Accepted Manuscript
The brittle-ductile transition of tungsten single crystals at the
micro-scale

J. Ast, J.J. Schwiedrzik, J. Wehrs, D. Frey, M.N. Polyakov, J.
Michler, X. Maeder
PII:
DOI:
Reference:

S0264-1275(18)30278-8
doi:10.1016/j.matdes.2018.04.009
JMADE 3822

To appear in:

Materials & Design

Received date:
Revised date:
Accepted date:

31 January 2018
29 March 2018
6 April 2018

Please cite this article as: J. Ast, J.J. Schwiedrzik, J. Wehrs, D. Frey, M.N. Polyakov, J.
Michler, X. Maeder , The brittle-ductile transition of tungsten single crystals at the microscale. The address for the corresponding author was captured as affiliation for all authors.
Please check if appropriate. Jmade(2017), doi:10.1016/j.matdes.2018.04.009

This is a PDF file of an unedited manuscript that has been accepted for publication. As
a service to our customers we are providing this early version of the manuscript. The
manuscript will undergo copyediting, typesetting, and review of the resulting proof before
it is published in its final form. Please note that during the production process errors may
be discovered which could affect the content, and all legal disclaimers that apply to the
journal pertain.

This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/

ACCEPTED MANUSCRIPT

The brittle-ductile transition of tungsten single
crystals at the micro-scale
J. Ast*,1, J.J. Schwiedrzik1, J. Wehrs2, D. Frey3, M.N. Polyakov1, J.Michler1 and X. Maeder1

*Corresponding author: Johannes Ast, johannes.ast@empa.ch, +41-587656385
EMPA, Swiss Federal Laboratories for Materials Science and Technology, Laboratory for

PT

1

Mechanics of Materials and Microstructures, Feuerwerkerstr. 39, 3602 Thun, Switzerland.

Alemnis AG, Feuerwerkerstr. 39, 3602 Thun, Switzerland.

SC

3

Platit AG, Eichholzstrasse 9, 2545 Selzach, Switzerland.

RI

2

NU

Keywords: Fracture mechanics, tungsten, microcantilever testing, EBSD

MA

Abstract

The loading rate effect on the brittle-ductile transition temperatures of tungsten single crystals at the micro-scale was investigated by microcantilevers with a (100)[001] crack system.

D

Specimens with a length to width to height of 15 µm / 4 µm / 6 µm were fabricated by fo-

PT
E

cused ion beam milling. At low temperatures (-90 to -25 °C) the samples failed by brittle
cleavage fracture, irrespective of the applied loading rate at a fracture toughness of
3.2 MPa·m1/2. With increasing temperatures up to 500 °C and depending on the applied

CE

loading rate, the fracture toughness increased and significant crack tip plasticity and dislocation-controlled microcleavage were observed by means of high resolution electron backscat-

AC

ter diffraction measurements performed after testing. With respect to macroscopic specimens, a shift of the brittle-ductile transition to lower temperatures and a significantly lower
activation energy of the brittle-ductile transition of 0.36 eV were found. We explain this by
the increase in flow stresses due to sample size effects.

1

Introduction

Much progress has been made in recent years to understand the brittle-ductile transition
(BDT) behaviour of materials. Initially beginning with semiconductors such as Si [1–5], and
Ge [6], later investigations also focussed on intermetallics [7–10] and body-centred cubic
1
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(bcc) metals like -Fe [11], Mo [12]and W [13–15]. The underlying deformation mechanisms
controlling the transition from cleavage fracture below a critical temperature to effective
crack tip shielding and plastic yielding above this temperature are often difficult to capture
and sometimes controversially discussed. This is because not all materials show a sharp and
distinct transition at a certain temperature like Si. A sharp transition facilitates the determination of the dislocation mechanism as the driving factor of the transition behaviour. Bcc

PT

metals show a pronounced loading rate influence on the fracture behaviour, as demonstrated in macro-scale experiments by Riedle et al. [13] and Gumbsch et al. [14,16] for single

RI

crystal W and supported by numerical simulations by Hartmaier and Gumbsch [17]. Unlike Si,
a gradual increase of fracture toughness with temperature is found for W. For the examined

SC

(110)[11̅0] crack system, an activation energy of 0.2 eV led to the conclusion that the BDT
was triggered by the mobility of edge dislocations. Giannattasio et al. [15] performed a simi-

NU

lar study on W single- and polycrystals and calculated an activation energy of 1.0 eV. They
concluded that the controlling factor for BDT in W with a (100)[001] crack system is the mo-

MA

bility of screw dislocations, whose motion is rate-controlled by the thermally activated formation of kink-pairs. In additional discrete dislocation dynamics (DDD) simulations by Tar-

D

leton and Roberts [18] looking more closely at the plastic zone and crack tip shielding ef-

PT
E

fects, sufficient mobility rather than nucleation of screw dislocations was found to be the
predominant mechanism for the BDT.

Small-scale effects resulting from small sample sizes play an important role in BDT behav-

CE

iour. Korte and Clegg [19] performed micro-pillar compression experiments on ceramic
phases that underwent plastic deformation at relatively low temperatures. A size-dependent

AC

shift of the BDT to lower temperatures was also found for the semiconductors GaAs [20] and
Si [21,22]. The microcantilever testing technique introduced by Di Maio and Roberts [23]
offers the great advantage of a local determination of fracture properties and fracture
toughness of single phases [24–28], at interfaces [29,30] and grain boundaries [31–33]. The
technique was further developed for testing of materials showing non-negligible plastic deformation by Wurster et al. [34]. In further studies on NiAl [35–37], W [38,39] and NiW films
[40] fracture toughness determination of materials in the semi-brittle regime was elaborated. In this manner, environmental effects on the local mechanical behaviour could also be
studied in detail [41–44].

2
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The influence of temperatures as high as 600 °C on the micro-scale fracture and therefore
the BDT behaviour was firstly treated by Jaya et al. [45] in Si using microcantilever experiments. Double-clamped beam bending tests were performed again in Si for temperatures up
to 600 °C [46] and microcantilever experiments in Fe single crystals for room temperature
and at -75 °C [47] to understand the increase and decrease in ductility in micron-sized specimens, respectively.

