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Kurzfassung

Das umfangreiche Verstandnis von Grolieneffekten in der Kristallplastizitat ist
heutzutage noch immer eine Herausforderung, obwohl man sich in der Literatur
zumindest Uber Grolieneffekte in dem relativ einfachen, kubisch-flachenzentrierten
Kristallsystem einig ist. Fur Metalle mit kubisch-raumzentrierter Gitterstruktur hingegen
werden immer wieder kontroverse Daten publiziert. Diese stammen meist von dem
temperaturabhangigen, thermischen Spannungsanteil, der das Skalierungsverhalten
der Festigkeit wesentlich beeinflusst. Eine noch viel komplexere Situation ergibt sich,
wenn zusatzliche Grenzflachen in das Material eingebracht werden und die Plastizitat
eines Kristalls beeinflussen. Fir technische Anwendungen auf Mikrometerebene ist
die Plastizitat von Strukturen mit Grenzflachen von enormer Bedeutung. Durch
Designoptimierungen erfolgt ein weiterer Schritt Richtung Bauteilminiaturisierung
welche zur Verlangerung der Zuverlassigkeit und der Lebensdauer beitragen kann.

In der vorliegenden Dissertation wird der mogliche Einfluss von internen
Grenzflachen auf Groleneffekte in zwei kubisch-raumzentrierten Metallen (Chrom und
Wolfram) untersucht. Durch makroskopische Druckversuche, Nanoindentierung und
mikroskopische in-situ Druckversuche werden Experimente Uber mehrere
Langenskalen  abgedeckt.  Weiters  wurden  Versuchstemperaturen  von
Raumtemperatur bis ~600°C realisiert.

Um Versuche bei erhohter Temperatur im Rasterelektronenmikroskop an
mikroskopisch kleinen Proben durchzufiuhren, wurde ein bereits existierender
Mikroindenter mit einer selbstentwickelten Heizung ausgestattet. Zum ersten Mal
konnte gezeigt werden, dass eine Kalibrierung der Kontakttemperatur durch eine Finite
Elemente Simulation mdglich ist. Des Weiteren konnten in-situ Versuche bis 300°C
durchgefuhrt werden. Vorherrschende thermisch aktivierte Verformungsmechanismen
wurden in den Modellmaterialien durch Bestimmung der Dehnratenabhangigkeit und
der dazugehorigen Aktivierungsvolumina bestimmt. Weiters wurde das plastisch
verformte Probenvolumen sorgfaltig reduziert, um den Einfluss freier Oberflachen zu
prifen, bis ein Ubergang von makroskopischem zu einkristallinem Verformungs-
verhalten beobachtet wurde.

Die vorliegende Arbeit identifiziert mikrostrukturelle Mechanismen, die zu
GroReneffekten in kubisch-raumzentrierten Metallen beitragen sowie Anteile, welche

durch freie Oberflachen entstehen. Vorherrschende Verformungsmechanismen in



ultrafeinkdrnigem Chrom und Wolfram werden untersucht und mit dem
Verformungsverhalten von Einkristallen verglichen. Bei niedrigen Temperaturen
verformen einkristalline sowie ultrafeinkdrnige Proben durch thermisch aktivierte
Bewegung von Schraubenversetzungen, wohingegen bei erhéhten Temperaturen ein
konstantes Aktivierungsvolumen auf Interaktionen von Versetzungen mit Korngrenzen

schlieRen lasst.
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Abstract

The thorough understanding of size effects in crystal plasticity is still a challenging
task even though consent is reached in literature on the strength scaling behaviour in
single crystalline face-centred cubic structures. However, for body-centred cubic
metals, controversial results have been reported, which is mainly attributed to a
temperature-dependent thermal stress component that significantly alters the strength
scaling behaviour. An even more complicated situation is expected if additional
interfaces, such as grain boundaries, affect the crystal plasticity at small scales. For
technical applications, the understanding of small-scale plasticity of structures
containing interfaces is crucial, as design optimizations may lead to further
miniaturization of devices and lifetime and reliability issues might be enhanced.

In this PhD thesis a possible influence of interfaces on the strength scaling
behaviour of two body-centred cubic model metals, namely chromium and tungsten, is
investigated. Macroscopic compression, nanoindentation and in-situ scanning electron
microscope micro-compression experiments, spanning several length-scales and
ranging from the (sub-)micron to the macroscopic regime, were performed.
Furthermore, temperatures ranging from room temperature up to ~600°C were applied.
To conduct experiments at small scale and elevated temperature, an existing micro-
indenter was equipped with a custom-built heating device. For the first time,
temperature calibration was performed by conducting a simulation approach to perform
micromechanical tests up to 300°C. The apparent thermally activated deformation
behaviour was addressed in terms of strain-rate sensitivity and activation volume. The
influence of free surfaces was examined by thoroughly reducing the plastically
deformed volume until a transition from bulk-like to single crystalline deformation
behaviour was observed.

The present work identifies contributions of microstructure and free surfaces to
the strength scaling behaviour in body-centred cubic structures. Underlying
deformation mechanisms in ultrafine-grained chromium and tungsten are examined
and related to the single crystal situation. At low temperatures single crystalline and
ultrafine-grained samples deform by the thermally activated motion of screw
dislocations. At elevated temperature, the constant activation volume indicates
dislocation-grain boundary interactions.
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Abbreviations

a lattice constant

b Burgers vector

bcc body-centered cubic

BSE backscattered electrons

cg coarse grained

Cr chromium

D sample diameter

d grain size

DBTT ductile-to-brittle transition temperature
E Young’s modulus

EBSD electron backscattered diffraction
EDM electron discharge machining

fcc face-centered cubic

FIB focused ion beam

G shear modulus

GB grain boundary

HPT high pressure torsion

m strain-rate sensitivity

nc nanocrystalline

v activation volume

RT room temperature

SEM scanning electron microscope
SPD severe plastic deformation

SXX single crystalline

TEM transmission electron microscope
ufg ultrafine-grained

W tungsten






Chapter 1






Motivation

1. Motivation

Since technical devices are getting ever smaller, the material requirements,
especially regarding the mechanical response at small-scale and non-ambient
conditions, are generally increasing. Therefore, it is of key importance to further
improve and tailor mechanical properties, for example, in thin film technology,
microelectronics, or structural applications. In recent years, effort was made to
establish small-scale testing techniques such as nanoindentation [1] and micropillar
compression [2] to understand the deformation behaviour from macroscopic scale
down to small volumes. Those techniques are beneficial, as they offer the premise to
assess specific intrinsic material behaviour such as plasticity mechanisms in single
crystals or the interaction of dislocations in samples containing interfaces [3—6].

Small-scale testing techniques were recently applied to several metals and a
general trend of increasing strength with reduced sample size was reported [7-12].
Nowadays, it is established that the strength in such confined volumes scales
according to a power-law with the sample dimension d as the base and n as the
strength scaling exponent (~d™") [7-12]. A lot of extrinsic and intrinsic sample
parameters might alter this strengthening behaviour individually. Consequently, there
is still an ongoing debate on the governing deformation mechanisms, especially for the
less understood body-centred cubic (bcc) structures [13-20].

Bcc metals are of particular interest to be integrated in small-scale devices and
structural applications which operate at elevated temperatures, as they offer high
strength and thermal stability due to their high melting temperatures. Thus, to make
high strength bcc metals suitable for technical applications it is important to derive a
thorough mechanism-based understanding of:

o size-dependent plastic deformation,

o the influence of microstructure on strength scaling mechanisms, and

o microstructure-related effects on the thermally activated deformation

behaviour of bcc metals.
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Aim of the work

2. Aim of the work

This thesis should help to extend the knowledge about mechanical properties of
single- and polycrystalline bcc metals across several length-scales and stress-states
at RT as well as non-ambient conditions. Especially surface contributions, enhanced
at small-scales by an increase in surface-to-volume fraction [21-24], are of vital interest
as they might cause differences in apparent deformation behaviour. Therefore, an
existing in-situ micro-testing device operating inside a scanning electron microscope
(SEM), was equipped with a custom-built heating device to perform in-situ experiments
and to investigate specific deformation mechanisms of bcc metals. In particular, the
role of the microstructure and the temperature-dependent friction stress in bcc metals
are related to the size-affected strength scaling behaviour in two bcc model materials,

namely Cr and W, and apparent deformation mechanisms will be examined.

3. State of the art

Bcc metals such as the investigated model materials in this thesis are widely used
for applications in the electronics-, coating-, lighting- and high temperature industry.
Especially Crand W are established for coatings to shield load-bearing structures from
acids or heat. In thin film technology, they are often used as thermal barrier coatings
as they offer low coefficients of thermal expansion paired with pronounced electrical
conductivity and low diffusivity coefficients. However, coatings and thin films are
dimensionally constrained, which leads to a pronounced strength scaling behaviour

and size effects due to the constraint sample dimension [12,25].

3.1 Plasticity in miniaturized metallic structures

Among the large variety of measurement techniques to obtain mechanical
properties of thin films, pillar compression and nanoindentation methods are the most
prominent ones capable of probing the mechanical response of small volumes.
Especially pillar compression is a prominent, straight forward testing technique which
offers the advantage of a nominally uniaxial stress state [2].

Pillar compression experiments to study the strength scaling behaviour of fcc and
bcc metals have been performed widely by several groups in the past years.
Greer et al. [10], for example, investigated the stress-strain behaviour of Au and Mo

pillars, where differences in the strength scaling behaviour were attributed to varying
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dislocation mechanisms. Typical n-values for fcc metals are in the order of 0.6 [2]. The
mechanisms responsible for such a scaling behaviour are interpreted based on a
single-armed source model by Parthasarathy et al. [26]. Detailed mechanisms are
discussed by El-Awady [27]. Notably, the crystal orientation, or more precisely the
number of active slip systems [14,28,29], as well as dislocation density [27,30-32]
affect the scaling exponent n.

Several attempts have been made to analyse pillars containing different defect
densities. Bei et al. [30] compared dislocation free to pre-strained Mo whiskers. While
it is well-known that defect-free whiskers reveal theoretical strength values, testing
pillars which contain defects leads to the afore mentioned size effects [30]. Their
findings reveal no size effect for pillars with more than 11% pre-strain. Schneider et al.
[31] and El-Awady et al. [32] pre-strained Ni pillars and found a decreasing strength
scaling exponent with increasing pre-strain. This was related to cell structures that
formed during straining and an increase in dislocation density in the cell walls with
increasing pre-strain. For the sake of completeness, the influence of dislocation density
on the strength scaling behaviour was additionally estimated by simulation
approaches, for example by El-Awady [27]. Results are presented in Figure 1a,
demonstrating that an increase in dislocation density goes along with a reduction of
the strength scaling exponent n, in good agreement with experimental results [30,31].

While fcc metals can be regarded as athermal [33], in bcc structures the strength
scaling exponent is additionally dependent on a thermal stress component (¢*). o*
limits the movement of elongated screw dislocations via the kink-pair mechanism
[13,34,35]. Here, the thermal stress component is related to an absence of closest
packed planes and complicated dislocation core spreading in the bcc structure [36,37].

