considering the different indentation geometries, a simplified
hemispheric plastic zone after penetration to maximum displace-
ment was assumed [74]. Stresses at 8% plastic strainwere chosen to
allow comparison with Berkovich nanoindentation data and to
include occurring strain hardening, as will be discussed later. Pillar

https://doi.org/10.1016/j.actamat.2019.01.020


Fig. 3. Post-compression SEM images of various ufg tungsten samples. The sample size decreases in alphabetic order. (a) Deformed bulk sample (strain-rate of 2 $ 10�3 s�1) with a
splitting crack in compression direction (black arrows). (b) and (c) display Berkovich and Cube Corner indents, respectively. Micrographs (d) to (g) present deformed pillars with
decreasing size. (h) and (i) highlight details indicated in (d), where white arrows point out interface decohesion events at grain boundary triple junctions. Coloured symbols refer to
different deformation characteristics as detailed in the text. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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compression and nanoindentation data of sx tungsten is indicated
by black dots and black triangles, respectively. The black line is a
linear fit to the sx tungsten data, demonstrating its strength scaling
behaviour as 0.21± 0.02 for the (100) orientation, in excellent
agreement to previous investigations [23,30], as well as the tran-
sition to bulk behaviour at about 3 mm sample size (or roughly
80 mm3 tested volume).

The deformation behaviour of the ufg tungsten data in Fig. 5 is
separated into three different regimes. Red, orange and green
symbols (also used in Figs. 3 and 4) indicate bulk behaviour, a
transition regime in which the sample size approaches the grain
size, and an sx-like region. In the latter situation, even though the
tested pillar encompasses several grains, crystallographic slip
planes in individual grains can span the whole cross section.
Consequently, the specimen can deform by localized crystallo-
graphic single slip within this individual grain, comparable to the sx
tungsten pillars, respectively. As these discrete straight slip traces
are easily distinguishable by SEM imaging, the differentiation be-
tween the specific regimes is based on the individual deformation
morphology of tested samples observed during in-situ testing and
post inspection (e.g. Figs. 3 and 4), and further does not signifi-
cantly depend on the amount of plastic strain. Upper bound error
bars in Fig. 5 are derived from the out-of-contact noise of the
indenter load signal and uncertainties in determining pillar cross
sections to compute stress values.

As previously shown in Fig. 2d, ufg bulk tungsten samples reveal
the highest flow stress levels. By decreasing the plastically
deformed volume below about 10.000 mm3, these values gradually
decrease until the transition regime in Fig. 5. Upon further reducing
the sample dimension, sx deformation behaviour is evidenced, as
expected for a situation where individual grains span the whole
sample cross-section.
To expand the data pool and allow comparability to earlier
works in terms of strength scaling, open symbols in Fig. 5 indicate
literature data of (100) oriented sx tungsten. From the present data
and literature reports, flow stress values were extracted at various
amounts of plastic strain. The variations in scaling behaviour are
summarized in Fig. 6a by comparing n-values for strains ranging
from close to the yield point up to 10% plastic offset strain. The
present data (black symbols) is indicative for a constant strength
scaling behaviour with strain, implying that the deformation
characteristics do not markedly change with the amount of
imposed plastic deformation. Slight variations between individual
strain values are primarily attributed to alignment uncertainties at
low strains and serrated flow at increased strain levels.

The strain hardening characteristic of the different microstruc-
tures and probed volumes was assessed by calculating strain
hardening rates (Q) from engineering stress-strain curves using a
tangent approach from 2% up to a maximum offset strain of 10%. A
comparison of macroscopic polycrystalline compression tests and
different size ufg and sx pillars, classified by the apparent defor-
mation mode and using the same colour code as in Fig. 5, is shown
in Fig. 6b. All ufg pillars that exhibited a bulk deformation behav-
iour (indicated as “Bulk-like”) show comparable Q as observed for
macroscopic samples over the whole analysed strain range. How-
ever, once the sample size is reduced to the order of the grain size,
the deformation characteristic changes to localized slip with the
emergence of discrete slip planes on the surface (Fig. 4), and the
samples exhibit reduced strain hardening behaviour (labelled “Sx-
like”), since dislocations can easily exit on the pillar surface. In
accordance, the strain hardening data of the sx-like ufg samples
closely matches the values from the truly sx tungsten pillars.