PT

Whereas the above-mentioned studies showed the temperature influence on the microscale fracture behaviour, a deeper mechanistic understanding of the controlling deformation

RI

mechanism is still lacking. The loading rate-effect in combination with temperature influence
on the fracture behaviour as shown by macroscopic tests needs further attention to under-

SC

stand thermal processes at the crack tip. It is the aim of the present study to provide a detailed conception of the BDT behaviour of the bcc metal W at the micro-scale in order to

NU

clarify the influence of scale-effects on the semi-brittle fracture behaviour. For this purpose
we performed microcantilever fracture experiments applying different loading rates in the

MA

temperature range of -90 to 500 °C to describe the fracture behaviour and analyse crack tip
plasticity using high resolution electron backscatter diffraction (HR-EBSD) and transmission

D

electron microscopy (TEM). The activation energy, which was derived from the BDT in the

PT
E

micro-scale tests, is discussed in the context of size effects on the flow stress and the mobility of screw dislocations.

Experimental

2.1

Material and sample geometry

AC

CE

2

Tungsten single crystals with a (100)[001] crack system were investigated, where [001] is the
crack propagation direction and (100) is the crack plane,. The planes of type {100} are the
primary cleavage planes in W [48]. Details on sample preparation and microcantilever preparation by focused ion beam (FIB) milling are given in an earlier publication [36]. The milling
currents were subsequently reduced at the dual beam microscope (Lyra, Tescan) from 10 nA
(coarse milling) to 0.3 nA (fine milling of notches). For all milling steps, an acceleration voltage of 30 kV was used.

3
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A series of notched microcantilevers prepared at the sample edge is shown in Fig. 1(a). In
Fig. 1(b) the geometric dimensions used for all specimens in this study, together with the
crystallographic orientation of the single crystal, are presented. All samples have approximate length to width to height ratios of 15 µm / 4 µm / 6 µm, where B is the sample width,
and W is the sample height. The applied loading span L varies between 11-14 µm and the
initial crack length a between 2.0-2.5 µm. The specimens were prepared close to the edge in

MA

NU

SC

(b)

RI

(a)

PT

order to minimize material removal after testing for EBSD measurements.

2.2

PT
E

D

Fig. 1: SE micrographs of a series of microcantilevers after testing: (a) overview and (b) closeup of a microcantilever after testing with relevant dimensions and crystallographic orientation.

Fracture testing at the micro-scale

CE

The fracture experiments were performed in-situ inside a scanning electron microscope
(Zeiss DSM962 SEM) using two different nanoindentation platforms (Alemnis AG, Switzer-

AC

land). One of them was modified for application at sub-ambient and the other one at elevated temperatures. Thermal sensors and resistive heaters are attached to both sample and tip
holders in order to allow local temperature sensing and tuning. The temperature of the
sample surface and the indenter tip are matched after reaching a steady state in the frame.
This is verified by analyzing repeated indents with drift measurement segments at different
indenter temperatures and minimizing contact drift. This way, drift rates below 10 nm/min
are achieved in the temperature range -90 to 600°C. Tests were run in displacement-control,
and cono-spherical diamond tips with a radius of ca. 1-2 µm were used.

4
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2.2.1

Testing at sub-ambient temperatures

The high vacuum environment (< 10-5 mbar) inside the SEM is important to minimize condensation of water and organic molecules on the indenter and sample at low temperatures.
During operation, liquid nitrogen is stored outside the vacuum chamber, evaporated on a
fine copper grid and pumped in gaseous state through a cold finger attached to the back of
the indenter frame with isolating shafts. The cold finger is linked to the sample and tip hold-

PT

ers using copper braids. The frame and electronic components are thermally isolated from
the cooled region by ceramic shafts. The noise floor of the low temperature indenter is ap-

RI

proximately 1 nm RMS in displacement and 12 µN RMS in force at a 20 Hz sampling rate.

SC

Frame drift is minimized by holding the frame temperature constant using resistive heating
and temperature feedback in a control loop. Contact drift is minimized by temperature

NU

matching of the indenter and the sample using independent resistive heaters and thermocouples. Further details on instrumentation and experimental set-up for testing at sub-

2.2.2

MA

ambient temperatures can be found in [49].

Testing at elevated temperatures

D

To provide a homogeneous and stable environment for testing at temperatures up to 600 °C

PT
E

and to prevent specimen and tip oxidation, the high vacuum inside the SEM chamber is critical. At elevated temperatures it is important to protect the sensitive electronic components
of the Alemnis platform from overheating and to keep the heat affected zones small and

CE

localized (more details are found in [50]). To assure this, a water-cooled copper backing
plate is installed, which is connected to a large external water reservoir and circulation

AC

pump. Constant frame temperatures are achieved in this way, which are important to minimize thermal frame drift. The load cell is directly connected to the backing plate by a low
stiffness copper braid to draw out the conducted heat from the specimen heater. The heated tip is shielded with a ceramic block to avoid heat transfer into the displacement sensor.

2.3

Experimental procedure and evaluation

Constant displacement rates between 5 nm/s and 150 nm/s were applied, which translate
into effective stress intensity factor rates (in the following denominated as loading rates) of
approximately 0.05 to 1.6 MPa·m1/2/s in the initial linear-elastic loading segments. More details can be found in the appendix. By superimposing a sinusoidal displacement with an am5
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plitude of 5 nm to the applied monotonic loading protocol, the contact stiffness was measured continuously throughout the bending tests. This was done to follow crack growth in the
samples. Since the specimen design does not fulfil all aspects for macroscopic fracture testing, a conditional fracture toughness KIq is calculated in this study.
With brittle cleavage fracture occurring at low temperatures, linear-elastic fracture mechanics are applicable for those specimens using the following equation taken from the ASTM

𝐵

3
𝑊 ⁄2

𝑎
∙ 𝑓( )
𝑊

RI

𝐹𝑞 𝐿

(1)

SC

𝐾𝐼𝑞 =

PT

standard E 399 [51]:

For the fracture toughness evaluation according to linear-elastic fracture mechanics (LEFM)

NU

only the initial crack length a0 is considered. Here, the deviation from the initial linear loading regime by means of the 95% construction line is used to calculate the critical force Fq. If

MA

the loading is purely linear, Fq is set to the maximum load. The geometry factor f, which is a
function of the crack length and the sample height, is calculated by finite element (FE) simu-

D

lations for the investigated geometry (see appendix for more details):

PT
E

𝑎
𝑎
𝑎 2
𝑎 3
𝑓 ( ) = 1.24 + 28.08 ( ) − 59.44 ( ) +90.40 ( )
𝑊
𝑊
𝑊
𝑊

(2)

CE

The asymmetric support of the microcantilever produces a negligible influence for notch
lengths larger than 1.0 µm, which is the case for all tested specimens. Furthermore, the ge-

AC

ometry factor is found to be nearly constant within 75% of the inner section of the cantilever
width B and only drops at the free surfaces (see appendix).
For specimens showing non-negligible crack tip plasticity, two approaches from elasticplastic fracture mechanics (EPFM) are used to determine the fracture toughness. To compare with literature data, where the focus is set on the moment of final cleavage, the fracture toughness of samples where cleavage happened is determined following the basic JIntegral approach as described by the ASTM standard E 1820 [52]:

𝐽 = 𝐽𝑒𝑙 + 𝐽𝑝𝑙 =

𝐾𝐼𝑞 2 (1 − 𝜈 2 )
𝜂 𝐴𝑝𝑙
+
𝐸
𝐵 (𝑊 − 𝑎)

(3)

6
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Where ν is Poisson’s ratio and E is the Young’s modulus. Tungsten shows almost perfect elastic isotropy. However, whereas anisotropy must not be taken into account, the elastic constants depend on the temperature [53]. They are listed along with the other experimental
parameters in Table 1 for the performed tests. For the calculation of the plastic part of the JIntegral Jpl, the area underneath the force-displacement curve Apl is determined. The con-

PT

stant η is set to two for the bending geometry.
However, in many samples pronounced dislocation-controlled microcleavage [54] preceded

RI

cleavage fracture, or cleavage was not observed any more above characteristic temperatures. To describe the crack resistance behaviour and to determine the onset of stable crack

SC

growth, which is denominated as fracture initiation toughness in the following, a continuous
J-Integral is determined. The applied procedure is explained in more detail in a previous

NU

study on microcantilevers [37], which utilizes a different approach, as described by the ASTM

MA

standard E 1820 [52]:

𝐽(𝑖) = 𝐽𝑒𝑙,(𝑖) + 𝐽𝑝𝑙,(𝑖) =
2

(4)

PT
E

D

𝜂(𝐴𝑝𝑙,(𝑖) −𝐴𝑝𝑙,(𝑖−1) )
𝑎(𝑖) − 𝑎(𝑖−1)
(𝐾𝐼𝑞,(𝑖) ) (1 − 𝜈 2 )
=
+ [𝐽𝑝𝑙,(𝑖−1) +
] [1 −
]
𝐸
𝐵(𝑊 − 𝑎(𝑖−1) )
(𝑊 − 𝑎(𝑖−1) )

KIq(i) is determined for each oscillation cycle (i) by adapting the previously shown Eq. (1) from

CE

the ASTM standard E 399 [51]:

AC

𝐾𝐼𝑞,(𝑖) =

𝐹𝑞,(𝑖) 𝐿
𝐵

3
𝑊 ⁄2

𝑎(𝑖)
∙ 𝑓( )
𝑊

(5)

From the obtained R-curve a critical J-Integral Jq at the onset of stable crack propagation is
determined, as shown in more detail in the corresponding results chapter. Using the following equation, the conditional fracture toughness is then calculated as:

𝐽𝑞 𝐸
𝐾𝐼𝑞,𝐽 = √
(1 − 𝜈 2 )

(6)

7
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Due to the large number of specimens investigated in this study, the different fracture behaviour and the tedious determination of continuous J-Integrals, LabVIEW code was written
to facilitate the evaluation of the fracture toughness and the R-curve behaviour.

2.4

HR-EBSD analysis

Measurements of geometrically necessary dislocations (GND) were conducted post-mortem

PT

by HR-EBSD to gain insights on crack tip plasticity and the development of plastic zones. FIB
cross-sections were prepared and EBSD scans performed using a DigiView camera (Edax, NJ,

RI

USA) and a 20 kV beam voltage. A step size of 50 nm and a binning of 2  2 were chosen.

SC

Consecutive HR-EBSD analyses were performed using CrossCourt 4 (BLG Vantage, UK), which
is based on the cross-correlation technique developed by Wilkinson et al. [55]. GNDs are

NU

estimated from gradients of the lattice rotations using the approach proposed by Wilkinson
and Randman [56], in which the total GND line energy is minimised considering a strain en-

MA

ergy ratio between edge and screw dislocation of Eedge/Escrew = 1/(1-ν). The determined solution is therefore a lower bound of the GND density, which is present in the system. For the
analyses 24 slip systems were considered for W for both {110} and {112} slip planes and

D

<111> slip directions. Those slip systems were subdivided into 24 edge and 8 screw type sys-

Results

CE

3

PT
E

tems leading to a total of 32 investigated dislocation systems.

An overview of all tests performed in the temperature range -90 to 500 °C for loading rates

AC

of 0.05 to 1.6 MPa·m1/2/s is given in Table 1. Pure LEFM were only applicable until -55 °C.
Above this temperature, there was already significant small-scale yielding and the basic
and/or continuous J-Integral approaches were applied. Depending on the applied loading
rate, cleavage fracture was observed in addition to crack tip plasticity in the temperature
range -75 to 25 °C. This made it possible to apply the basic J-Integral technique at the point
of cleavage. For all specimens which showed crack growth by microcleavage for more than
approximately 400 nm, the continuous J-Integral approach could be applied irrespective of
whether final cleavage fracture was observed or not. Because of its evaluation at the onset
of crack propagation at ca. 200 nm – as will be shown more clearly in the following – the
fracture initiation toughness as determined by the continuous approach is more conserva8
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tive and therefore lower than the cleavage fracture toughness. However, at 0 °C and 21 °C,
the fracture initiation toughness is slightly higher than the fracture toughness from the basic
approach for the highest loading rates. This is because of the very limited crack growth in the
samples and consequently higher scatter in the data.
Table 1: Experimental parameters, elastic constants and fracture toughness data as evaluated by the different fracture mechanical approaches for the applied loading rates.
ν

Loading rates

Fracture toughness [MPa·m1/2]

Number of tests

[°C]

[GPa]

-

[MPa·m1/2/s]

-90

415

0.28

0.05 / 0.2

5/3

3.2 / 3.4

-75

414

0.28

0.05 / 0.2

4/2

3.2 / 3.5

-55

414

0.28

0.05 / 0.2

3/2

3.4 / 3.6

-25

413

0.28

0.05 / 0.2 / 0.5

2/2/2

0

412

0.28

0.05 / 0.2 / 0.5 / 1.6

2/2/2/2

21

411

0.28

0.05 / 0.2 / 0.5 / 1.6

2/4/2/2

50

409

0.28

0.2 / 0.5 / 1.6

2/3/2

-

75

408

0.28

0.2 / 0.5 / 1.6

2/2/3

100

407

0.28

0.2 / 0.5 / 1.6

150

404

0.28

0.2 / 0.5

250

399

0.27

0.2 / 0.5

500

385

0.26

1.6

LEFM

J-basic

J-continuous

-

-

-

-

6.6 / 5.2 / 4.6

5.6 / - / -

-

11.7 / 9.5 / 8.4 / 7.1

7.8 / 8.8 / 8.0 / 8.7

-

- / 11.7 / 10.2 / 8.7

11.2 / 10.5 / 9.8 / 9.4

- / 13.5 / 10.1

10.7 / 11.1 / 9.5

-

- / - / 14.6

11.6 / 11.2 / 7.6

2/2/2

-

-

13.5 / 11.8 / 5.8

2/2

-

-

12.3 / 10.7

2/2

-

-

14.0 / 10.1

2

-

-

4.7

D

MA

NU

SC

-

-

Fracture behaviour and LEFM analysis

PT
E

3.1

PT

E

RI

Temp.