Schneider et al. [13] tested various bcc metals with different critical temperatures
(Te) via pillar compression experiments. Hereby, the Tiest/ T¢ ratio refers to the individual
thermal contributions to the Peierls stress of the various metals. As illustrated in
Figure 1b, metals such as W exhibit a high thermal stress component at RT, evidenced
by n-values of ~0.2 - 0.4 [13,15,20,28,38,39]. Contrarily, bcc metals with rather low
melting points (Tm) such as Nb or Fe show reduced thermal stress components
resulting in strength scaling exponents of 0.48 [13] and 0.59 [29,40], respectively. If
thermal activation reaches ~0.2 - Tr, [35] (equals Trest = T¢), screw dislocations are not

hindered by the Peierls potential anymore and propagate with the same velocity as
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edge dislocations. At this critical temperature, the strength scaling behaviour in bcc

metals approaches towards the fcc value, as demonstrated in Figure 1b.
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Figure 1: The strength scaling behaviour of fcc and bcc metals is shown to scale with an increasing
number of intrinsic obstacles such as (a) dislocation density [27] and (b) a thermal stress component
[13]. (a) An increase in dislocation density leads to a distinct decrease of the power-law exponent (n).
(b) A comparison of individual bcc metals with varying thermal stress contribution tested at Tist = RT

leads to distinct strength scaling behaviour.

Those findings were confirmed by Maier et al. [41] using advanced
nanoindentation techniques. Also more recently, compression tests on sxx W and Ta
were carried out at elevated temperatures by Torrents Abad et al. [15]. They observed
increasing strength scaling exponents with increasing test temperature, which confirms

the results presented in Figure 1b.

3.2 Interface dominated plasticity

To attribute variations in the strength scaling behaviour, especially when
interfaces are present which modify apparent deformation mechanisms, rate-
dependent experiments offer valuable information. A common approach to gain insight
into the thermally activated deformation behaviour of fcc and bcc metals is to determine

their strain-rate sensitivity [42]:

m_alna (1)

" 9lné
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where o is the flow stress at a certain strain value and ¢ is the corresponding strain-
rate. To relate a certain m-value to a corresponding deformation mechanism, an

apparent activation volume (v) [43] is calculated

_ C'kpTeest
V= mo > (2)

with C as a constant related to the microstructure and ks the Boltzmann constant. To
perform such experiments, multiple constant strain-rate tests [42] and/or strain-rate
jump (SRJ) tests [44] are conducted. The rate-dependent stress response is used to
determine m.

As illustrated in Figure 2, conventional coarse grained (cg) or sxx fcc metals
exhibit m-values in the order of 102 [45—49]. If internal length-scales for dislocation
interaction become smaller, for example by decreasing the grain size (d), m increases
by about one order of magnitude [46,50]. The corresponding activation volume v
(indicated in multiples of the cubed Burger’'s vector b®) decreases from values well
above 100 b® (cg microstructure) to a couple of 10 b* in ultrafine-grained (ufg) fcc
metals [47,50-54]. This indicates a transition from forest dislocation interactions to
dislocation-grain boundary (GB) interactions. A further decrease of the grain size to
the nanocrystalline (nc) regime leads to low v of ~1 b® and m-values of ~0.1 [47,55—
57]. These values are classically attributed to diffusion-driven processes, such as GB-
sliding [50,58].

To further investigate the GB contribution in confined sample volumes,
Zhang et al. [48,49] performed micro-compression tests on sxx and ufg Cu pillars and
reported that m is strongly dependent on the sample diameter to grain diameter (D/d)
ratio. While sxx and macroscopic polycrystalline Cu samples show low m-values of
~0.002, they reported ~0.10 - 0.15 for D/d ranging between 3 and 10. Thus, the high
number of interfaces in the deformed volume strongly alters the deformation behaviour
[45,50,59] and the yield stress [21-24] of pillars in the fcc case.
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Figure 2: Rate dependence of various fcc and bcc metals. Increasing strain-rate sensitivity with
decreasing grain size is observed for fcc metals (red). In bcc metals (black) m-values decrease with
grain size until a minimum is reached. By overcoming this minimum, an increase in strain-rate sensitivity

is observed.

While the situation in fcc metals is well understood, the situation is more difficult
in bcc structures [17,18], as shown in Figure 2. In literature, rate-dependent
investigations on bcc metals were conducted by Wei et al. [51,60-63], May et al. [59]
and Jia et al. [64] performing macroscopic compression tests, as well as by Zhou et al.
[65], Wu et al. [66], Jang et al. [67], Malow et al. [68] and Yoder et al. [69] performing
nanoindentation tests. They addressed the rate-dependent deformation behaviour of
V, W, Mo, Ta, Cr and Fe. Decreasing m with decreasing grain size was reported (see
Figure 2), in contrast to reports on fcc metals [45,50,59]. Reducing the grain size to
below ~100 nm, m-values were reported to increase again (Figure 2). One might
conclude that those differences result from the application of different testing
techniques over several length-scales. However, recent work on nc Ni, ufg Al and ufg
Nb [44,70,71] revealed direct comparability of constant strain-rate tests and SRJ tests
performed by nanoindentation, small-scale tension and compression experiments with

macroscopic data.
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3.3 Thermally activated deformation behaviour

More recently, Maier et al. [41,72] investigated deformation mechanisms in sxx
and ufg bcc metals by means of advanced nanoindentation techniques at RT for Cr
and W [41], and at elevated temperatures for Cr [72]. For Cr, m-values of ~0.07 at RT
in sxx samples was attributed to a strong contribution of the Peierls potential (see
Figure 3) and a low mobility of screw dislocations [35] which govern the deformation
process at low homologous temperatures underneath T. via the kink pair mechanism
[35,73,74]. Increasing thermal activation leads to a decrease of the Peierls potential
(0%, thermal stress contribution) until at ~0.2 - T, the critical temperature is reached.
Beyond this temperature which depends on strain-rate, impurity content and
microstructure [72], screw- and edge dislocations propagate with equal speed. From
this point on, typical fcc deformation mechanisms as indicated by the black horizontal
line in Figure 3 have been observed.

Comparably lower m-values at RT of ~0.02 in ufg samples were referred to a
prevailing contribution of the Peierls potential in combination with an increased
athermal contribution 0; due to athermal GB strengthening according to Hall and Petch
[75,76], see Figure 3. Overcoming T in the ufg state, a further increase of m was
related to a diminishing contribution of o* accompanied by an emerging dominant
thermally activated dislocation-GB interaction (blue dotted line). Moreover, 0,
remained mostly constant with increasing temperature due to a thermally stable
microstructure [72].

To make the apparent deformation behaviour visible, micro-mechanical
experiments are conducted in-situ in an SEM. Thus it appears that site specific sample

preparation is required.
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Figure 3: The thermally activated deformation behaviour of sxx (red) and polycrystalline bcc metals
(blue). o* and o, indicate the thermal and the athermal stress contribution, respectively. Dashed lines

refer to a stress response at higher strain-rates The image was modified and reprinted from [72].

3.4 Miniaturized sample fabrication using FIB

In order to obtain a free perpendicular view of the electron beam on the
compression samples, pillars are placed on a thinned lamella [77]. The individual steps
of the FIB fabrication of rectangular, taper-free pillars are illustrated in Figure 4. A
rotation angle of 45° of the pillar with respect to the parallel lamella side offers the
possibility to monitor the deformation simultaneously on two side faces of the sample
(Figure 4). As a first step, coarse cuts are milled into the lamella to obtain rough
compression samples, as shown in Figure 4b and c. Remnant tips are subsequently
removed by a top down milling step, as demonstrated in Figure 4d and e. Finally, the
lamella is put back in its original position and the two perpendicular sample sides and
the final height of the pillars are obtained by applying finer polishing steps.

Beside the advantage of site specific sample preparation using FIB techniques
as shown in Figure 4, FIB damage caused by the implantation of ions is intensively
discussed in literature [78—80]. Preparation induced effects might alter the mechanical
properties of millimetre-sized and even micron-sized samples [81]. In contrast to that,
Jennings et al. [82] reported that size effects are independent of FIB damage. Samples
tested within this thesis are large compared to a potentially affected surface depth

(typically ~50 nm, [78]) and therefore only a minor influence of a processing induced

21



Methodology

size effect is expected. Detailed information about the micromachining process utilizing
a FIB is further discussed by Phaneuf [83] and Volkert and Minor [84].

Figure 4: Individual steps necessary to prepare pillar compression samples on a lamella using FIB. The

image was reprinted from [77].

3.5 Mechanical testing techniques at non-ambient conditions
3.5.1 Macroscopic compression testing

Macroscopic compression tests were performed ex-situ in air using a universal
tensile testing unit (Zwick GmbH & Co. KG, Ulm, Germany) modified with a load
reverse tool to a compression device to perform experiments at nominal uniaxial stress
states. The samples were held between two WC-Co plates and sample-plate interface
friction during deformation was neglected. In order to measure thermally activated
processes, tests were conducted at constant strain-rates between 102 and 10+ s™' for
temperatures ranging between RT and 610°C. Loads were measured utilizing
calibrated 10 kN and 20 kN load cells (resolution limit < £ 0.5%) for ufg Cr and ufg W
samples, respectively, and strains were calculated from recorded time and

corresponding crosshead velocity data.
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3.5.1 In-situ SEM pillar compression

Temperature dependent quantitative miniaturized in-situ micro-compression tests
were carried out inside an SEM (Zeiss LEO 982, Oberkochen, Germany). Pillars
smaller than 1 um were tested with a Hysitron PI85 Picoindenter® using a feedback
loop of 200 Hz, while for pillars larger than 1 um, an UNAT-SEM indenter (Zwick GmbH
& Co. KG, Ulm, Germany) with a feedback loop of 64 Hz was utilized, as this device
offers the required higher loads. For RT, the indenters were equipped with conductive
diamond flat punches (Synton-MDP AG, Nidau, Switzerland) with diameters of ~6 ym
and ~8 ym, respectively.

To perform experiments at elevated temperature, a custom-built heating
equipment was installed on the existing UNAT-SEM indenter (see Publication C).
Indenter tips suitable for the heating device were equipped with thermocouples and a
rectangular-shaped ~10 - 6 ym?flat punch, as well as a wedge with a length of 120 ym,
were subsequently FIB milled.

Stress-strain curves were recorded at strain-rates ranging from 102 s*! - 104 s
and further calculated from the recorded force-displacement data after taking into
account corrections for the sample sink-in [85] and the machine stiffness [86]. The top
pillar area was used for stress calculations, and the strain refers to initial height of the
non-tapered samples [87].

Based on the law of error propagation by Gauss, taking into account multiple
independent defective inputs, additional errors in determining engineering stresses

were calculated using

Ao = \/(|g—; -AF)2 + (|Z—Z -AA)Z, (3)

and:

Ao = \/G : AF)2 + (% : AA)Z. (4)

AA is given by the squared pixel size error which originates from inaccuracies of
determining the sample area. AF is estimated by the noise in the data before

approaching the contact as upper bound.
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3.5.2 Nanoindentation

In order to measure thermally activated processes at various temperatures and
multiaxial stress states, nanoindentation SRJ tests [44] were performed using a
Nanoindenter G200 (Keysight Technologies, USA) [88]. The device is equipped with a
continuous stiffness measurement (CSM) which was used to continuously record the
contact stiffness to check the Young’s modulus / displacement profile which is
horizontal and independent on indentation depth for mechanically isotropic materials.
Machine stiffness and tip shape calibrations were performed at RT according to the
Oliver-Pharr method [89]. Strain-rate jumps for displacement segments of 500 nm
each and strain-rate levels of 5 - 102s", 102s”, 5- 1023 s (high temperature) and
5-102s",5-103%s" and 103 s (RT), were performed, respectively. Furthermore,
strain-rate controlled tests with a constant strain-rate of 5 - 102 s™' were conducted to
compare to results from SRJ tests as well as uniaxial testing techniques. For all tests,
the CSM frequency was set to 45 Hz and a harmonic displacement amplitude of 2 nm
was superimposed.