To assess the thermally activated processes controlling plas-
ticity, the values of strain rate sensitivity m and activation volumes



Fig. 4. Cross-sections of uniaxial deformed compression samples. (a) Crack tip observed in a macroscopic sample, indicating intercrystalline fracture. Pillar cross sections of
3 mm (b), 2 mm (d), 1.3 mm (e), 0.7 mm (f) and 0.3 mm (g) demonstrate the decreasing number of grains within and across individual samples. (c) provides a magnified inset of the area
indicated by the red rectangle in (b). White arrows indicate internal cracks and decohesions at triple points of grain boundaries, while the green arrow marks a slip step. Coloured
symbols refer to different deformation morphologies as explained in the text. Please note that the cross-sectional FIB cuts are slightly inclined compared to the pillar compression
direction. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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n were derived using the common equations, described e.g. in
Ref. [80], and are plotted as a function of the testing temperature
normalized by the critical temperature (TTest/TC) in Fig. 7a and b,
respectively. The purpose of this normalization is to compare bcc
metals that exhibit different thermal stress components at RT. The
critical temperatures for tungsten and chromium in Fig. 7 were
taken as 800 K [39] and 430 K [29], respectively. To compare the
apparent activation volumes based on the varying microstructure
in Fig. 7b, the corresponding n-values were normalized by the
cubed Burgers vector of the respective metal (bW¼ 2.741 $ 10�10m
and bCr¼ 2.5 $ 10�10m) and again plotted vs. TTest/TC. Another good
reason to include the chromium data besides the different thermal
contributions is that we were not able to exceed the critical tem-
perature for the sx tungsten by nanoindentation in the present
work. However, as both bcc metals should exhibit related defor-
mation mechanisms, the sx chromium data serves to demonstrate
the general behaviour. Moreover, low temperature data on coarse
grained bulk chromium with 95 mm grain size from RT down to
liquid nitrogenwas additionally added from Ref. [81] to enlarge the
discussed range of relative temperatures. The tungsten data re-
ported in Ref. [39] was not included, as in that case stress relaxation
tests were employed to obtain m-values. Nonetheless, a compara-
ble trend was observed for sx tungsten.
The coloured arrows in Fig. 7a and b indicate the trends in rate-
dependent properties in the two bcc metals. They reveal compa-
rable characteristics in sx and ufg tungsten and chromium,
respectively. Importantly, in the chromium study [55] no cracking
was observed. This permits to exclude fracture and thus embrit-
tlement of GBs via segregation of interstitial atoms [82] as a
dominant influencing mechanism.

4. Discussion

The purpose of this discussion is to initially establish compa-
rability between the different experimental techniques used. Based
on this, the observed size and microstructure dependent material
strengthening will be discussed. Finally, we address the underlying
rate and temperature dependent deformation mechanisms of the
two bcc metals in a mechanistic picture and generalize this by
developing a model based on dislocation kinks that correctly pre-
dicts the measured temperature dependent activation volumes.

4.1. Comparability between compression and indentation
experiments

Before comparing the macroscopic and microscopic uniaxial



Fig. 5. Engineering stress at 8% plastic strain vs. plastically deformed volume of
respective tests on sx and ufg tungsten. Filled symbols indicate data from this work,
while open symbols are literature data on sx tungsten, respectively.
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stress data to the multiaxial indentation results, some related con-
siderations should be made. Nanoindentation using self-similar
pyramidal tips results in multiaxial stress-states underneath the
indent, accompanied by multiple slip events and corresponding
occurrence of dislocation interaction processes. To facilitate com-
parison with uniaxial test data, the (100) single crystal orientation
was chosen for pillar compression tests, as this multiple slip
orientation also promotes dislocation interaction events. In the case
of polycrystalline micro-samples, local compatibility will require
deformation to take place on multiple slip systems, just as in the
macroscopic situation. Further, to relate from hardness to a repre-
sentative flow stress, the choice of an appropriate value for C* can
influence validation of the uniaxial test data. However, even if C*