The experimentally obtained force-displacement data is converted into stress intensity factor-displacement plots using Eq. 1 (taken from LEFM) in order to compare the specimens.

CE

However, crack growth is not accounted for in this type of presentation. Exemplary curves
for the temperature range -90 to 250 °C at a loading rate of 0.2 MPa·m1/2/s are shown in Fig.

AC

2(a). A general increase of the maximum stress intensity factor and therefore the fracture
toughness is evident when going from -90 to 0 °C. Due to limited crack tip plasticity - which
becomes more and more important with increasing temperatures - a deviation from the initial linear-elastic regime is found before all samples fail by cleavage (as marked by the cross).
For measurements performed at temperatures above 0 °C, crack tip plasticity led to hardening followed by stable crack growth, until the experiments were stopped at approximately
3 µm. Since one sample also failed by cleavage at 21 °C, which is not shown in this figure, the
BDT for this loading rate is consequently at 21 °C. With increasing temperature, plastic deformation at the crack tip sets in at lower forces (and therefore lower K-values) because of
the strong temperature influence, leading to a drop in flow stress in bcc metals. At 250 °C
9

ACCEPTED MANUSCRIPT
significant crack tip shielding is observed, as indicated by the continuously rising K-values. In
Fig. 2(b) and (c) similar curves are shown for the loading rates 0.5 MPa·m1/2/s and
1.6 MPa·m1/2/s, respectively. An increase in loading rate at a certain temperature leads to
nearly the same maximum stress intensity factor, but a more brittle fracture behaviour. The
BDT is consequently shifted to higher temperatures with increasing loading rate. In Fig. 2(d)(g) corresponding SEM images elucidating the different characteristic fracture behaviour are

PT

shown. At low temperatures purely brittle failure (d) leads to complete fracture of the cantilever. At ambient temperature and high loading rates, crack tip plasticity is noted in the me-

RI

chanical data and {110} slip traces can be seen at the side faces of the cantilevers before
final cleavage (e). At intermediate temperatures and/or lower loading rates, cleavage is sup-

SC

pressed and dislocation-controlled microcleavage or crack growth occurs (f). At elevated
temperatures and low loading rates, efficient crack tip shielding by significant dislocation

AC

CE

PT
E

D

MA

NU

activity dominates in the absence of crack growth (g).

10
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(a)

(d)

MA

NU

(b)

(f)

(g)

AC

CE

(c)

PT
E

D

(e)

Fig. 2: (a)-(c) Temperature dependence of the stress intensity factors KI according to LEFM for
three different loading rates. For temperatures below 0 °C as shown in (a) specimens failed
by complete cleavage fracture (marked with a cross “+”) as exemplarily presented in the SE
micrograph in (d). With increasing temperature crack tip plasticity was observed as shown by
the arrows in (e)-(g). Depending on the temperature full and partial cleavage were obtained
for high enough loading rates as seen in (d) and (e), respectively. For (f) intermediate loading
rates crack growth and for (g) slow loading rates pronounced crack tip blunting was observed.
11
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3.2

Crack tip blunting and stable crack growth

In the following, the crack growth behaviour is investigated in more detail using the continuous J-Integral approach. In Fig. 3(a) stiffness data of three cantilevers tested at the same
loading rate but different temperatures is shown. A drop in microcantilever stiffness can be
related to crack growth and quantified using a FE model as explained in a previous study
[36]. Whereas significant crack growth occurs in the specimen tested at ambient tempera-

PT

ture, as can be seen from the drop in stiffness below 50% of the initial stiffness, less and less

RI

crack growth is found with increasing temperature. At 250 °C crack tip plasticity is dominat-

(b)

PT
E

(d)

AC

CE

(c)

D

MA

NU

(a)

SC

ing and the crack tip is shielded efficiently.

Fig. 3: (a) Decrease in stiffness due to crack growth for three specimens from Fig. 2(a) tested
at different temperatures but the same loading rate of 0.2 MPa·m1/2/s and (b) continuous JIntegral plots for the same tests with fits to determine critical J-Integrals Jq at a critical
amount of crack propagation of 200 nm. In (c) and (d) continuous J-Integral curves are shown
for the intermediate and high loading rate, respectively. (Note the different scaling and comparison of test temperatures in (d) with respect to (b) and (c)).
In Fig. 3(b) corresponding crack resistance curves (R-curves) are presented for the tests
shown in (a). The initial crack tip blunting behaviour is difficult to capture due to scatter in
12
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the data. By introducing a criterion for critical crack growth of ∆a = 0.2 µm, as explained in
an earlier study [37], the fracture initiation toughness can be determined and the blunting
behaviour be compared more easily. With increasing temperature more initial blunting takes
place prior to crack propagation, which is indicated by the higher J-Integral values at
∆a = 0.2 µm at higher temperatures. Interestingly, the fit exponent b is in the range 0.74 0.82 and therefore quite constant, which means that the crack resistance behaviour is more

PT

or less the same for the three different temperatures. The behaviour is different from what
was found in an earlier study, in which the temperature was kept constant and the loading

RI

rate was changed [39]. This led to the same blunting behaviour in the tests but different

failure by cleavage and lower crack resistance.

SC

crack resistance behaviour. Higher loading rates led to less stable crack growth, early stage

When increasing the loading rate to 0.5 MPa·m1/2/s as presented in Fig. 3(c), the fracture

NU

behaviour changes significantly. The fracture initiation toughness is still higher at higher
temperatures, but compared to the lower loading rate it is generally lower. Furthermore, the

MA

crack resistance decreases with increasing loading rate as expected. Interestingly, however,
there is a strong reduction in crack resistance at 250 °C. This effect is even more pro-

D

nounced, when further increasing the loading rate to 1.6 MPa·m1/2/s, as can be seen in Fig.

PT
E

3(d). In this comparison between specimens tested at 100 and 500 °C, the blunting behaviour is also reversed with the specimen tested at lower temperature showing a higher fracture initiation toughness.