For RT testing, a three-sided diamond Berkovich pyramid (imposing ~8% plastic
strain, obtained from MicroStar Technologies, Huntsville, USA) as well as a diamond
Cube Corner indenter (Synton-MDP AG, Nidau, Switzerland), which imposes ~20%
plastic strain [90], were utilised. For high temperature measurements at 100°C, 150°C,
200°C, 250°C and 300°C a Berkovich pyramid tip made of sapphire (Synton-MDP AG,
Nidau, Switzerland) was used. Independent heating of sample and indenter was
achieved by a laser heating stage (SurfaceTec, Hlckelhoven, Germany) and an active
water-cooling system. Moreover, the maximum indentation depth for all indents was
2500 nm and tests under non-ambient conditions were performed in an inert gas
environment (95% N2 and 5% Hz2) to exclude sampling issues and oxidation effects.
Thermal drift was measured in post-test regimes at 10% of the maximum load. Tests
for which drift exceeded 0.3 nm/s were not considered. Details of the nanoindentation
equipment are found in Publication B, Publication D and [88].

To facilitate comparison of nanoindentation data obtained with self-similar
indenters with uniaxial stress-strain data, following considerations are taken into
account within this thesis: The choice of an appropriate value for the constraint factor
C’, which links the hardness to flow stresses, can validate the uniaxial test data.

However, if C" is considered to be in the range of 2.5 - 3, rather than 2.8 used in this
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thesis, the change of stress values of ~10% would only insignificantly affect present
results and not change any qualitative relations. Moreover, the Young’'s modulus to
hardness (E/H) ratio [91] and the rate-dependence of the tested material [92] affect the
load response of the indenter, and might result in additional error. The E/H ratio for the
investigated ufg Cr and ufg W is ~70 and ~130, respectively, therefore a possible
phase shift of the indenter signal should be only of minor influence.

Furthermore, the plastically deformed volumes vary with the indenter geometry
and mechanical properties [93,94]. Lastly, it should be noted that in terms of
nanoindentation the induced representative strain will depend on the apex angle of the
used tip. Hence, varying capabilities of strain hardening are examined, which affects
the stress level [95]. However, as long as the contact stiffness is properly accounted
for (indicated by stable hardness and Young’s modulus values with indentation depth)

the tests can be considered valid and compared to uniaxial stress-strain data.
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To conclude, main questions are derived from this short literature review and will be

answered in the following chapter termed ‘summary of publications’:

1. There is high demand of micro-mechanical properties obtained by in-situ SEM
testing at elevated temperatures. One main goal of the thesis was to develop a
custom-built heating device which fits on an existing micro-indenter. In this
course, if it is possible to implement a heating device to the existing indenter
system, several questions arise. Is it possible to perform experiments at elevated
temperatures with the aim to study thermally activated deformation mechanisms
utilizing the existing indenter? Which temperatures are achievable? Is it possible
to perform temperature calibration by using a finite element simulation approach?

2. The strength scaling behaviour in bcc metals is suspected to be related to a
thermal stress component. If this is true, does the strength scaling behaviour of
single crystalline chromium fit to literature data?

3. ltis reported that the increasing surface-to-volume ratios in small scale plasticity
alter the strength scaling behaviour. Do these findings hold true for ultrafine-
grained pillars, where interfaces in terms of grain boundaries additionally affect
the strength scaling behaviour? Which role is attributed to interface spacing and
free surfaces?

4. In refined microstructures, deformation mechanisms are not necessarily
controlled by dislocation mediated plasticity. Which mechanisms are present in
the investigated model materials? Does thermal activation additionally alter

apparent mechanisms?
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4. List of publications

The following list of publications is split into two parts. First, main-author papers
are presented where the majority of work (sample preparation, conducting and
analysing experiments, composition of the text) was done by myself. Main author
publications are additionally added in chapter 2 of the thesis. Co-author publications,
where only parts of the work were contributed by myself, are listed afterwards and are
separately added in the appendix. In addition to the publication list, a remark is given

to underline the input of my contributors.

4.1 Contributions as main-author:

Publication A:

Interplay between Sample Size and Grain Size: Single Crystalline vs. Ultrafine-
grained Chromium Micropillars

R. Fritz, V. Maier-Kiener, D. Lutz and D. Kiener in Materials Science & Engineering A
674 (2016) 626-633.

In this publication, the strength scaling behaviour of single crystalline and ultrafine-
grained chromium (grain size ~160 nm) is analysed in terms of in-situ pillar
compression experiments. For both microstructures, a strength scaling behaviour

where ‘smaller is stronger’, was observed.

Publication B:

Dominating Deformation Mechanisms in Ultrafine-grained Chromium across
Length-Scales and Temperatures

R. Fritz, D. Wimler, A. Leitner, V. Maier-Kiener and D. Kiener in Acta Materialia 140
(2017) 176-187.

Apparent deformation mechanisms in ultrafine-grained chromium are investigated in
Publication B based on experiments spanning over several length-scales and
temperatures. A comparison to single crystalline samples revealed a direct influence

of dislocations interacting with grain boundaries.
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Publication C:

Development and Application of a Heated In-situ SEM Micro-Testing Device

R. Fritz and D. Kiener in Measurement 110 (2017) 356-366.

In Publication C the development of a custom-built heating device is discussed, and a
new finite element approach is presented to calibrate contact temperatures. Exemplary
pillar compression and cantilever fracture experiments further demonstrate the

functionality of the device.

Publication D:

Interface-dominated Strength Scaling Behaviour in Ultrafine-grained Tungsten
Samples

R. Fritz, A. Leitner, V. Maier-Kiener, R. Pippan and D. Kiener, submitted (10.08.2017)
submitted to a SCI Journal.

Based on Publication A, this work identifies the strength scaling behaviour of single
crystalline and ultrafine-grained tungsten samples (grain size ~500 nm). The scaling
behaviour is discussed in terms of a probable influence of free surfaces and strain
hardening. Finally, deformation mechanisms are related to single crystalline and

ultrafine-grained chromium.

4.2 Contributions as co-author:

Publication E:

Novel Methods for the Site Specific Preparation of Micromechanical Structures
S. Wurster, R. Treml, R. Fritz, M. W. Kapp, E. Langs, M. Alfreider, C. Ruhs, P. J. Imrich,
G. Felber and D. Kiener in Practical Metallography 52 (2015) 3 131-146.

Publication F:

The influence of microstructure on the cyclic deformation and damage of copper
and an oxide dispersion strengthened steel studied via in-situ micro-beam
bending

C. Howard, R. Fritz, M. Alfreider, D. Kiener and P. Hosemann in Materials Science and
Engineering A 687 (2017) 313-322.
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4.3 Remarks
Beside the following remarks, all co-authors additionally contributed to the work by
proof-reading the text. The main idea for all publications originates from my supervisor,

D. Kiener.

Publication A
D. Lutz performed TEM investigations and V. Maier-Kiener supported the authors with

her knowledge on bcc metals.

Publication B

Nanoindentation experiments were conducted by V. Maier-Kiener and A. Leitner. D.
Wimler performed macroscopic compression experiments. V. Maier-Kiener further
contributed with her profound knowledge on thermally activated deformation

behaviour.

Publication D
Nanoindentation experiments were performed by A. Leitner. R. Pippan and V. Maier-
Kiener contributed with their wide knowledge about fracture- and deformation

behaviour of bcc metals.
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5. Summary of publications

The following pages summarize the obtained mechanical properties of the metals
investigated in this thesis, the development of the heatable in-situ micro-testing device,
as well as main results and significant findings of the PhD thesis. The influence of grain
boundaries and free surfaces on the strength scaling behaviour of miniaturized
specimens is discussed by investigating the bcc model materials Cr and W. In the
following subsections, light is shed on apparent deformation mechanisms responsible
for the observed strength scaling behaviour. At the end of this chapter, the main
findings will be summarized and suggestions how to further improve the heated in-situ

micro-testing device will be given.

5.1 Materials
The bcc model materials examined in this thesis are Cr and W. Characteristic

material properties are summarized in Table 1.

Table 1: Characteristic properties of Cr and W.

Abbreviation Cr W Ref.
Density p* [kg/m?] 7200 19300 [96,97]
Young’s modulus E [GPa] 294 380-420 [98,99]
Shear modulus G [GPa] 115 160 [100,101]
Friction stress at RT * [MPa] ~50 ~345 [38,102]
Poisson ratio v [-] 0.21 0.28-0.3 [98,99]
Melting temperature Tm [°C] 1890 3410 [101]
Critical temperature Tc [°C] ~160 ~530 [35]
Ductile-to-brittle-
transition temperature DBTT [°C] ~320-390 ~675 [103,104]
Lattice constant a [m] 2.885 - 10 | 3.165 - 1010 | [97,98]
Burger’s vector b [m] 2.50- 1070 | 2.74 - 1010 [101]
Hall-Petch constant | ku.p [MPam'?] 1.38 1.86 [95,100]

Both metals are non-ferromagnetic and show semi-brittle deformation behaviour
in the recrystallized states. They vary in density, Young’'s modulus and melting
temperature, and therefore the critical temperature and their friction stress at RT are
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different. This situation is particularly of interest to study the deformation behaviour of
bcc metals over a wide range of relative temperatures [13]. Besides investigations of
intrinsic material properties [11] and their influence on the strength scaling [13] and
deformation behaviour [41,66,72], interfaces in terms of GBs were integrated into the
microstructure in this thesis. To reach an ufg state, microstructural refinement
processes such as severe plastic deformation (SPD) are commonly applied. Here, the
high pressure torsion (HPT) deformation process [105—110] was utilized to break down
the materials initial interface spacing from several microns to a few hundreds of nm.
The refinement process happens under high hydrostatic pressure (~4 GPa) and
elevated deformation temperature (200°C for Cr, 600°C for W). Samples were
deformed in a quasi-constrained setup [105] between two anvils to prevent crack
formation, especially for semi-brittle materials such as Crand W. After HPT processing,
a deformed disk as shown in Figure 5 was obtained, featuring a diameter of 30 mm
and a thickness of 7 mm. An equivalent strain at a disk radius of 14 mm of 36000%
(50 rotations, 0.4 rpm) and 7500% (5 rotations, 0.2 rpm) was achieved for Cr and W,
respectively.

On top of the HPT cross-section, the radius-dependent hardness is shown,
exemplarily for ufg W (Figure 5). To achieve gradient-free sample volumes in
macroscopic samples for testing (2 - 2 - 3 mm? in size), specimens were cut out from
a constant disk radius of 12-14 mm using electron discharge machining (EDM), as
shown in Figure 5. Furthermore, a lamella-shaped sample was cut out of the disc to
fabricate micromechanical test samples by subsequently using the FIB [77].

The grain size of the HPT deformed samples was determined using
backscattered electrons (BSE) and electron backscattered diffraction (EBSD) imaging,
as well as transmission electron microscopy (TEM) investigations (for Cr). The
microstructures obtained by EBSD are shown in Figure 6a and b for ufg Cr and in
Figure 6¢ and d for ufg W. The corresponding GB maps reveal a majority of large angle
GBs (~87%) within the investigated metals. The average grain sizes were determined
using area equivalent circle diameters resulting in 160 £ 51 nm and 480 + 230 nm for
Cr and W, respectively. For details see Publication A and Publication D. In both

cases, grains are slightly elongated but no pronounced texture was observed.
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Figure 5: Half of a HPT-deformed W disk with corresponding hardness map. EDM was used to cut a
lamella (black — left side) from the HPT disk for FIB pillar preparation from a disk radius of 14 mm and
several macroscopic compression samples from a radius range between 12 mm and 14 mm. The

compression axis is the axial direction of the HPT sample.