would be considered to be in the range of 2.5e3, rather than a value
of 2.8 as used in Fig. 2, the resulting change of hardness-derived
stress values of about 10% would only insignificantly affect present
Fig. 6. (a) Strength scaling exponent n plotted against plastic strain and comparison with l
tangent approach (inset). Clear differences in Q between bulk and sx deformation configur
results. Lastly, the Young's modulus to hardness (E/H) ratio [83] and
the rate-dependence of the tested material [84] might affect the
load response of the nanoindenter, resulting in conceivable errors.
The E/H ratio for the investigated ufg tungsten is ~130, therefore, a
possible phase shift of the indenter signal as reported in Ref. [83]
should be only of minor influence. To eliminate effects relating to
the rate-dependence of the material, all experiments were con-
ducted at the same constant engineering strain-rates.

Furthermore, the plastically deformed volumes during nano-
indentation vary with the indenter geometry and mechanical
properties of the sample [85,86], which is apparent in the load-
displacement data in Fig. 2a. However, as long as the contact
stiffness is properly accounted for (indicated by depth-independent
Young's modulus values in Fig. 2b) the test can be considered valid.
In Fig. 2b, a cross-over of the depth-dependent hardness signals of
the Berkovich and Cube Corner indent is observed for ufg tungsten.
As mentioned before, hardness values depend on the indenter ge-
ometry, as the induced representative strain scales with the tip
opening angle [68], where the Cube Corner tip features a high strain
of about 20% compared to Berkovich indentation (εz 8%). For
coarse grained or single crystalline materials with pronounced
work-hardening (see Fig. 2b), naturally higher hardness values are
measured using a Cube Corner tip. For materials with refined mi-
crostructures comprehensive investigations demonstrated that this
behaviour changes, as local stress induced softening will reduce
and even exceed any occurring hardening [69,87]. Notably, Fig. 2b
underlines this previous finding on ufg tungsten, as the hardness
level of Cube Corner indentation is well below that of Berkovich
measurements at high displacements.

The gap in flow stress values between sx and ufg tungsten re-
sults frommicrostructural refinement according to the well-known
Hall and Petch behaviour [88,89]. Estimation of the yield stress
using a friction stress of t*¼ 345MPa [8], a mean grain size of
480± 230 nm and a Hall-Petch coefficient of 1.86 MPam�1/2 [69]
results in ~3000± 700MPa, which is in agreement with the ufg
tungsten bulk data obtained from macroscopic compression tests
and nanoindentation data (Fig. 2d).
4.2. Size dependent strength and deformation characteristics

After establishing comparability between the data gathered
over several orders of magnitude, we will address the influence of
iterature data. (b) Strain hardening rates Q obtained from sx and ufg tungsten using a
ations are evident.



Fig. 7. Evolution of strain-rate sensitivity m (a) and activation volume n (b) with respect to a normalized temperature for tungsten and chromium. Chromium data was taken with
permission from Refs. [55,81]. Coloured arrows indicate trend lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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tested volume on strength and deformation morphology.
While the gradual transition from bulk to single crystal behav-

iour in Fig. 5 is not surprising, the decreasing flow stresses for
reduced sample size are somewhat unexpected and require further
attention. Considering the dislocation content within the grains, for
the present average diameter of about 500 nm (Fig. 1), intergran-
ular dislocation content developed during the initial HPT defor-
mation process remains within the grain interior, as evident from
the contrast variation within individual grains in the BSE micro-
graph in Fig. 1a. Grains mostly free from dislocations would only be
expected for diameters below about 200 nm [90,91].

During plastic deformation of the ufg tungsten, dislocation
sources within the grains will form from this initial intergranular
dislocation content, operate and emit dislocations, which subse-
quently pile-up at grain boundaries that block their glide [92e94].
Such behaviour is commonly accepted for bulk deformation
[88,89]. Contrarily, in grains located at free surfaces, dislocations
originating from the synthesis as well as those generated during
micro-mechanical testing can easily exit at the free pillar surface
[95], which leads to a reduced back stress acting on the active
dislocation source. These behaviours have recently been reported
also for confined volumes using in-situ TEM experiments as well as
simulations, see for example [51,92,96,97]. Specific references to
tungsten can be found, for example, in Refs. [79,98].