BDT behaviour

CE

3.3

AC

The fracture behaviour strongly depends on the applied loading rate and temperature, as
presented in the previous section. For evaluation of the fracture toughness, two criteria
were selected. To better compare the results with literature data of macroscopic samples,
wherein only cleavage fracture was addressed, the onset of final cleavage was chosen to
determine the fracture toughness as shown on the fracture surface in Fig. 4. For this criterion, generally a higher fracture toughness is obtained than if the onset of microcleavage is
picked at Δa = 0.2 µm.

13
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NU

SC

Fig. 4: SE micrograph of a fractured microcantilever showing (stable) dislocation-controlled
microcleavage followed by (unstable) brittle cleavage; star symbols characterize the evaluation techniques used to determine (*) the fracture initiation toughness and (**) the fracture
toughness at the onset of cleavage.
Data from all experiments which showed final cleavage fracture are summarized in Fig. 5(a).

MA

All tests performed below -25 °C were evaluated purely by LEFM and for the remaining tests
showing non-negligible crack tip plasticity, EPFM was used, applying the basic J-Integral ap-

D

proach. In the absence of cleavage fracture, yielding was described by means of the maxi-

PT
E

mum stress intensity factor (illustrated by the open symbols). The amount of tests for a specific combination of loading rate and temperature is small. In order to have a clear picture of
the fracture behaviour as a function of temperature and loading rate, average values are

CE

shown. The “error bars” indicate the deviation between maximum and minimum value.
Up to -55 °C, the increase in fracture toughness with temperature is small from 3.2 to

AC

3.6 MPa·m1/2 and the influence of the loading rate is negligible. From -25 °C on the loading
rate effect becomes important: lower loading rates yield higher fracture toughness. The variation in loading rates with a factor of three to four leads to characteristic BDT temperatures
(as marked by the dashed lines) in the range 0 to 75 °C for 0.05 and 1.6 MPa·m1/2/s, respectively. Except for the lowest loading rate, the BDT could be well detected because some
samples failed by cleavage fracture at the characteristic BDT temperature whereas others
did not and showed microcleavage instead. Two more distinctive features could be analysed
from the BDT behaviour. First of all, the transition from the nearly brittle state (slightly
above 3 MPa·m1/2) to the BDT is “sharper” for lower loading rates. This means that the rise in
fracture toughness with temperature is more important for lower than for higher loading
14
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rates. The latter show a broader BDT behaviour characterized by a smoother rise in fracture
toughness, which is in good agreement with simulation work by Nitzsche and Hsia [57]. Secondly, more scatter in the data is found once the characteristic BDT temperatures are approached. Dislocation mechanisms and arrangements strongly determine the BDT behaviour
and therefore influence the fracture toughness decisively.
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(b)
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Fig. 5: (a) Fracture toughness as evaluated by the onset of cleavage fracture (closed symbols); open symbols characterize specimens which did not fail by cleavage, which are therefore beyond the BDT and evaluated according to their max. stress intensity factor. (b) Fracture initiation toughness characterized by critical crack growth of 0.2 µm (open symbols).
Closed symbols mark specimens, which failed by early cleavage. If the continuous approach
could not be applied, LEFM or the basic approach was used instead.
With dislocation-controlled microcleavage being observed in the BDT regime, the continuous

CE

J-Integral approach was also applied to study the fracture initiation toughness (onset of first
crack growth). This is shown in Fig. 5(b). Furthermore this allows a better description of the

AC

fracture behaviour beyond the BDT, which resembles an “S-shape”. Generally, lower values
were determined because of the more conservative criterion of only 0.2 µm of crack growth
as described earlier. Depending on how this criterion is defined, the S-shape is shifted to
slightly higher (for a larger setpoint as criterion for fracture initiation) or lower values (lower
setpoint) beyond the BDT.
The same fracture toughness was measured between -90 °C and -55 °C. Beyond that temperature, a loading rate independent regime with increasing toughness was found up to 0 °C.
For temperatures higher than 0 °C, the fracture initiation toughness was found to be strongly
influenced by the loading rate. For 0.2 MPa·m1/2/s a steady increase, for 0.5 MPa·m1/2/s a
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rather constant level and for 1.6 MPa·m1/2/s a decrease of the fracture initiation toughness
with temperature down to 4.7 MPa·m1/2 at 500 °C was observed (see also Fig. 3(d)).

Discussion

4.1

Dislocation activity at the BDT

PT

4

In the following the deformation and fracture behaviour is discussed by means of HR-EBSD

RI

measurements on FIB prepared cross-sections on designated specimens after testing. Three
specimens are shown in Fig. 6, which were all tested at the same loading rate but at differ-

SC

ent temperatures (see also Fig. 2(a)). At -75 °C and below, no measurable foot print of nearcrack plastic deformation in terms of GND densities is found. At ambient temperature, stable

NU

crack growth is noted in the experiments. This microcleavage is accompanied by steady dislocation emission on {110} planes, just as observed in macroscopic W specimens [15,54].

MA

Moreover, ahead of the crack tip significant dislocation activity takes place and the crack tip
is therefore sufficiently shielded by the generation of new and mobile dislocations.
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(a)

(b)

Fig. 6 (a) HR-EBSD measurements showing the total GND density after testing for the same
effective loading rate of 0.2 MPa·m1/2/s with brittle cleavage fracture at low, dislocation16
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controlled microcleavage at intermediate and efficient crack tip shielding and blunting at
elevated temperatures and (b) SE micrographs of respective FIB polished cross-sections with
indication of the propagated crack; some FIB polishing traces appear as artefacts, which do
not influence the measurements.
At sufficiently high temperatures the dislocation generation and mobility is so high that stable crack growth is nearly completely suppressed. At 21 °C and 250 °C, both noncrystallographic slip along planes of maximum resolved shear stress (mainly in the region at

PT

the lower free cantilever surface, where compressive stresses predominate) and crystallographic slip along {110} planes occur (mainly in the region, where tensile stresses predomi-

RI

nate). Similar observations on crystallographic and non-crystallographic slip were reported

behaviour in bcc metals is well known [59].