To facilitate comparison of macroscopic compression samples and the influence
of interfaces in ufg samples, nanoindentation and pillar compression tests were
performed and compared to the deformation behaviour of the single crystal situation.
Therefore, sxx samples of Cr and W were aligned in either (100) or (110) crystal
orientation to test multiple slip orientations. The hardness of the initial and the HPT
deformed microstructures were analysed using nanoindentation and Vickers micro-
hardness testing. Results are summarized in Table 2.

To further correlate and separate deformation mechanisms to contributions of a
thermal stress component, dislocation mediated plasticity, crack nucleation and
propagation, or diffusional processes, experiments were conducted over a wide range
of relative temperatures. Therefore, the existing in-situ micro-testing device was
equipped with a custom-built heating device to enlarge present temperature ranges

and to perform micromechanical experiments at elevated temperature.
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Figure 6: The microstructure of the investigated ufg material. EBSD images and corresponding grain

boundary maps for ufg Cr (a, b) and ufg W (c, d). The average grain sizes were ~160 nm * 51 nm and

480 nm % 230 nm for ufg Cr and W, respectively. In both cases, ~87% of grain boundaries are large

angle grain boundaries.

Table 2: Bulk hardness values of Cr and W obtained by nanoindentation and Vickers micro-hardness

testing.

Sample Method Hardness [GPa]
sxx Cr (100) Nanoindentation 1.6 [72]
as-received polycrystalline Cr (d~200 um) Vickers 1.2+0.04
ufg Cr, r ~14 mm Vickers 44 +0.10
ufg Cr, r ~12 mm Vickers 4.2+0.10
sxx W (110) Nanoindentation 5.0+0.12
as-received polycrystalline W (d~5 pm) Vickers 43+0.18
ufg W, r ~14 mm Nanoindentation 8.5+ 0.36
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5.2 Development of the heated in-situ micro-testing device

One of the main goals of the thesis was to develop a custom-built heating
equipment to fit on an existing in-situ micro-testing device which is located in an
additional cap inside an SEM (Figure 7a). The present situation is as follows: The
sample is mounted on a separately controlled stage (Figure 7b). The UNAT-SEM
micro-indenter used for testing is shown in Figure 7c, already equipped with the
heating device. Figure 7d displays details of heated parts in the SEM chamber.

The development process of the heating device is described in detail in
Publication C. The three main parts regarding development, namely material
selection, temperature control and numerical simulation, and of course, in-situ testing

at elevated temperature, are summarized below.

Thermocouples \ —
10 mm

J

Figure 7: Schematic of the present high temperature in-situ SEM testing setup. (a) Adapted SEM with

Resistance heater |
E
[ ]

cap (right) containing the micro-indenter and positioning stage. SEM stage (b) and micro-indenter (c),
adapted with custom-built heating devices. Red arrows demonstrate available positioning axes. (d)
Detailed schematic of heated parts inside the SEM chamber. The figure was reprinted from Publication
C.
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5.2.1 Material selection

The heating device operates in vacuum atmosphere inside the SEM, hence
material restrictions in terms of vapour pressure and magnetic properties need to be
considered. Furthermore, if two individual materials get into contact at elevated
temperatures, their service temperature, oxidation issues, chemical reactions,
diffusional processes, and loss of strength and creep have to be carefully taken into
account. The main advantage of performing micro-mechanical experiments in-situ in
the SEM is the observation of detailed deformation mechanisms in confined test
volumes. Therefore, focussing the electron beam on the sample is of major importance
and issues regarding drift induced by electrical charging and/or thermal mismatches
must be avoided. Additionally, high demand for minimized material volumes to enable
localized heating to permit fast heating rates, as well as requirements regarding
operational space inside the SEM have to be met. Once material properties of the
indenter tip and the sample are balanced, issues in terms of an appropriate joining
technology need to be examined. In the present case, indenter tips were glued to their
holders by utilizing a ceramic adhesive. Thermocouples were brazed on the respective
holders utilizing tin-free brazes and the lamella-shaped samples were clamped to the
holder with Macor® ceramic screws (see Figure 7d and Publication C).

Heating the sample and the indenter was achieved by forming Konstantan®
filaments to coils which were looped around the holders to stay in contact with them.
A dual-output DC power supply was connected with copper cables via signal-
feedthroughs to the vacuum chamber. The insulated cables transferred electrical
energy to the resistively-heated coils that further transported heat to the sample and

the indenter.

5.2.2 Temperature control and numerical simulation

Thermocouples were connected to a data logger that converted voltage into
temperature. The data of the power supply and the recorded temperatures were
controlled by a custom-coded LabVIEW® program which stores all datasets in a
convertible text file. The LabVIEW® code is included digitally on the storage medium
located at the end of the thesis. Temperature control was achieved using a PID
feedback loop and desired temperatures up to 300°C were reached within 30 min.

Once a stable temperature is reached, temperature matching is achieved by bringing
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sample and indenter into contact and subsequently examining temperature shifts. By
minimizing those temperature shifts, displacement drifts are corrected. Brazing
thermocouples on micron-sized samples is challenging, and the real temperature at
the contact will remain unknown. To avoid such inaccuracies, individual temperature
calibration techniques are inevitable to determine and match contact temperatures
[111].

For the first time, temperature calibration by using a finite element simulation
approach was conducted in this thesis. 3D data which was recreated after the original
parts was loaded into the finite element program Abaqus to conduct heat flow
calculations. Convection within the vacuum chamber was neglected and characteristic
radiation properties of each material as suggested in [112] were chosen. A constant
direct current at the sample and the indenter side were used to reach constant
temperatures at the thermocouples after heating times of 3600s. Beside separately
heating sample and indenter in out-of-contact mode, simulations were conducted
where sample and indenter were brought into contact (Figure 8), displaying
equilibrated thermocouple temperatures (T{ equals T}). At the contact point shown in
detail in Figure 8b, large temperature gradients arose. They introduced displacement

drifts that need to be minimized before conducting an experiment.

d
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Figure 8: Although the thermocouples T and T/ are at the same temperature (a), a large temperature
gradient resulting in thermal drift occurs when bringing sample and indenter in contact. (b) Detailed view
of the contact situation revealing a large temperature gradient. (c) and (d) indicate local temperature

distribution and positions of the temperature measurement. The influence of varying specimen material
on temperature gradients is shown in (e).
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To underline the importance of temperature calibration, the tested specimen
material was varied and temperature gradients were analysed as demonstrated in
Figure 8c. T; and T5 indicate individual positions of temperature measurement on the
specimen fixation and directly at the pillar.

By heating different specimens with different thermal conductivity such as Cu, W
or Si, it became evident that samples with high thermal conductivity alike Cu allow
lower temperature gradients compared to W or Si (Figure 8d). Finally, the simulated
temperature mismatch between thermocouple and sample is balanced in terms of
heating atop the thermocouple temperature to achieve the desired sample
temperatures. Nonetheless, it is concluded that beside geometrical issues regarding
sample and holders, thermal properties strongly influence the temperature distribution.
It is noteworthy that for different materials unique temperature gradients arise.
Therefore, new simulation approaches are necessary to predict individual temperature

gradients. Further details of temperature calibration are discussed in Publication C.

5.2.3 Conducting experiments at elevated temperature

Beside numerous in-situ and ex-situ experiments at RT on Cr and W, micro-pillar
compression tests and notched cantilever fracture experiments were conducted on sxx
and ufg Cr at elevated temperature (see Figure 9) by utilizing the heating device to
demonstrate its functionality and to further investigate thermally activated deformation
behaviour.

Figure 9a shows engineering stress-strain curves of 2 ym sized sxx and ufg Cr
pillars obtained at various strain-rates at RT, while Figure 9b shows engineering
stress-strain curves of 4 um sized pillars recorded at 230°C. Related nanoindentation
hardness data obtained using a Berkovich indenter (imposes ~8% plastic strain) are
included as horizontal lines at the respective temperatures. Comparison of stress-
strain data between RT and 230°C reveals decreased flow stresses for sxx and ufg
pillars, and a diminishing work hardening for the pillars at elevated temperature.
Figure 9c displays the stress-strain response of macroscopic ufg samples tested at a
constant strain-rate of 3 - 10-3 s-1 at different temperatures. The flow stress decreases
with increasing temperature, and the strain hardening behaviour is less pronounced at
elevated temperatures, in accordance with the micro-pillar data. Figure 9d presents

bending stress vs. displacement curves of cantilever fracture experiments performed
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on ufg Cr at RT (black) and 230°C (red). Yield stresses of uniaxial deformed samples
(1100 MPa at RT and 950 MPa at 230°C) and cantilever fracture experiments
(1130 MPa at RT and 910 MPa at 230°C) indicate comparable plastic limits obtained
by different testing techniques on ufg Cr.
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Figure 9: Engineering stress-strain curves obtained by (a, b) in-situ micro-pillar compression, (c) ex-situ
macroscopic compression experiments and (d) in-situ cantilever fracture experiments of sxx and ufg Cr

compared at RT and elevated temperature.

Elevated temperature data obtained on sxx and ufg Cr were used to study
apparent deformation mechanisms. Additionally, the contribution of GB’s and the
material dependent friction stress was examined. Moreover, the specimen size was
varied over several length-scales to investigate a possible interplay of sample size and
grain size. Thus, the contribution of the present interface spacing and free surfaces to
specific strength scaling behaviour in ufg Cr and W were discussed in detail in
Publication A and Publication D. Results and a material independent mechanistic

description of the strength scaling behaviour incorporating the lattice friction stress,
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strain hardening, Hall-Petch strengthening and a source-controlled strength are

summarized below.

5.3 How grain boundaries and free surfaces alter the strength of miniaturized
specimens

Besides performing macroscopic compression experiments and nanoindentation
tests utilizing a Cube Corner and a Berkovich indenter, non-tapered rectangular pillars
in the size range between ~150 nm and ~5 ym and an aspect ratio of 3:1 were milled
for sxx and ufg Cr and W utilizing a dual-beam SEM-FIB workstation. Displacement-
controlled tests were conducted at constant displacement rates that were adapted to
the pillar geometry in order to reach a constant nominal strain rate of 3 - 103 s,
thereby excluding strain rate influences.

Figure 10a and b display engineering stress-strain curves of sxx and ufg Cr,
respectively. The data for the bulk yield stress (0.02% plastic strain) of sxx Cr in (100)
orientation is reported from tensile tests by Sameljuk et al. [113] as ~290 MPa, a much
lower value as observed for present samples. This difference is attributed to incipient
effects on sample size, as well as the large amount of strain hardening between the
yield stress and an engineering strain of ~8%. For pillars larger than 2 ym, the stress-
strain curves show reasonably continuous plastic deformation with occasional burst
events, while for smaller samples pronounced load drops occur. At pillar sizes below
~1 um serrated flow is evident and load drops are observed.

Nanoindentation tests on ufg Cr utilizing a Berkovich indenter resulted in a
strength of ~2050 MPa. Bulk compression samples and pillars with diameters of 4 ym
show comparable yield strengths of ~2000 MPa and continuous plastic deformation.
However, alignment of bulk samples was hindered due to lower stiffness of the
compression equipment, resulting in a sample misalignment of ~1°. Therefore, the
elastic loading stiffness of bulk samples is reduced and not comparable with pillar

compression experiments.
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Figure 10: Representative engineering stress-strain curves of sxx Cr (a), ufg Cr (b), sxx W (c) and ufg
W (d). While for the sxx case the strength generally increases with decreasing sample size, interfaces

contribute to a somewhat controversial strength scaling behaviour in ufg Cr (b) and ufg W (d).

In the case of decreasing pillar diameters, the yield strength of ufg Cr pillars
increase slightly. The stress-strain curves show features comparable to those in sxx
samples, for instance, serrations and load drops for the same experimental setup.