Essentially, the annihilation of dislocations and resulting
reduction in back-stresses comparatively decrease the flow stress
level for these surface grains compared to confined bulk grains.

Withdecreasing sample size, the relative fractionof surface grains
rises for a fixed grain size, a fact well described by analytical models
[99,100]. Hence, the overall flow stress of the miniaturized structure
decreases until the sample size approaches the grain size and source-
controlled strengthening [20] controls plasticity. Expectedly, the
point of intersection between the strength trend lines of sx and ufg
tungsten in Fig. 5 correlates reasonably with the ufg grain size.

4.3. Relation to observations on sx and ufg chromium

Related experiments were conducted on ufg chromium pillars
containingmostly large angle GBs, reported in Ref. [45]. Different to
the softening reported here, a continuous increase of flow stress
was observed by decreasing the sample size. Notably, the average
grain size for ufg chromium was ~160 nm [45]. As outlined above,
within such fine microstructures, GBs act as sinks and sources for
dislocations [101], while the grain interior contains only a very
limited number of dislocations [92]. In such a situation, grains
located at the free surface remain stronger than internal ones, since
stress concentrations occurring at triple points and along grain
boundary junctions promote dislocation nucleation compared to
smooth free surfaces. Thus, for the case of low or non-existent in-
ternal dislocation content, a scaling behaviour with smaller sam-
ples being stronger results.

Notably, in the present ufg tungsten as well as for the 160 nm
chromium [45] near-surface grains are smaller on average
compared to internal grains, which results from the FIB machining
that carves the pillar out of the bulk material. However, within the
available data this truncation of grain sizes at the surface seems to
be of minor influence for the observed behaviour.

The dislocation structure in the grain interior affects the size
dependent strengthening behaviour in terms of accumulation in
ufg tungsten versus exhaustion in ufg chromium [45], in agreement
with previous discrete dislocation simulations [21]. Thus, it is
commensurate to assess the influence of plastic strain on this
behaviour and any conclusions drawn. Starting with the strength
scaling behaviour of sx tungsten shown in Fig. 6a, n-values ranging
between 0.2 and 0.4 were reported previously [8,12,15,19,23,30].
The present data shows no pronounced dependence on strain and
is in close agreement to Schneider et al. [23,30], while the differ-
ences to other works on sx tungsten could be related, for example,
to dissimilar applied strain-rates, a varying impurity content, or
different initial dislocation densities [21] within the samples used
in those studies.

Turning to the polycrystalline samples, it was shown previously
using miniaturized bending beams that the presence of a single
grain boundary within the specimen can have a profound influence
on the dislocation pile-up behaviour compared to the single crystal
situation without obstacles [102]. In the present work, dislocations
in large ufg tungsten pillars pile-up at grain boundaries just as they
would for macroscopic compression tests. However, the reduction
in sample size goes hand in hand with a reduction of internal ob-
stacles, which might affect the strain hardening behaviour in the
sample interior and therefore the deformation behaviour.

The data in Fig. 6b compares strain hardening rates for macro-
scopic as well as microscopic samples. Evidently, polycrystalline ufg
pillars still exhibit a work hardening rate in accordance to macro-
scopic tests. However, once discrete single crystal slip is observed for
small ufg samples (sx-like ufg pillars), thework hardening rate drops



D. Kiener et al. / Acta Materialia 166 (2019) 687e701 695
to the lower values generally exhibited by sx tests. These trends are
consistent within the analysed plastic strain regime. Thus, we can
state that there is no distinct difference in the dislocation accumu-
lation behaviour between the experiments performed at different
length scales as long as deformation characteristics are alike.