SC

earlier by Šesták et al. [58] for Fe3Si single crystals. Furthermore, the observed wavy slip

NU

With this background one can have a closer look at the dislocation activity at the BDT. In Fig.
7 crack tip plasticity is shown for the highest applied loading rate of 1.6 MPa·m1/2/s, which

MA

led to a BDT temperature of ca. 75 °C, as seen in Fig. 5(a). In addition to the total GND maps,
edge and screw type dislocation densities are presented in Fig. 7, which together make up
the total GND density. As expected, an increase in GND density is found for both dislocation

D

types with increasing temperature until just above the BDT. Below the BDT cleavage fracture

PT
E

occurs, which is more significant at ambient temperature than at 75 °C. This can be determined from the SEM images and from the GND maps, where the arresting crack creates a
plastically deformed region. Forward and backward dislocation emission from the initial

CE

crack tip on {110} planes is observed in both cases. It is obvious from the GND measurements that the slip traces, which are observable by SEM at the specimen surfaces in Fig. 2(e-

AC

g) are mainly caused by edge dislocations. The corresponding screw dislocation density is
lower than the edge dislocation density below the BDT for both temperatures presented and
is more confined to the crack tip. This is in good agreement with two observations made by
Tarleton et al. [18] in their DDD simulations. Firstly, it is claimed by the authors that dislocation nucleation in the highly stressed region near the crack tip is comparably easy and not
the controlling factor for the BDT. This fact is in line with the GND results in this study, where
high local densities of both edge and screw dislocations are already found below the BDT.
Secondly, only if the dislocations are mobile enough to move away from the source (crack
tip) can new dislocations be generated and the crack tip be efficiently shielded. This second
finding agrees well with the increased screw dislocation mobility and activity (cross-slip)
17
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above the BDT at 100 °C. As a consequence, brittle cleavage fracture is suppressed and microcleavage dominates the fracture behaviour.
With an increase in temperature the dislocation mobility rises, obstacles like dislocation pileups can be overcome more easily and the imposed rotation gradient by bending can finally
be completely compensated by plastic deformation. At this point complete shielding is
achieved and no more microcleavage occurs. This holds true for at least the two lowest load-

PT

ing rates, where a steady increase in fracture initiation toughness with temperature was
found as shown in Fig. 5(b). For high loading rates at elevated temperatures above 75 °C, a

RI

continuous decrease in the fracture initiation toughness was observed in the mechanical
data as well as in the recorded in-situ images. Corresponding GND maps at 500 °C, as also

SC

presented in Fig. 7, demonstrate a significant reduction of the remaining dislocation density
in the original crack tip vicinity. Neither pronounced {110} edge dislocation emission nor a

NU

significant plastic wake at the flanks of the stably propagated crack can be seen. Crack tip
shielding is more efficient at intermediate temperatures than at high temperatures when

MA

testing at high loading rates. A possible explanation for this behaviour may be the significant
increase in strain rate sensitivity (SRS) as found for single-crystal W by crystal plasticity simu-

D

lations [60]. For tensile loading along a [101] direction, an exponential increase in SRS was
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found, which becomes important at temperatures above room temperature. This observation explains the fact that the fracture toughness is nearly independent of the applied loading rate below room temperature and becomes increasingly loading rate dependent at high-

CE

er temperatures. The change in SRS may also be linked with the screw dislocation core. The
screw dislocation mobility, which depends on the dislocation core structure, can conse-

AC

quently be influenced by temperature and loading rate. However, this kind of “embrittlement”-effect at elevated temperatures for the investigated crack system and for high loading rates is still under investigation.
The trend towards an embrittlement is nevertheless quite clear from Fig. 5(b). The series of
tests at elevated temperatures was performed beginning with the highest temperature and
finishing with the lowest one (room temperature). In this way an “annealed” specimen was
investigated at room temperature. As a second specimen was used for the low temperature
measurements, such an annealing was not performed for the series at low temperatures.
The same room temperature fracture toughness was determined for both samples. Temperature influences on the notch tip can therefore be excluded. During FIB preparation a high
18
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density of defects like dislocation loops are generated in a region ahead of the notch root of
up to 250 nm [39]. The observed embrittlement for high loading rates at elevated tempera-
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tures is consequently not due to a lower defect density.

4.2

AC

Fig. 7: SE-micrographs of FIB polished cross-sections with indication of the propagated crack
(some FIB polishing traces appear as artefacts) and HR-EBSD measurements after testing for
the same effective loading rate of 1.6 MPa·m1/2/s.

Activation energy of the BDT

A comparison of the data shown in Fig. 5(a) to literature data is presented in Fig. 8(a). Data
from three-point and four-point bending tests from Riedle et al. [13] and Giannattasio and
Roberts [15], respectively, on macroscopic W single crystals having the same crack system as
the one investigated in this study are plotted. At low temperatures the fracture toughness
measurements match quite well. The lowest fracture toughness of 3.2 MPa·m1/2 was measured at -90 °C, which is still somewhat higher than the theoretical value of 2.0 MPa·m1/2 at
19
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0 K determined by Kohlhoff et al. [61] for the investigated crack system by atomistic simulations, which also took lattice trapping into account. In-situ high-resolution electron backscatter diffraction (HR-EBSD) measurements showed that even in the initial loading section,
which appears to be linear-elastic, slip systems are already activated at the highly stressed
crack tip [62]. Therefore it is possible that even at -90 °C very finite crack tip plasticity takes
place. Furthermore, the FIB-machined notches are not atomically sharp and it is known that

PT

blunt notches lead to an increase in fracture toughness [63,64]. Finally, due to sample preparation the crack plane may be misaligned by up to 2°, which also raises the fracture tough-

RI

ness [34].

For a comparable loading rate, the BDT for the macroscopic samples is found in the range

SC

150-200 °C. This is a shift by approximately 150 °C with respect to the microscopic tests in
this study. Qualitatively, the BDT behaviour is more comparable to the Giannattasio study, in

NU

which a strong increase in fracture toughness within a range of ca. 100 K and a maximum

MA

fracture toughness at the BDT of approximately 15 MPa·m1/2 were also found.
(a)
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Fig. 8: (a) Fracture toughness data from Fig. 5(a) plotted together with literature data from
Giannattasio and Roberts [15] and Gumbsch et al. [14] of macroscopic fracture experiments
on W single crystals having the same (100)[001] crack system. (b) Arrhenius-type plot for the
determination of the activation energy of the BDT at the micro-scale in comparison to data
from the macro-scale.
To determine an activation energy UBDT the loading rate dependent BDT temperatures TBDT
are plotted in an Arrhenius graph, which is shown in Fig. 8(b). As shown already in many
studies ([1,17,18,67], e.g.) reasonable activation energies were measured following this empirical relation:
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𝐾̇ = 𝐾0 ∙ exp(−𝑈𝐵𝐷𝑇 /(𝑘𝐵 𝑇𝐵𝐷𝑇 )),

(7)

where kB is the Boltzmann constant and K0 a pre-factor, which is nearly independent of temperature. The data is better comparable to the Giannattasio study [15] because Riedle et al.
[13] only reported an activation energy for the (110)[11̅0] crack system. There is a big difference in activation energy for the two macroscopic studies. In the tests performed by Riedle

PT

et al. [13] the mobility of edge dislocations is supposed to be the origin of the BDT behav-

RI

iour. However, the controlling mechanism yielding an activation energy of 1.00 eV for the
(100)[001] crack system is the mobility of screw dislocations. The micro-scale BDT behaviour

SC

yields an activation energy of 0.36 eV, which is lower by a factor of three than for to the
macro-scale tests of Giannattasio et al. [15]. According to the BDT shift to lower tempera-

NU

tures a size-dependent drop in activation energy is reasonable because many materials
(metals, semiconductors and ceramics) seem to roughly follow an empirical law:

MA

UBDT/(kB·TBDT) ≈ 25 [15,67]. Even though this ratio yields only a value of ca. 15 for the specimens in this study, the result qualitatively matches the general fracture mechanical behaviour focussing on dislocation mobility as the driving force behind the BDT.