Figure 10c and d show engineering stress-strain curves of (100) oriented sxx and
ufg W, respectively. In both cases large samples show continuous flow curves.
Generally, sxx W pillars deform comparably to sxx Cr pillars. A contrary behaviour was
observed for ufg W samples (Figure 10d), where flow stresses decrease with
decreasing sample sizes. At sample diameters of ~3 pm, first serrations in the stress-
strain curves were observed. Further decreasing the sample size led to an apparent
increase of flow stress values and pronounced load drops were detected, comparable
to small sxx Cr and W samples. The gap in flow stress values between sxx and ufg Cr

and W results from microstructural refinement according to Hall and Petch [75,76].
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Estimation of a yield stress value, for example, for W using a friction stress of 345 MPa
[38], a mean grain size of 480 nm and a Hall-Petch coefficient of 1.86 MPam-"2 [95]
resulted in ~3000 MPa, in close agreement with ufg W bulk data obtained from
macroscopic compression tests and nanoindentation data.

Individual stress values were obtained using different indenter tip geometries.
The gap between stress values of Berkovich and cube corner indenters was explained
by a varying apex angle of the used tip. Moreover, varying capabilities of strain
hardening are examined which directly affect the stress level [95].

Figure 11 presents post deformation SEM images (a-e) and corresponding cross
sections (f-j) of various ufg W samples. Here, the sample size decreases accordingly

to the presented alphabetic order.

Figure 11: Post-compression SEM images (a-e) and corresponding cross sections (f-j) of various ufg W
samples. The white arrow indicates decohesion at a grain boundary triple junction while the green arrow

marks an observed slip step within the smallest pillar.

In macroscopic bulk samples, as exemplarily shown for a sample deformed at RT
in Figure 11a, crack initiation and growth was observed up to 450°C. By overcoming
that temperature, plastic deformation without crack initiation and propagation was
noted. Figure 11b shows a residual Berkovich indent and Figure 11c-e display ufg
pillars of various sizes, where in Figure 11c the sample size is larger than the grain

size. In Figure 11d the sample size equals the grain size and Figure 11e demonstrates
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sxx deformation in submicron-sized ufg pillars, where the sample size in the present
case was smaller than the grain size. The cross section in Figure 11f reveals
intercrystalline failure at GBs, which is commonly obserrved for ufg W [104,114].
Figure 11g and h display a cross section and a detailed view of the grain interior of the
pillar shown in Figure 11c. The white arrow indicates decohesion and failure at GB
triple points, which was observed through all ufg W samples at low temperatures.
Figure 11i and j represent cross sections of pillars shown in Figure 11d and e. Once
the sample size is reduced to the average grain size (Figure 11i) or below (Figure 11j)
the probability for crack nucleation at GB junctions decreases. Pronounced plasticity
is observed for the smallest pillar (300 nm, Figure 11j) and sxx-like slip steps, indicated
by the green arrow are visible.

To discuss the observed deformation behaviour over several length-scales, flow
stresses at 8% plastic strain are plotted either against the sample diameter (Figure 12a
for Cr) or the plastically deformed volume of individual experiments in Figure 12b for
W. 8% plastic strain were chosen to allow comparison with hardness tests performed
utilizing a Berkovich indenter and to include the strain hardening behaviour within the

first few percent of deformation to be comparable with previous bcc studies
[13,14,28,31].

o]
o)
=]
=]
=]

[=]
(=0 =]
(=l =]

&
o

4000 Cr

3000 3000

2000 2000

r

1
j0004 ®  .Sxx-like® ufg pillars

1000

Engineering Stress at 8% Plastic Strain [MPa]
Engineering Stress at 8% Plastic Strain [MPa] ©

o Slope:-0.10 Tran5|_t|or: reglme Sxx
m ,Bulk-like* ufg pillars 1
— — - Model H/2.8 L )
Linear fit Berkovich indent ® Slope: -0.21
50015 L ] Sxx[ o Slope: -0.43 500 { ® Macro samples ¥ Berkovich indent
g S.Iope. -0.12 — — - Model - -=- Model - - - Model
< Linear fit ———  Linear fit —— Linear fit — Linear fit
100 1000 10000 0.01 0.1 1 10 100 10|00 ’ 1.2E10
Sample Diameter [nm] Plastically deformed Volume [um?]

Figure 12: Schematic of the obtained strength scaling behaviour in Cr (a) and W (b). All data points
display stress values at 8% plastic strain. (a) The red (sxx), green (annealed ufg) and blue (ufg) lines
reproduce the observed trends in strength scaling behaviour. (b) The strength scaling behaviour of sxx
W is plotted in black, while ufg data is marked by three different colours, indicating three different

regimes. Dashed lines refer to the mechanistic description of the strength scaling behaviour.
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In Figure 12a, horizontal lines represent bulk strengths obtained by
nanoindentation. The slopes of linear fits give the power-law scaling exponents, which
are 0.43 £0.03 and 0.10 £ 0.02 for sxx and ufg Cr, respectively. Even though the
scaling behaviour of sxx bcc metals is well investigated, Cr has not been examined so
far. Thus, it is interesting to note that this value fits well into the concept of Schneider
et. al. [13], where the power-law exponent was plotted against the relative critical
temperature (~0.68 - T, for Cr) predicting a power-law scaling exponent of ~0.41.

In the case of ufg Cr pillars, the slope decreases due to the presence of GBs and
higher dislocation densities which stem from HPT processing. Still, a slight scaling
exponent is observed. The point of intersection of the two fit lines indicates the
transition to sxx behaviour. It occurs at a pillar size of ~150 nm, which is in good
agreement with the grain size of the material (~160 nm). Error bars in both diagrams
result from uncertainties of determining the cross sections and the noise of the indenter
load without contact as a worst case limit.

To test whether larger grain sizes would modify the observed scaling behaviour
in ufg Cr, an annealing approach at 165°C (0.2 - Tm) was conducted for 1h utilizing the
custom-built heating device past the sample fabrication but prior to testing. Results are
shown as green data points in Figure 12a. Obviously, almost no change of the strength
scaling exponent was observed, even though the strength of the tested material was
slightly reduced. This was caused by a slightly larger average grain size due to
thermally induced grain growth. In fact, extending the fit line to intersect with the sxx
case would result in a grain size of ~220 nm. Moreover, the annealing approach might
serves as a proof that a possible effect of FIB damage [78,80,115] did not affect the
scaling behaviour, as FIB damage was shown to be minimized by an annealing
treatment at 0.6 - T, after sample preparation [79].

To discuss the strength scaling behaviour in terms of a plastically deformed
sample volume of individual sample geometries as shown for W in Figure 12b, the
calculation of sample volumes must be clarified. For uniaxial compression tests, the
sample volume was considered by taking the sample’s base area and its height into
account. Considering the individual indents, a simplified hemispheric plastic zone after
penetration to maximum displacement subtracted by the volume of the residual indent
was calculated. The black guideline through sxx W data demonstrates its strength

scaling behaviour, which is ~0.21 + 0.02 for the (100) orientation, in agreement with
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literature data [13,15,20,28,38,39]. Moreover, literature data as well as present results
indicate that strain hardening does not affect the strength scaling behaviour (see
Publication D).

The ufg W data in Figure 12b is separated into 3 different regimes. Red, orange
and green symbols indicate bulk behaviour, a transition regime where the sample size
is in the order of the grain size, and ufg W pillars that deform alike sxx W pillars,
respectively. Ufg bulk W samples reveal the highest flow stress levels. By decreasing
the plastically deformed volume, flow stresses begin to decrease until the transition
regime in Figure 12b is reached (orange). Here, pillars deform without crack initiation,
and upon further reducing the sample dimension, sxx deformation behaviour is evident.
However, decreasing flow stress values are explained by an increasing importance of
free surfaces in decreasing sample volumes. In ~500 nm sized grains, dislocation
debris developed from the initial HPT deformation process, remain in the grain interior.
During plastic deformation, dislocations pile-up at GBs within the sample volume
[23,116]. In grains located at free surfaces, dislocation debris easily exit the pillar
surface and therefore lower their flow stress . With decreasing sample size the relative
fraction of surface grains notably rises, hence stress values decrease until the sample
size approaches the grain size and source-controlled strengthening [26] dominates the
deformation. Notably, the point of intersection of the drawn guidelines of sxx and ufg
W in Figure 12b correlates well with the grain size of the present sample, as shown

before for ufg Cr.

5.3.1 Mechanistic description of the strength scaling behaviour

To derive a thorough mechanism-based understanding of the observed strength
scaling behaviour, all contributions to strengthening (thermal and athermal) such as
intrinsic lattice friction (t*), Taylor-hardening (tc), a source-controlled strength (ts) and
GB strengthening (t..r) were considered to reflect the resolved shear strength of pillars
[26,38,117,118]:

Taum =0 Mg =T + T, =T "+ 75 + Ts + Thp. (5)
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Zou et al. [117] suggested the following terms to address those:

2
In( = 1
Tsum=T*+6¥'b-Gw/,0+K-G-—(b)+m5'kH—P'd_5 (6)

where a=0.5 is a constant, p is the dislocation density, K= 0.5 is the source
strengthening constant, 1 is the average source length, ms is the Schmid factor (0.47
for slip on (112) oriented planes) and d is the grain size. All other constants are
described in Table 1. 2 was chosen to be the half pillar diameter (D/2) in the sxx case
[26]. Equation (6) describes the strength scaling behaviour for sxx samples in a
sufficient manner, as shown in Figure 12a and b. By utilizing a dislocation density of
9-10"™ m=2 for sxx Cr and W, close agreement between experiments and the
mechanistic model was found.

To describe the strength scaling behaviour of ufg samples, an adaption of
equation (5) was necessary, as the contribution of the yield strength of surface grains
to the overall yield strength varies with respect to the present grain size. In particular,
grains located at the free-surface in ufg Cr pillars were determined to be stronger
compared to the pillar interior. No substructure formation is possible due to the small
grain size leading to a constraint for dislocations. Grain boundaries further act as sinks
and sources for dislocations. To consider that case, the estimated grain size was taken
into account for calculations for ufg Cr. To consider possible substructure formation in
~500 nm grained ufg W, one third of the grain size (d/3) was taken for ufg W pillars

[119]. As described earlier by Yang et al. [23] equation (5) is rewritten as followed:

O-sum:O-s'fs-l'O-i'(l_fs)i (7)

where osand o; are the flow stresses of surface and internal grains, respectively, and

fs is stated as the fraction of surface grains. fsis approximated by

fS:4.%.(1_2), (8)
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with a = s/d and r = D/d. s describes the thickness of the surface zone affected by the
free surface and D is the pillar diameter. The flow stress of near-surface grains is
considered to be the flow stress of an sxx pillar, where D equals d, since in both cases
it is thought that dislocations exit on free surfaces. The flow stress considered for

internal grains was calculated using

oy = (T + 76+ Ty_p) "1 €)

where M = 2.9 is the average Taylor factor for slip on (112) oriented slip planes [120].
Combining equations (6), (8) and (9) with equation (7) results in a mechanistic model
which describes the strength scaling behaviour of sxx and ufg pillars in a sufficient

manner:
Oam = | + 76 +7) | fi+ | @ o+ 1) 5] A= £ (10)

The dashed lines in Figure 12a and b reveal agreement with experimental results.
However, such agreement is only achieved if a detailed knowledge of the
microstructure is given.

Taking post compression SEM images (Figure 11) and mechanical data
(Figure 12) into account, still, several mechanisms might have contributed to the
overall deformation. However, the current mechanistic model was derived on the basis
of dislocation-mediated plasticity, indicating that dislocation plasticity-based
mechanisms instead of crack nucleation, decohesion processes or diffusion-based

mechanisms such as GB sliding [121,122] mainly alter the deformation behaviour.