4.4. Temperature and microstructure dependent deformation
processes

To relate the observed deformation behaviour to the underlying
mechanisms and distinguish possible contributions from disloca-
tion slip, decohesion, failure, or grain boundary sliding [103,104],
intrinsic deformation mechanisms can be inferred based on the
strain-rate sensitivity (m) and apparent activation volume (n) of the
material [28,105]. For sx and polycrystalline fcc metals such as
nickel, aluminium or copper, strain-rate effects were investigated,
for example, in Refs. [106e109]. Prevailing deformation mecha-
nisms in bcc metals such as vanadium, tungsten, molybdenum,
tantalum and chromium inferred from transient experiments were
reported by Wei et al. [80,110], Zhou et al. [111], Wu et al. [101],
Maier et al. [54,112], Choi et al. [113] and Fritz et al. [55].

In Ref. [55], we obtained thermally activated deformation
behaviour for sx and ufg chromium in awide range of temperatures
using different testing techniques over several length scales, and
comparable experiments were conducted within this work on
tungsten. The normalization in terms of a relative temperature
collapses the two material characteristics, facilitating a discussion
of their equivalent deformation behavior. Concerning the strain
rate sensitivity in Fig. 7a, at low relative temperatures m-values for
sx chromium and tungsten amount to ~0.02. Initially, an increase of
m is evident with increasing temperatures, until peak m-values of
~0.07 are reached at TTest/TC¼ 0.65. A comparable trend for low
temperature deformation of sx tungsten, niobium, vanadium, and
tantalum was reported by Brunner and Glebovsky [39] and Chris-
tian and Masters [114]. This initial increase in strain rate sensitivity
is commonly related to the thermally activated interaction of
dislocation kinks with interstitial atoms, see e.g. Refs. [39,105,114].
Approaching and overcoming TC, thermal activation eases the
movement of kinks untilm-values in the order of 10�3 are reached,
as common for low Peierls potential materials such as fcc metals
[54]. Contrarily to that, for ufg counterparts m-values slightly
decrease from low temperatures until TC, followed by a continuous
increase up to a relative temperature of 1.6. This trend of a
diminishing m below TC for the ufg material compared to the sx
state is emerging from the increased athermal strength, resulting
from grain refinement, with respect to the thermal stress compo-
nent. Overcoming the critical temperature, the strain rate sensi-
tivity raises due to increased thermally activated accommodation of
dislocations at grain boundaries, as detailed in Refs. [54,109].

Regarding the apparent activation volumes, at low tempera-
tures, n-values of 4e7 b3 were derived for sx tungsten and chro-
mium. Those quantities are indicative of a kink mechanism, which
is dominant in bcc metals at low temperatures [29]. Notably, n
seems to remain constant in the macroscopic sx chromium tests at
low temperatures until TTest¼ 0.55 $ TC, while it gradually increases
in sx and ufg tungsten, as well as ufg chromium, respectively. A
plausible explanation for this behaviour is that thermal activation
of kinks might be hindered by interstitial atoms. This is supported
by a pronounced yield strength observed in tensile stress-strain
data in Ref. [81]. As stated earlier, comparable trends in activation
volume were also reported for sx tungsten, niobium, vanadium and
tantalum in Refs. [39,114] and related to interaction of kinks with
impurities. Additionally, m- and n-values from Ref. [81] were
calculated at the lower yield point, while nanoindentation data and
test data from compression experiments were evaluated at a plastic
strain of about 8%, which might cause slight differences.
Generally, it can be stated for both materials in either micro-

structural condition that with increasing temperature impurities
are no effective obstacle anymore. Then, the movement of kinks is
eased by thermal activation, as indicated by an increase of the
activation volume in Fig. 7b. Overcoming TC for the sx materials
results in n-values of ~200 b3, indicative of dislocation-dislocation
interaction, a common mechanism observed in fcc metals [105].

In ufg tungsten and ufg chromium the activation volume in-
creases at relative low temperatures comparably to the sx states,
indicating again a rate-limitation based on the propagation of
kinks. However, upon exceeding TC, n-values remain rather con-
stant at ~20 b3, typical for dislocation-grain boundary interactions,
as previously reported for ufg chromium [45,54,55].