D

To understand why plasticity is initiated at lower temperatures causing the BDT to shift to

PT
E

lower temperatures accordingly, one has to look into dislocation mechanisms. In the Seeger
theory the Peierls barriers against dislocation glide along low-index crystallographic directions are overcome by thermally activated and stress-assisted kink pair formation in the dis-

CE

locations [68]. Brunner [69] applied the kink pair theory to W single crystals and found three
flow stress regimes, for which different activation energies for kink pair formation were cal-

AC

culated. In regime three (highest shear stresses τ, with τ ≥ 450 MPa) shear stresses in the
order of ca. 550 MPa were correlated with an activation energy of 0.36 eV as measured in
this study. This shear stress is in good agreement with measured tensile stresses at the crack
tip from in-situ HR-EBSD measurements from an earlier study with the same nominal crack
system [62] and specimen size. There, tensile stresses on the order of 1.0 to 1.5 GPa were
determined. Applying Schmid factors of 0.48 and 0.42 for the (110) and (112) planes, respectively, yields critical shear stresses in the range of 420 to 720 MPa.
As known from microbending experiments on copper performed by Motz et al. [65] and DDD
simulations by Tarleton et al. [66] size effects on the yield and flow stress are expected in
microcantilever tests. The reduction of the BDT temperature regime found in this study is
21
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therefore linked to size effects on the yield and flow stresses. They lead to a decrease in the
activation energy and consequently to an initiation of plasticity at lower temperatures.

4.3

Controlling mechanism of the BDT

Along with scanning transmission electron microscope (STEM) images, which were taken
with a JEOL JEM-2200FS TEM, the temperature dependent fracture behaviour is summarized

PT

in Fig. 9. At low temperatures purely brittle cleavage failure occurs, which can be evaluated
by LEFM. With increasing temperature, the fracture toughness rises due to crack tip blunting

RI

by {110} edge dislocation emission. EPFM need to be applied as plastic yielding becomes

SC

more and more significant. However, final cleavage still occurs in the microcantilevers up to
the characteristic BDT for the respective loading rate. At this point, not only edge disloca-
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MA

tip vicinity by the EBSD measurements.

NU

tions but also screw dislocations (as depicted by the “s” symbols) are detected in the crack

Fig. 9: Schematic of the temperature dependent fracture behaviour of the investigated
(100)[001] crack system in a W single crystal for a constant loading rate (low or moderate)
and respective bright-field STEM images showing cleavage failure (case A), edge dislocation
emission followed by cleavage (case B) and the high amount of screw dislocations, which
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appear in two sets (case C); the bowing out of pinned screw segments is shown in the magnified view and dislocation loops are encircled.
Dislocation-controlled microcleavage already occurs in the temperature range below the
BDT. Above the BDT, cleavage fracture no longer occurs and pronounced dislocation activity
and microcleavage take place instead. At even higher temperatures, microcleavage is suppressed and plastic yielding predominates, which makes the fracture toughness determina-

PT

tion impossible.
In a TEM study by Kaufmann et al. [70] the deformation mechanism and dislocation struc-

RI

ture of high-purity molybdenum single crystals at low temperatures was investigated. Dense

SC

arrays of screw dislocations were found and the dislocation structure corresponds to the
deformation patterns shown in case C. It is therefore supposed that it is mainly by the crossslipping of screw dislocations that these patterns form. For similar dislocation distances,

NU

which were only obtained at very low temperatures in the macroscopic tests, significantly
increased shear and flow stresses were measured. This again is an indication supporting the

MA

theory of a stress-dependent reduction of the activation energy, as found here.
Immobile jogs, which are generated by the intersection of dislocations during cross-slipping

D

events, cause screw dislocations to bow out. The two sets of tangled screw dislocations on
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{110} planes with low mean distance on the order of 100 to 200 nm show a high degree of
alignment and uniformity. Macroscopically observed prismatic dislocation loops [70], which
can hardly be resolved here, are imaged as thick dark spots. The overall plastic deformation

CE

caused by the screw dislocations is homogeneous. As a consequence, no distinct slip bands
are formed on the specimen surface. This is contrary to the slip of edge dislocations, which

AC

are generated at the crack tip and glide in a planar fashion towards the free surfaces, where
they form continuously growing slip steps as shown in Fig. 2(e)-(g).
Our proposed theory based on observations of the BDT of micron-sized specimens made
from W single crystals is therefore the following. Below the BDT edge dislocations, which
blunt the crack tip, are mainly responsible for the continuous increase in fracture toughness
with temperature. The Peierls stress acting on edge dislocations gliding on {110} planes is
low compared to screw dislocations in bcc metals [71]. Therefore their mobility is much
higher than that of screw dislocations, which are anchored in the crystal lattice because of
their non-planar core structure [72]. When passing the characteristic BDT temperature,
enough thermal activation is provided to mobilize screw dislocations. This is confirmed by
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the presented EBSD and TEM analyses. It is the screws with their ability to cross slip that can
account for the imposed rotational gradients through bending, shield the crack tip and prevent cleavage failure.

5

Conclusions

PT

The loading rate dependency of BDT temperatures in single crystal tungsten was investigated in detail by microcantilever experiments to understand the interplay of crack tip plasticity

RI

and fracture in the size-dependent regime. LEFM in the case of small-scale yielding and two
J-Integral approaches from EPFM were applied to analyse the fracture behaviour and tough-

SC

ness. At the lowest investigated temperature of -90 °C, entirely brittle cleavage fracture was
observed and the fracture toughness of 3.2 MPa·m1/2 was found to be close to the theoreti-

NU

cal value of the (100)[001] crack system in the absence of plasticity. With increasing temperature, and depending on the loading rate the fracture toughness steadily increases, which is

MA

attributed to an increased edge dislocation emission from the crack tip. Even below the BDT,
dislocation-controlled microcleavage sets in, during which the crack grows stably. The BDT
occurred in the temperature range of 0 °C to 75 °C for the applied loading rates. This is sig-

D

nificantly lower than the observed BDT temperatures in macro-scale testing, which shows

PT
E

that size effects are predominant. This result is supported by the low activation energy of
0.36 eV, which is roughly one third of the macroscopic value for the corresponding crack
system. The combination of BDT temperature range and activation energy is in good agree-

CE

ment with the general empirical trend of materials, for which the controlling mechanism of
the BDT behaviour is based on dislocation mobility.