5.4 Thermally activated deformation processes in ufg Cr and W

To further justify apparent deformation mechanisms responsible for the individual
strength scaling behaviour, thermally activated deformation mechanisms in Cr and W
were identified and discussed in Publication B and Publication D based on rate- and
temperature-dependent properties, such as strain-rate sensitivity (m) and activation
volume (v). The obtained results are summarized below and 3D strain-rate sensitivity

and activation volume maps are proposed.

46



Summary of the performed work

To calculate m- and v-values from present experimental data and to facilitate
comparison between sxx and ufg Cr and W, equations (1) and (2) were utilized.
Comparable experiments in terms of various length-scales and stress states were
conducted on Cr and W, and the obtained m- and v-values were plotted as function of
a relative test temperature (Ttest/ Tc) to compare bcc metals exhibiting individual thermal
stress components. Results are illustrated in Figure 13.

At low relative temperatures m-values for sxx Cr and W are ~0.02 and ~0.03,
respectively, as shown in Figure 13a. First, an increase of m is notable until peak m-
values of ~0.07 are reached at Tiest/ Tc = 0.65. Approaching and overcoming T¢, thermal
activation eases the movement of kink pairs until m-values in the order of 102 are
reached, as common for low Peierls potential materials such as fcc metals. Here,
deformation is not governed by thermal activation of screw dislocations anymore. This
behaviour is in good accordance with other studies [15,16,35], showing that

overcoming T the thermally activated component diminishes.
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Figure 13: Evolution of strain-rate sensitivity m (a) and activation volume v (b) with relative temperature
to compare sxx and ufg Cr and W. The grey-shaded area indicates the range of the critical temperature
Tc.
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Contrarily to that, the general trend for ufg samples is significantly different from
the sxx state. m-values for ufg counterparts are found to be ~0.025 at low
temperatures. Upon thermal activation, m-values further decrease to ~0.015 before T.
is approached. This is attributed to increasing thermal activation, while dislocation
interaction with GBs remains mostly unaffected at low temperatures. The generally
reduced m for ufg samples compared to the sxx state at Tiwst/ Tc = 0.65 is attributed to
the higher athermal stress component in ufg states (see Figure 3). Overcoming T¢, m
increases continuously with temperature. According to [41,72], this is mainly attributed
to dislocation interactions with GBs, as described also for ufg fcc metals [47,123]. An
additional contribution to the increase of m could stem from the reduction of the
athermal stress contribution due to slight grain coarsening. Thus, the overall mis a
mixture of both, thermally activated dislocation-GB interactions and thermally activated
grain coarsening. Notably, while the first contribution leads to an increasing m, the
second one acts against it. However, the obtained results are in good agreement with
results on sxx [72] and cg Cr [73], hence no major impact of grain coarsening is
expected.

The mechanisms based on the varying microstructures are shown in Figure 13b,
where corresponding v-values are plotted vs. Tist/ Tc. To compare activation volumes,
they are normalized by the Burgers vector (for values see Table 1) of the respective
metal and expressed in multiples of b3. At low temperatures, v-values of 4-7 b* were
calculated for sxx Cr and W. Those values are attributed to the kink pair mechanism
[35], where dislocation segments involved in formation of a double kink need to
overcome the next Peierls potential [14,66]. Comparable v for uniaxial bulk data have
been already reported by Glebovsky and Brunner [124], Wu et al. [66], Wei et al. [51],
Kim et al. [20] and Schneider et al. [14] for sxx W, nc Cr, ufg Fe and sxx Mo,
respectively. v seems to remain constant in sxx Cr until Twst/ Tc = 0.5. Here, thermal
activation of kinks might be hindered by interstitial atoms. This idea is verified by a
pronounced yield strength observed in tensile stress-strain data [73], which was the
base for calculated activation volumes. At low temperatures, the impurity concentration
seems to alter apparent deformation mechanisms. Additionally, m- and v-values from
[73] were calculated at the lower yield point, while nanoindentation data and test data
obtained from compression experiments were evaluated at ~8% plastic strain. By

further increasing the temperature, the movement of kink pairs is eased due to thermal
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activation, indicated by an increase of the activation volume. Overcoming T, gives v-
values of ~200 b* for sxx Cr, indicative for dislocation-dislocation interactions, a
common mechanism observed in fcc metals [46].

In ufg Cr and W the activation volume increases at relative low temperatures
comparably to the sxx states. However, upon passing T, v-values remain rather
constant at ~20 b® independent of testing technique and stress state. This behaviour
is indicative for dislocation-GB interactions at elevated temperature in the ufg states.

Despite the vastly different surface-to-volume ratios probed by the different
experiments, different length-scales and stress states, it can be concluded that the
observed deformation mechanisms are governed mainly by dislocation-based
plasticity. Moreover, the same mechanisms are present in Cr and W, as comparable
m- and v-values were determined.

To interpret the varying deformation mechanisms in fcc and bcc metals in terms
of dislocation-mediated plasticity with respect to a varying microstructure, a basic fcc

model established by Conrad [47] was considered:

%=l+ MZ?-G-b o1 (11)

v* CZ'Z'TL"KH_p'dl/Z Vath’

where the constant a = 0.36. v’ is the activation volume related to thermal activation
(see equation (2)) and vam was set as a constant activation volume related to athermal
dislocation emission from a GB at constant temperature. v" varies with temperature, as
the lattice friction stress diminishes with increasing thermal activation. The Conrad
model was extended by Wu et al. [66] to estimate apparent m- and v-values for

polycrystalline aggregates, using

Vaen = &+ d - b2, (12)

where ¢{ is a grain shape coefficient which is constant for a certain temperature. Except
equation (12), no further modifications of the fcc model were applied, as Conrad [47]
already implemented a thermal stress component in the model to derive thermal
activation volumes (v"). Results obtained by Wu et al. [66] show that m-values of Cr

and Fe at RT can be correctly predicted over a wide range of varying grain sizes, as
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both, the friction stress (thermal) and dislocation interaction with GB’s (athermal)
contribute to the overall deformation. In the present case, ¢ is temperature-dependent,
as the aspect ratio of initially elongated grains decreased with increasing temperature.
Additionally, the grain size slightly increased as experiments were performed at
elevated temperature. To verify microstructural changes during heating up the sample
or compression experiments, an annealing approach was conducted on ufg Cr
samples, which is discussed in detail in Publication B. In Figure 13, the dashed lines
demonstrate the suitability of the modified equations. The grey dashed area gives the
error resulting from the standard deviation of the grain size estimation. By taking into
account grain shape coefficients ranging from 0.025 (equiaxed grain shape) to 0.003
(elongated grain structure) the model fits the increasing m- and v-values at elevated
temperatures well.

Beside the examination of deformation mechanisms in constant sample volumes,
a variation of strain-rate sensitivity is expected in terms of variable interface fractions
within the tested sample volumes, as already shown for fcc Cu pillars [49].

To identify a possible influence of interfaces, the number of grains across the
plastic volume (magenta dashed line) and the fraction of grains which are affected by
the sample surface (green dashed line) were calculated for different sample
geometries during uniaxial and multiaxial testing. Therefore, grains were estimated to
be of cylindrical shape with an aspect ratio of 3:1, typical for HPT deformation
[105,125]. For rectangular-shaped samples an equivalent cylindrical sample diameter
L was calculated (see Figure 14a). The number of grains contained in the plastic
volume was estimated by calculating the sample volume and dividing by the before
mentioned cylindrical-shaped grain volume. The fraction of grains affected by the
sample surface was estimated using the specimen’s surface area (red) subtracted by
the top and bottom faces which are in direct contact with the flat punch indenter and
the bulk material (grey). This lateral area was divided by the average cross-sectional
area of a single grain. Considering the different indents illustrated in Figure 14b, a
simplified hemispheric plastic zone [94] after penetration to 2500 nm was taken into
account for estimating the number of deformed grains per volume. The volume of the
residual imprint was therefore subtracted from the hemispheric plastic zone. The
remaining volume was further divided by the volume of a single grain. To consider the

surface connectivity of grains, the base area of the hemispheric plastic zone (red) was
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subtracted by the triangle-shaped surface area of the residual imprints (grey) and

divided by the average cross-sectional area of a single grain.

Figure 14: Schematic of (a) compression samples and (b) residual imprints to illustrate the calculated
number of grains in the plastic volume and fraction of grains which are affected by the sample surface
(red).

The impact of different surface-to-volume ratios and the number of involved
interfaces on the determined m-values was examined in Publication B for Cr and is
illustrated in Figure 15.

Based on this, a comparison of m-values (black), number of interfaces across the
plastic volume (magenta), and fraction of surface-connected grains (green) is
presented in Figure 15 as a function of the ratio between grain size vs. sample size
d/L. Furthermore, the error bars indicate the resultant error which was derived by taking
the standard deviation upon grain size estimation into account (d=160 + 51 nm for ufg
Cr). Also shown are representative stress-strain curves of micro-pillars with varying
interface fractions (I-1V).

The grey area in Figure 15 indicates the macroscopic regime, where the sample
size is much larger than the grain size. Only a diminishing fraction of grains is located
directly at the sample surface, and no influence of near-surface grains is observed
during deformation. Overcoming a d/L ratio of ~0.02, the amount of surface-affected

grains increases drastically. In this regime, indicated by the red shaded area, grains

51



Summary of the performed work

noticeably emerge from the sample surface and affect the deformation behaviour.
Moreover, in this regime a varying interface fraction and an increasing contribution of
free surfaces, as described in section 5.3, significantly alter the strength scaling
behaviour. Overcoming d/L values of ~0.1, ~50% of the grains are connected with the
surface, and the grain size approaches the size of the plastic zone. For these states,
an sxx-like deformation behaviour is expected (cyan shaded area) and the thickness
of the surface-affected zone (see equation (8)) approaches the sample size. Notably,
due to pillar aspect ratios of 3:1 and the used representative grain diameter in this
simplified model, a fully sxx sample volume is statistically reached for d/L ratios larger
than 1.33. Below this, individual GBs might affect the plastic behaviour [3—6]. However,
as long as crystallographic slip traces reveal no intersections with GBs or other internal
obstacles [125], dislocations can glide through the crystal and exit on the pillar surface,
corresponding to slip events in sxx pillars. Such characteristics are evident in
representative engineering stress-strain curves of small ufg Cr pillars (Figure 15, 1I-IV),
where serrations and load drops are commonly observed.

For macroscopic experiments, a smooth flow behaviour (Figure 15, ), due to the
large number of grains in the sample volume, and m-values of ~0.02 are observed. By
increasing the fraction of surface grains a slight decrease of m to ~0.014 is observed
and serrated flow arises in the stress-strain curves (Figure 15, Il and Ill). This is
explained by slip events in individual grains. The scatter within evaluated m-values for
such pillar sizes is quite large compared to bulk or sxx Cr samples, because
deformation is strongly affected by the local microstructure and crystal orientation.
Further increasing d/L ratios leads to a decreased scatter regarding m, as the
probability for dislocations interacting with individual GBs is decreased, until m of sxx
bulk Cr samples and corresponding stress-strain curves (Figure 15 IV) are obtained.

While m- and v-values for fcc and bcc metals were intensively examined to
correlate apparent deformation mechanisms with a varying microstructure (see
Figure 2), it is now possible to correlate them to thermally activated deformation
mechanisms. 3D surface contour plots of m- and v-values were generated by
processing the obtained data in this thesis from Figure 13 and Figure 15. They are
plotted vs. a relative temperature (Ttest/ Tc) in Figure 16. Moreover, they were extended

by the number of interfaces within the sample volumes.
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Figure 15: Strain-rate sensitivity m (black), number of grains in the plastic volume (magenta) and
corresponding connectivity of surface grains (green), dependent on sample size-normalized
characteristic dimension d/L for Cr samples. The red-shaded area shows a transition zone where the
free surface alters the deformation process. |I) — IV) Corresponding stress-strain curves of pillars
indicated. The figure was modified and reprinted from Publication B.