Based on the analysis of the ufg tungsten data and facilitated by
the comparison to chromium in Fig. 7, we can acquaint that in the
investigated temperature range dislocation mediated plasticity acts
as the dominant deformation mechanism in sx and ufg tungsten,
respectively. The crack formation observed in ufg tungsten at low
temperatures (Fig. 4) natively affects the load bearing capability of
the material (Fig. 5), but seems to be of minor influence on the
underlying plastic deformation mechanisms. Rather, cracking is a
consequence of the ongoing plasticity and incompatibility stresses
resulting thereof.
4.5. Modelling the temperature dependent activation volume

To emphasize the validity of the mechanistic picture provided
above, we developed a model to predict the activation volume as a
function of temperature. The full details of this derivation are given
in the appendix, at this point we will just provide the essential
assumptions and approach used.

To derive expressions for the stress-dependent activation vol-
ume, we follow the work of Caillard and others and split the defor-
mation behaviour in a low temperature regime governed by the
critical bulge mechanism, and a high temperature regime governed
by an interacting kink pair up to the critical temperature [115e117],
see Fig. A1. For simplicity, we use classical dislocation theorywith an
Eshelby potential [118]. Based on this, we can derive analytical ex-
pressions for the activation volume depending on the kink height
and the temperature dependent Peierls stress (see equations A2 and
A8). The temperature dependence of the Peierls stress is describedby
upper and lower bound scaling relations (equation (A11)) based on
literature data following ideas of Suzuki et al. [119], as shown in
Fig. A2 using data from Refs. [119e125]. Finally, the kink height can
be calculated from the slip geometry for all possible slip systems
[126]. The result is shown in Fig. 8 in comparison to experimental
data from our work on chromium and tungsten. The light shaded
areas not bound by black lines indicate the temperature regime
where the models are not strictly valid anymore.

Evidently, the data for macroscopic as well as microscopic ex-
periments is well described by the model. An upper bound to the
activation volume is set in the low temperature regime by a critical
bulge configuration, while the high temperature data falls well
within the range of interacting kink pairs on the expected {112}
<111> slip system. The {123}<111> and {011}<111> slip systems
indicated by dashed lines would give too high and low boundaries,
respectively.

The lateral extent of these kink pairs remains in the order of
10 nm for v z 70 b3, which is small compared to the grain sizes of
160 nm and 500 nm for chromium and tungsten, respectively. Thus,
we can model the data well, without the need of taking grain
boundary interactions into account, the simple and elegant dislo-
cation kink picture is sufficient.



Fig. 8. Temperature dependent prediction of the activation volume based on the kink
interaction and critical bulge models in comparison to the experimental data.
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5. Conclusion

Interface-dominated strength scaling behaviour in single crystal
and ultrafine-grained tungsten and chromium was examined over
several length scales to investigate the interaction of dislocations
with grain boundaries and free surfaces macroscopically and in
confined bcc structures.

To understand the sample size dependent strengthening, the
evolution of dislocation structures within the different grain sizes
and the interplay of grain size with sample size has to be taken into
account. Depending on this, the increasing fraction of surface grains
can give rise to a size dependent strengthening, as observed for
chromium, or a weakening, as seen for tungsten. For very small
samples in the range of the grain size, single crystalline slip is
activated in individual grains spanning the cross-section of the ufg
pillars.

The influence of decohesion occurring at grain boundary triple
points in tungsten on rate limiting deformation processes was
examined and compared to ultrafine-grained chromium, where
cracking was absent. No noticeable influence of crack nucleation or
Fig. A1. Schematic representation of the interacting kinks configuration (above) and the crit
next.
decohesion processes on the rate-dependent deformation charac-
teristics was evident. Mechanistically, in both materials interfaces
have a decisive role on the deformation behaviour above the critical
temperature via dislocation-grain boundary interactions, as indi-
cated by constant activation volumes in that regime.

Finally, a temperature dependent model of the activation vol-
ume based on dislocation kinks valid up to the critical temperature
was developed. It shows that the rate limiting deformation mech-
anism in all investigated microstructures can be explained by
dislocation kinetics rather than a complex dislocation-grain
boundary interaction below the critical temperature.