AC

As analysed in more detail by HR-EBSD measurements and TEM, an increase of both edge
and, more importantly, screw dislocations was found in specimens tested just above the
BDT. This leads to the conclusion that once screw dislocations are thermally activated and
are able to cross-slip, cleavage does not occur any longer. At temperatures above 250 °C and
low or moderate loading rates, a steady transition from the microcleavage regime to complete crack tip shielding is established, because dislocation arrangements in the crack tip
vicinity account for rotational gradients imposed by bending.
Results from this study provide details on some of the fundamental aspects of fracture of
bcc metals. Temperature-, loading rate- and crack system-dependent fracture toughness and
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fracture resistance behaviour must be determined experimentally, as done here. These values can then be used as input parameters for microstructurally-informed simulations on the
meso- and macroscopic levels, thus aiding future material design. Based on the many investigated specimens and test parameters, the clarity of the fracture toughness data as produced by the microcantilever testing technique shows that elastic-plastic fracture mechanics
can be well described in the micron regime. This demonstrated controllability in micro-scale

PT

toughness measurements signifies a major advance in mechanical testing of materials.
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Appendix:
1) FE-model and geometry factors
In the following the applied cantilever geometry is examined in more detail. A 3D model following the geometrical dimensions of the microcantilevers used for the in-situ experiments
was built using the commercial software Abaqus/Standard (Dassault Systems, USA) as shown
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in Fig. A1(a).

(c)
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Fig. A1: (a) FE-model for a notch length to height ratio a/W of 1/3 at a bending displacement
of 0.1 µm, (b) stress intensity factors for the a/W ratio shown in (a) at bending displacements
of 0.1 µm (filled symbols) and 1 µm (open symbols), (c) normalized geometry factor across
the specimen width as a function of the initial crack length and (d) geometry factors as functions of a/W to determine the geometry function by fitting; additional data is shown from
Iqbal et al. [35].
Kinematic coupling of a circular region of the top surface to a reference point was used to
model the cono-spherical indenter tip and to apply a bending displacement. Linear-elastic
material behaviour with a Young’s modulus of 411 GPa and a Poisson ratio of 0.3 was used
for W. Quadratic hexahedral elements (C3D20) were used to mesh the cantilever and mesh
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convergence was checked by examination of sample compliance as a function of the element size.
Stress intensity factors for all three fracture modes were evaluated by introducing a seam
into the model at a distance of 3.5 µm from the support and by analysing contour integrals
around the crack tip. Three important results were obtained, which can be seen in Fig. A1(b).
Firstly, KI is even at a bending displacement of up to 1 µm more than one order of magnitude

PT

larger than KII and KIII. A similar relation was found for a recently presented geometry for
fracture toughness measurements under uniaxial tension [73]. Secondly, the off-plane shear-

RI

ing (mode III) is in the first approximation zero, because of the symmetric loading condition.
Third, the in-plane shearing (mode II), which is also constant along the crack front, is less

SC

than 8% and 12% of the predominating KI at bending displacements of 0.1 µm and 1 µm,
respectively. The in-plane shearing behaviour and in this way KII, which depends on the load-

NU

ing span, is therefore negligible for the loading spans applied in the experiments.
Fig. A1(c) shows geometry factors, which were derived from KI for different notch lengths.

MA

The geometry factors for each crack length were normalized with respect to the maximum
value at the crack front for the corresponding crack length. The values are relatively constant

D

along the crack front, which means that their value does not differ by more than 5% from

PT
E

the maximum value within the inner section (ca. 75%; for 0.5 µm ≤ B ≤ 3.5 µm). Only at the
free surfaces do the values drop significantly. The larger the crack length (or a/W ratio), the
more pronounced is the drop. Another important result is that short crack lengths (≤ 0.5 µm)

CE

are influenced by the asymmetric support, as can be seen by the asymmetric trend. Furthermore, the stress intensity, and therefore the geometry factor, does not follow the same

AC

trend as determined for the larger crack lengths. This shows that short crack lengths are inappropriate for the applied geometry.
To determine the geometry function shown in Eq. 2, the geometry factors taken from the
inner 75% of the crack front for each crack length were averaged. They are plotted in Fig.
A1(d) as a function of a/W. Even though the cantilever geometry is similar but not identical
with the one used by Iqbal et al. [35], the geometry function is very similar. Only for large
aspect ratios a/W ≥ 0.6 is the difference between the two functions bigger than 5%.
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2) Effective loading rate during the experiment
By normalizing the force measured from the experiments with respect to the specimen dimensions as explained in Eq. (1), a stress intensity factor KI can be calculated as a function of
time. Effective stress intensity factor rates of approximately 0.05 to 1.6 MPa·m1/2/s are determined for the applied displacement rates, which are in the range of 5 to 150 nm/s. For

PT

this, the respective KI(t) data is analysed by a first order derivate, which yields the effective
loading rate. The procedure is shown exemplarily in Fig. A2 for a specimen tested close to

RI

the BDT temperature. Initially, the loading rate is constant until crack tip plasticity sets in,
which happens after approximately 2 s in the experiment. The loading rate then drops signif-

SC

icantly because of crack tip shielding by dislocations emitted from the crack tip until an effective loading rate of 0 MPa·m1/2/s is obtained and the specimen fails by cleavage. It should

NU

be noted that once plasticity sets in, LEFM cannot be applied any more and Eq. (1) loses its
validity. Therefore, we only use the initial loading rate in the elastic regime to characterize
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our specimens.

Fig. A2: Stress intensity factor and loading rate as a function of time for a microcantilever
tested at room temperature and a displacement rate of 150 nm/s, which yields an initial
loading rate of 1.6 MPa·m1/2/s. The specimen fails by brittle cleavage.
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Determination of fracture toughness of tungsten single crystals at the micro-scale as
a function of loading rate, temperature and specimen size
Measurement of continuous J-a curves from in-situ micro-cantilever tests performed in the temperature range between -90 °C and 500 °C
Discussion of activation energy for the brittle-ductile transition and of brittle-ductile
transition temperatures with respect to specimen size effects
Analysis of crack tip plasticity and fracture behaviour by high-resolution electron
backscatter diffraction and transmission electron microscopy
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