Surface contour plots based on equations (11) and (12) and a corresponding
colour code reveal apparent m- and v-values for an individual number of interfaces
within the sample. The indicated cuts at a constant number of interfaces (Cut 1 and
Cut 2) refer to apparent deformation mechanisms for the sxx and the ufg state as
demonstrated in Figure 13. Cut 3 in Figure 16a illustrates individual m-values obtained
at a constant relative temperature, as comparatively shown in Figure 15. A maximum
in m is either achieved by increasing the thermal stress contribution in the bcc single

crystal state at rather low temperatures or by integrating a certain number of grain
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boundaries at elevated temperatures. The lowest m-values and hence a maximum in
activation volume might only be achieved above T., where m- and v-values typical for

fcc deformation behaviour are present.
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Figure 16: Surface contour plots and corresponding colour codes for obtained (a) strain-rate sensitivity
and (b) activation volume values vs. a relative temperature and number of interfaces contained within a

sample.
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6. Conclusion

A custom-built heating device consisting of independently resistive-heated
sample and indenter parts was developed to determine apparent deformation
mechanisms in sxx and ufg bcc metals. Temperatures ranging from RT up to 300°C
were achieved and, for the first time, comprehensive temperature calibration was
obtained by applying a finite element simulation approach. Results underline the
importance of temperature calibration and exact temperature matching to minimize
thermal drift. Finally, pillar compression and cantilever fracture experiments were

conducted at elevated temperature to show assets of the utilized heating tool.

Various experiments were conducted on sxx and ufg Cr and W samples, which
served as bcc model materials. By varying the sample size over several length-scales,
the interaction between internal microstructure and external sample dimension was
investigated. A strength scaling exponent of 0.43 + 0.03 for single crystalline chromium
was obtained which fits to the model of Schneider et al. [13]. The strength scaling
behaviour obtained for ufg Cr and W samples was compared. In all ufg samples
investigated, interfaces were identified mainly as large angle grain boundaries. The
interface-dominated strength scaling behaviour was attributed to an increasing
influence of free surfaces at small-scales. The demonstrated interplay with the present
grain size provided a novel view on the strength scaling behaviour in ufg bcc pillars,
which was also successfully modelled based on dislocation-mediated plasticity within
this work. Three main findings can be summarized:

e If the grain size is large enough to allow dislocation debris remaining in the
grain interior, a reduced strength with decreasing sample dimension is
expected. Then the grains influenced by free surfaces show reduced flow
stress values compared to inner grains. The decrease in strength with
decreasing sample size ends when approaching the single crystal state, as
shown for ufg W samples.

¢ As the grain size approaches the substructure size no pronounced strength
scaling behaviour is expected. Experiments conducted over several length-
scales result in identical stress values until the single crystal state is realized.

e [f the grain size is reduced and dislocation debris in the grain interior are not

available, the grain boundaries remain as sinks and sources for dislocations.

95



Conclusion

Here, grains near free surfaces show enhanced strength compared to grains
in the sample interior. Dislocation nucleation within the grain and subsequent
escape on the free surface would require larger stresses. A strength scaling
behaviour where smaller is stronger, as shown for ufg Cr will be observed upon

approaching the single crystal state.

To allow a more detailed insight into apparent thermally activated deformation
mechanisms, the mechanical behaviour of sxx and ufg bcc Cr and W was examined in
terms of rate- and temperature-dependent experiments over several length-scales and
stress states. Uniaxial pillar compression experiments, multiaxial advanced
nanoindentation tests and macroscopic compression experiments were conducted and
a model was successfully applied to predict strain-rate sensitivity and activation volume
values. The main findings are the following:

e Different uniaxial and multiaxial testing techniques allow comparison of flow
characteristics and thermally activated deformation mechanisms. In the
investigated model materials Cr and W, the same deformation mechanisms
are dominant.

e Deformation of single-crystalline samples is dominated by the Peierls potential
and a potentially present impurity trace up to the critical temperature T..
Overcoming this temperature, the thermally activated component of the flow
stress diminishes and a strain-rate insensitive behaviour accompanied by
further increasing activation volumes is observed.

e At low temperatures ufg samples deform by the thermally activated motion of
screw dislocations. The thermal stress contribution decreases with increasing
temperature and leads to a slight reduction of the strain-rate sensitivity.
Exceeding T; constant activation volumes and increasing strain-rate
sensitivity are indicative for dislocation-GB interactions as the dominant
deformation mechanism. Grain coarsening due to annealing and a change in
grain aspect ratio lead to a slight decrease of the activation volume, especially
at elevated temperatures. Grain boundary sliding has not been observed.

e A ftransition in strain-rate sensitivity is observed from a polycrystalline
behaviour to an sxx situation, which is controlled by the number of interfaces

in the tested volume. The strength scaling behaviour of ufg samples is clearly
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Conclusion

affected by free surfaces, which is also of concern for examining rate-

dependent deformation behaviour.

Suggestions to further improve the heated in-situ micro-testing device:

To enhance the performance of the heating device, the number of turns of the
filament coil could be increased and a filament material offering an enhanced melting
point and heat capacity might be utilized. For sufficient insulation of the micro-tester
hardware and to further reduce thermal drift, the volume of spacers and their design
might be improved. Filament coils should be moulded, for example, in ceramic
adhesives to ease their installation process. Once temperatures above 300°C are
achieved, a cooling system to minimize the heated volume and to further reduce drift

issues should be installed.

To conclude, the achieved results within this thesis vitally contribute to the
knowledge on the less understood deformation behaviour of bcc metals. Improvements
in terms of modelling the microstructure-dependent strength scaling behaviour and the
apparent deformation mechanisms in ufg bcc structures will help to push the

development of small-scale micro-mechanical devices to new limits.
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A - Abstract

To gain insights into the influence of the microstructure on the strengthening
behaviour in confined volumes, single crystalline (sxx) and ultrafine-grained (ufg) Cr
micropillars were investigated using in-situ scanning electron microscope
microcompression tests. Post-compression images of the sxx pillars indicate
crystallographic slip, while the ufg pillars reveal a bulk-like deformation behaviour and
an emergence of grains from the sample surface. Stress-strain curves of sxx samples
show intermittent flow and a scaling behaviour agreeing well with other bcc metals
investigated previously. Also for ufg samples a size-dependent strength with a reduced
but non-negligible scaling exponent is determined. This latter ufg size effect contributes
to an increasing influence of near-surface grains controlling plastic flow with
decreasing pillar diameter. While for micron-sized pillars the strength differs between
the two microstructures, the two scaling trends converge for sub-micron pillars with
diameters close to the grain size, indicative of a transition from boundary-mediated to

single crystal plasticity.

A1 - Introduction

Since technical devices are getting ever smaller, the requirements for materials
performances are generally increasing. Experimental setups were developed to
investigate confined volumes, and efforts were made to establish small scale testing
techniques. Uchic et al. [1] were the first to report a size effect in pillar compression
testing of single crystalline (sxx) Ni. It was observed that the yield stress scales
inversely with some power to the pillar diameter d. Many subsequent investigations
followed on sxx face-centred-cubic (fcc) and body-centred-cubic (bcc) metals, with
power law scaling exponents being agreed to be ~0.6 for fcc [2,3], and 0.2 to 0.6 for
bcc metals [3-5], respectively. The reason for this variation in bcc metals is still under
debate [6].

Due to the absence of closest packed planes in the bcc crystal structure,
deformation is rate limited by the movement of screw dislocations via the kink pair
mechanism [7]. Thermal activation helps to move these kink pairs. Thermally activated
processes seem to be the direct reason for an increasing power law scaling exponent

towards the fcc value. If thermal activation reaches ~0.2 - T, where Ty, is the melting
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temperature of the metal, the critical temperature (T¢) is typically reached [8]. At this
point, screw dislocations propagate through the material with the same velocity as
edge dislocations and the scaling exponent approaches 0.6 [2-4,9], the common value
of fcc metals.

The scaling behaviour of fcc and bcc metals has been studied by several groups
in the last few years. Greer et al. [10] investigated the stress-strain behaviour of Au
and Mo pillars, and differences in the scaling behaviour were accounted to varying
dislocation mechanisms. Schneider et al. [6] tested various bcc metals with different
T. at room temperature (RT). Hereby, the RT/T. ratio refers to different thermal
contributions to the Peierls stress of various metals. The received wide range in scaling
exponents of the bcc metals (Nb, Ta, W, Mo) has been explained by the thermally
activated component of the yield stress [7]. These findings were confirmed by Maier et
al. [11] using advanced nanoindentation (NI) techniques. More recently, compression
tests on sxx W and Ta were carried out at elevated temperature by Torrents Abad et
al. [12]. They observed increasing strength scaling behaviour with increasing
temperature. However, in the present case of polycrystalline pillars, the size effect is
not only composed of a thermal stress contribution. It is also dependent of an intrinsic
grain size [13-16].

It is well-known that defect-free whiskers reveal theoretical strength values,
whereas pillars with defects lead to the investigated size effect [14]. In other words
there could be a preparation induced size effect. For millimetre-sized and micron-sized
samples, Janssen et al. [17] investigated Al and found a processing induced strength
scaling behaviour. Samples used in our investigations are very large compared to a
probably affected surface volume (typically ~50 nm, Kiener et al. [18]) and therefore
no significant influence of a processing induced size effect is expected. In fact,
Jennings et al. [19] compared Cu pillars produced with and without focused ion beam
(FIB) milling and found that size effects are independent of FIB damage.

Attempts were made to analyse pillars containing different defect densities.
Bei et al. [14] compared dislocation free and pre-strained Mo whiskers. Their findings
reveal no size effect for pillars with more than 11% pre-strain. Schneider et al. [15] and
El-Awady et al. [16] pre-strained Ni pillars and found a reduction of the scaling

exponent with increasing pre-strain. This was related to cell structures that formed
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during straining and the increase in dislocation density in the cell walls with increasing
pre-strain.

In our work, the dislocation density was further increased by deforming Cr to far
more than 100% representative strain. High pressure torsion (HPT) was used to form
an ultrafine-grained (ufg) microstructure with mostly high angle grain boundaries
[20,21]. FIB milled pillars were compressed in-situ in a scanning electron microscope
and the occurring size effect and deformation behaviour of ufg samples were compared

with sxx samples.

A2 - Materials and Methods

An sxx Cr rod with a purity of 99.999% was obtained from Mateck GmbH (Julich,
Germany) in (100) orientation. Slices of approximately 1 mm thickness were cut with a
diamond wire saw and subsequently ground and polished to a lamella, on which non-
tapered pillars in the size range between 200 nm to 4 ym and with an aspect ratio of
2.5—-3 were milled with a dual-beam SEM-FIB workstation (Zeiss LEO 1540 XP,
Oberkochen, Germany) [22].

The polycrystalline Cr with a purity of 99.9% was provided as sheets by Plansee
SE (Reutte, Austria). To achieve an ufg microstructure, the as-received sample was
cut via electron discharge machining (EDM, Brother HS-3100) to a cylinder with a
diameter of 30 mm and a height of 7 mm and was subsequently deformed via HPT
[20,21]. Due to the RT brittleness of Cr (the ductile to brittle transition temperature
(DBTT) of the recrystallized microstructure is 320 — 390°C [23]), the deformation
process was performed at 200°C. The sample was processed at a pressure of 4.2 GPa
with a rotational speed of 0.5 rpm. After 50 rotations and an imposed equivalent strain
of ~360, a saturated ufg microstructure was reached. Subsequently, a lamella with
3-2-1mm? was cut by EDM, followed by thinning, polishing and FIB milling in a
similar way as the sxx sample. Due to the radial strain gradient in HPT samples [20,21],
the lamella was cut from a disk radius of 14 mm.