Given the comparable behaviour of chromium and tungsten
despite their vastly different melting points, it seems adequate to
suggest generalization of this behaviour for all bcc metals.
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Appendix

The classical analytical models for double kink nucleation
developed in the 60s-70s are usually split into two regimes. For a
low applied shear stress t the energy of a kink pair is approximated
by the sum of the energy of two well separated kinks and their
elastic interaction [115,116]. For a high applied shear stress on the
other hand the energy is approximated by the line tension of a
critical bulge configuration [115,117,127]. Both model assumptions
are depicted schematically in Fig. A1, where the red lines are the
specific dislocation segments, h is the kink-height (distance to the
next Peierls valley), DE is the Peierls barrier height and Aik and Acb

are the respective activation areas with A¼v/b, where v is the
activation volume and b is the Burger's vector.
ical bulge configuration (below) of a dislocation line to move from a Peierls valley to the
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Interacting kinks (Low stress approximation)

Following the assumptions of Eshelby [118], as summarized by
Caillard [115] based on detailed calculations from Hirth and Lothe
[116] and Seeger [117], the activation area of two interacting kinks
is:

Aik ¼ h
�
hb
8p

m

t

�1=2

(A1)

with m being the shear modulus. The Peierls stress tp for bcc ma-
terials is on the order of 2e8� 10�3 m, with the majority around
5.5� 10�3 m [128]. Assuming h¼ fb, with f being a geometric pre-
factor depending on the activated slip-system, and the stated tp
-m relation one deduces:

vik

h
b3

i
¼ 2:69f

3
2

�tp
t

�1
2

(A2)

independent of the details of the assumed Peierls potential.
Critical bulge (High stress approximation)

The critical bulge configuration can be described using a line
tension approach [117,127,129]. Using approximations that are only
valid for ymaxz h, i.e. for a large critical bulge at the lower end of
the high stress regime, Seeger [115,117] derived an approximate
solution for the activation area:

Acb ¼ h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffibT
E00ðhÞ

s �
1þ ln

�bt
t

��
(A3)

where bT is the line tension, which can be estimated with mb2/2.
E’’(h) is the curvature of the Peierls potential near its minimal value
and bt is a stress constant. For an Eshelby potential these values are
[115]:

E
00 ðhÞ ¼ 32

h2
DE; bt ¼ 12

ffiffiffi
3

p
tp ¼ 64

DE
hb

(A4)

which leads to:

vcb; lower stress

h
b3

i
¼ 2:96f

3
2

�
4:03þ ln

�tp
t

��
(A5)

for the activation volume of a critical bulge on the lower end of the
high stress regime. On the higher end (tztp) Mori and Kato [130]
used a third order polynomial to describe the energy of a bulging
dislocation, which in connection with an Eshelby potential reduces
to [115]:

Ub ¼ 12
5
Uk

�
2
3

�
1� t

tp

��5=4
(A6)

whereUk is the energy of a single kink. Continuing with the Eshelby
potential, where:

Uk ¼ 0:943hðE0DEÞ
1
2 (A7)

with the ground state energy E0 z mb2/2 and the DE � tp relation
stated above, one can differentiate the activation volume to:

vcb; higher stress

h
b3

i
¼ �

�
vUb

vt

�
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�
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tp
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The two solutions for the higher and lower ends of the high
stress regime allow to approximate a border for the activation
volume by assuming a linear inverse weighting of both solutions
(see Fig. 8).
Temperature-stress relationship

To describe the temperature dependence of the activation vol-
ume, a relationship between the applied shear stress t and the
temperature T needs to be determined. Suzuki et al. [119] suggested
a train of thought which leads to a scaling relationship between a
function of the thermally activatable part of the resolved shear
stress t* over tp and the temperature:

f
�
t*

tp

�
¼ 1:11a

C
ffiffiffi
g

p kT
b3

ffiffiffiffiffiffiffiffiffiffiffi
tpKT

p (A9)

Here a, C and g are material specific constants, k is Boltzmann's
constant and KT is the line tension pre-factor. Suzuki et al. calcu-
lated KT for various bcc transition metals and found through liter-
ature study that: a¼ 27e30, g¼ 0.7e0.9 and C is in the order of
unity. However, the exact function f(t*/tp) is unknown, but to the
fact that it is a decreasing function from f(0)¼ 1 to f(1)¼ 0. Under
the assumption of a monotonic decrease one can expect a function
f(x) ¼ (1-x)n, with x¼ t*/tp to approximate the shape by varying
the exponent n. Furthermore, it is common to normalize the tem-
perature by a critical temperature TC, which in this case can be
calculated by:

Tc ¼
b3

ffiffiffiffiffiffiffiffiffiffiffi
tpKT

p
uk

with u ¼ 1:11a
C

ffiffiffi
g

p (A10)

Assuming the lower and upper bounds for all pre-factors, one
arrives at umin ¼ 31.6, umax ¼ 39.8 and uavg¼ 35.7, for the mini-
mum, maximum and average, respectively. Thus, we get an upper
(TCU), lower (TCL) and average (TC) value for the critical temperature.
Considering all of the above we can write:

t*

tp
¼ 1�

�
T
Tc

�1
n

(A11)

Taking into account the literature data provided by Suzuki et al.
[119], as well as data by Brunner for high purity tungsten single
crystals [120], a lower and upper border for this relationship can be
estimated by t*/tp ¼ 1-(T/TCL)0.4 and t*/tp ¼ 1-(T/TCU)0.6,
respectively.

Fig. A2 shows the literature data for Fe [121,122], Mo [120, pri-
vate communication], Nb [123], Ta [124,125], reproduced from
Suzuki et al. [119] and for W by Brunner [120] in connection with
the lower and upper bounds suggested above. Considering that the
athermal part of the Peierls stress for high purity bcc metals is only
in the range of several MPa, the suggested relationships are a good
approximation for the resolved shear stress over temperature
behaviour thereof.



Fig. A2. Relationship of t=tp versus TTest=TC with data for various bcc transition metals,
reproduced from Suzuki et al. [119] and Brunner [120], with the suggested upper and
lower bounds for the mathematical description.
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Activation volume over temperature and high stress e low
stress transition

So far, the train of thought leads to a formulation for the acti-
vation volume over temperature in the range from 0 K to the
respective critical temperatures where the thermally activatable
part of the Peierls stress vanishes. However, one open parameter
remains, namely the kink height h. It is commonly known that
screw dislocations in bcc metals can operate on three distinct glide
plains ({110}, {112} and {123}) with the same <111> pencil glide
direction. Thus, the kink height is dependent on the activated slip
system. In the low temperature (critical bulge) regime, mainly the
{011}<111> system is active, whereas closer to the critical tem-
perature (interacting kinks) also the other systems can be activated.
Table A1 summarizes the kink heights in units of the unit cell size a0
and in units of b taken from Weinberger et al. [126], as well as the
resultant pre-factor f 3/2 for all possible slip systems.
Table A1
Kink heights and pre-factors for different slip systems.

Slip system h [a0] h [b] f 3/2

{011}<111>
ffiffiffiffiffiffiffiffi
2=3

p
2
3

ffiffiffi
2

p 0.92

{112}<111>
ffiffiffi
2

p
2

ffiffiffiffiffiffiffiffi
2=3

p
2.09

{123}<111>
ffiffiffiffiffiffiffiffi
8=3

p
4
3

ffiffiffi
2

p 2.59
The transition between high stress and low stress regime is not
straightforward, as there is a regime in which neither the critical
bulge nor the interacting kinks model is valid, namely:

tcb;min ¼ DE
hb

< undefined regime <
DE

2phb
¼ tik;max (A12)

Considering again an Eshelby potential, one can calculate a
maximum allowed shear stress for the interacting kinks model to
be 0.052 tp, which translates to ~0.8 TC. The minimum allowed
shear stress for the critical bulge model is 0.325 tp, which relates to
~0.35 TC.

It is acknowledged that all of the above is not a universally exact
evaluation, but a mathematical consideration for the relation be-
tween activation volume and temperature in highly pure materials
which are known to deform by a double kink mechanism (e.g.
transition bcc metals), as studied in this work.
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