Vickers hardness measurements were performed on the as-received
polycrystalline sample as well as on ufg samples using a Buehler MicroMet 5104 and
a load of 500 gdf.

The grain size was determined at the same disk radius of 14 mm using back-scattered

electron (BSE) images (Figure 1a) and electron back scattered diffraction (EBSD)
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grain orientation maps (Figure 1b) recorded in an SEM (Zeiss LEO 1525, Oberkochen,
Germany). Additionally, a thin lamella was prepared from a disk radius of
approximately 14 mm to investigate the microstructure via transmission electron
microscopy (TEM, Philips CM 12), shown in Figure 1c. For interpretation, the
arrangement of the HPT principal directions with respect to the compression axes of
the pillars are included in Figure 1a, the inverse pole figure colour code map is shown
in the bottom left corner of Figure 1b, and the diffraction pattern of the corresponding
TEM image is presented in Figure 1c, revealing almost no texture but slightly elongated

grains.
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Figure 1: Microstructure of the HPT deformed Cr. a) BSE image, red arrows in the inset mark the
compression axis regarding the direction of shear (green arrow) of the HPT sample, b) EBSD image
and corresponding inverse pole figure, and c) bright field TEM image with corresponding diffraction

pattern.

The pillar compression tests were carried out at RT in-situ in an SEM
(Zeiss LEO 982, Oberkochen, Germany). Tests on samples smaller than 1 ym were
performed utilizing a Hysitron Pl 85 Picoindenter® using a feedback loop of 200 Hz,
while pillars in the size range between 1 ym and 4 ym were tested with an UNAT-SEM
indenter (Zwick GmbH & Co. KG, Ulm, Germany) with a feedback loop of 64 Hz, as
this device offers higher loads [24] required to deform the large and strong ufg pillars.
The indenters were equipped with conductive diamond flat punches with diameters of
6 um and 8 um, respectively (Synton-MDP AG, Nidau, Switzerland). Displacement-
controlled tests were conducted at constant displacement rates that were adapted to
the pillar geometry in order to reach a constant nominal strain rate of 10-3 s, thereby

excluding strain rate influences. The stress-strain curves were calculated from
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recorded force-displacement data using the top pillar area and height from the
untapered samples. The specimens were strained to ~20%, and corrections for sink-
in [25] and machine stiffness [26] were taken into account. Furthermore, movies were
captured from the compression tests with 1 frame per second to analyse the dynamics
of the deformation processes, and high resolution SEM images were taken post-
compression to relate them to the corresponding stress-strain curves.

To compare pillar compression with macroscopic results, ufg samples with
dimensions of 2 - 2 - 3 mm?® were also cut by EDM from a disk radius of 14 mm. These
samples were tested using a universal tensile testing unit (Zwick GmbH & Co. KG,
Ulm, Germany) modified with a load reverse tool to a compression device. Tests were
conducted in air at RT and loads were measured with a 10 kN load cell. Strains were
calculated from the recorded time and corresponding crosshead velocity. The sample
was held between two WC-Co plates and sample-plate interface friction was

neglected.

A3 - Results
The bulk hardness of the sxx Cr samples is 1.6 GPa measured by NI [27] and

results of Vickers microhardness testing are presented in Table 1. The corresponding
indentation sizes for the as-received Cr and the HPT deformed Cr were ~7400 uym?
and ~2025 pm?, respectively. The initial grain size of the as-received polycrystalline Cr
was ~200 um. The mean grain sizes of the three images in Figure 1 were determined
at a disk radius of ~14 mm using area-equivalent circle diameters, resulting in average
grain sizes of 135+ 34 nm, 170 £ 84 nm and 150 + 36 nm for BSE, EBSD and TEM,

respectively.

Table 1: Purity of the investigated materials and results of hardness testing.

Sample Purity [%] | Hardness [GPa]
sxx Cr 99.999 1.6 [27]
as-received polycrystalline Cr 99.9 1.2+0.04
ufg Cr 99.9 4.3+0.10
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Figure 2a depicts representative stress-strain curves of the sxx Cr pillars. While
small samples show increasing flow stresses, pillar diameters larger than 4 um reveal
a strength of ~600 MPa. Converting the NI hardness (using a constraint factor of 2.8
and H = o - C* [28]), bulk strengths of ~570 MPa [27] are reached. The data for the
bulk yield stress (0.02% plastic strain) of sxx Cr in (100) orientation is reported from
tensile tests by Sameljuk et al. [29] as ~290 MPa, a much lower value as observed for
present samples. This difference is explained by the large amount of strain hardening
between the yield stress and a representative strain of ~8%. For pillars larger than
2 um, the stress-strain curves show reasonably continuous plastic deformation with
occasional burst events, while for smaller samples pronounced load drops occur. At
pillar sizes below ~1 uym serrated flow is evident and load drops in the order of 700 MPa
are observed. Notably, the number of load drops might also depend on the machine

dynamics and whether displacement or load controlled mode is used [30].
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Figure 2: Representative micro compression stress-strain curves of a) sxx and b) ufg Cr pillars.

In the case of the ufg samples (Figure 2b), a higher yield stress is reached due
to a refined microstructure. NI tests resulted in a strength of ~2050 MPa. Bulk
compression samples and pillars with diameters of 4 um show comparable yield
strengths of ~2000 MPa and continuous plastic deformation. However, alignment was
hindered due to lower stiffness of the bulk compression equipment, resulting in a
sample misalignment of ~1°. Therefore, the elastic loading stiffness of bulk samples is
reduced and not comparable with pillar compression experiments, where the
determined Young’s modulus of 250 GPa is reasonably close to the bulk value of
294 GPa [31].
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In the case of decreasing pillar diameter, the yield strength of the ufg pillars also
increases slightly. The stress-strain curves show features comparable with those in
sxx samples, for instance, serrations and load drops in the order of 300 MPa for the
same experimental setting. The plastic deformation behaviour can be seen in the
supplementary videos, where video 1 depicts in-situ SEM pillar compression tests of
two ~4 um sized pillars, sxx and ufg, respectively. The insets show the corresponding
stress-strain data. Video 2 depicts the same scheme for pillars with diameters of

~0.6 um.

Figure 3: Post-deformation SEM images of compressed micropillars: a) 4 ym sxx, b) 3.8 ym ufg, c)

0.6 um sxx and d) 0.4 ym ufg, respectively. All pillars were deformed to about 20% plastic strain.

Post-compression SEM images in Figure 3a and c represent deformed sxx pillars
with diameters of ~4 ym and ~0.6 um. Corresponding stress-strain curves are shown

in Figure 2a where the dark blue curve describes the deformation of the 4 um sxx pillar
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and the black curve the deformation of the 0.6 pm sxx pillar, respectively. In case of
the large sxx pillar (Figure 3a), deformation takes place on a preferred slip plane which
has been estimated as the (110) plane typical for slip in bcc metals. Due to cross-slip
of screw dislocations, deformation occurs on ill-defined crystallographic planes which
intersect along the <111> direction [7]. In case of the small sxx pillar shown in
Figure 3c, a similar deformation behaviour governed by crystallographic slip is
observed.

Figure 3b and d represent deformed ufg pillars with diameters of ~3.8 ym and
~0.4 ym. Corresponding stress-strain curves are also depicted in Figure 2b, where the
dark blue curve corresponds to the 3.8 um ufg pillar and the black curve to the 0.4 ym
ufg pillar. In contrast to the sxx samples, the large ufg pillars indicate slight barrelling,
which is also seen in macroscopic compression samples due to friction at the surface-
tool interfaces. Grains near the free surface emerge and slip planes in the grain interior,
corresponding to the planes of highest shear stresses, are visible (Figure 3d).

In-situ deformation and post-compression SEM images (Figure 3) reveal the
deformation behaviour on the surface, but deformation processes in the pillar volume
are not directly visible. Therefore, FIB cross sections of the deformed sxx and ufg
pillars were made to perform EBSD scans of the deformed interior. In Figure 4a, the
cross section of a FIB cut sxx pillar is shown with an overlay of the corresponding
EBSD scan. The slip traces of the (110) planes are indicated by black lines. The
different colours represent a slight rotation of ~2° of the deformed part of the pillar with
respect to the base. Figure 4b and ¢ shows EBSD scans from cross-sections of ufg
pillars with diameters of ~4 ym and ~0.5 pym, respectively. Approximately 40000 grains
are located in the volume of the large ufg pillar while the number of grains is reduced

to ~80 in the pillar shown in Figure 4c.

A4 - Discussion

In general, strengthening occurs when dislocation motion is hindered by
obstacles, whether they are precipitates, forest dislocations or grain boundaries [32].
Once the involved length scales are truncated, as in the case of small pillars, the
truncation effect is then responsible for the size-dependent strengthening. Moreover,
activation of different slip systems can also contribute to a different scaling behaviour
[33-36].
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Figure 4: EBSD scans of cross-sections of different pillars and corresponding inverse pole figure. A)
2 uym sxx Cr pillar with (110) slip trace indicators showing ~2° misorientation between top and bottom
part of the pillar, b) a 4 ym ufg pillar, and c) a 0.5 ym ufg pillar with (110) slip trace indicators for the

larger grains.

To discuss the observed small scale deformation behaviour in detail, the
schematic flow stress over pillar diameter diagram and the regarding sample
microstructure (Figure 5a) are considered. As long as Frank-Read sources are
controlling plastic deformation, a bulk strength is also expected in miniaturized
compression tests, which is schematically represented by the red horizontal line for the
sxx case. The obstacle spacing in terms of forest dislocations is smaller than the pillar
diameter and a dislocation would bow out between obstacles (depicted as stars) on a
preferred slip plane. If the pillar size decreases and the obstacle spacing approaches
the pillar diameter, single armed sources [37] are responsible for plastic deformation.
This yields to the sample size effect [1-4], evidenced by the increased slope of the red
line for the sxx case. The blue lines including the top images in Figure 5a represent
the deformation behaviour of ufg pillars. The top right pillar represents the case of a
large sample, where the grain size is noticeably smaller than the pillar size.

Dislocations bow out between obstacles or from boundaries in internal grains, and a
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minority of single armed sources could act in surface grains. The stress-strain
behaviour is similar to bulk samples due to a homogenous distribution of grains. The
increased polycrystalline strength compared to sxx bulk strength is attributed to Hall-
Petch strengthening [38,39]. In this case neither a size effect nor load drops are
observable.

If the pillar diameter is decreased for a constant grain size, the number of grains
inside the pillar decreases. As a direct consequence less obstacles and pinning points
are present in the sample volume. The pillar in the middle of Figure 5a shows a small
ufg specimen where the grain arrangement is not favourable for sxx deformation
behaviour, indicated by the marked slip traces of the (110) slip planes that intersect a
grain boundary before reaching the pillar surface.

In this simple case, no size effect would be expected, as dislocations are still
blocked by grain boundaries, but individual slip events might be detectable in the
stress-strain data, as evidenced by load drops in the stress-strain curves for small
pillars (Figure 2). In load-controlled compression tests, strain bursts occur instead of
load drops, but their origin is the same [30]. Ufg pillars show such features for pillar
diameters smaller than 1 um, where dislocation avalanches can easily exit at surface
grains. Dislocations nucleated in grains being surrounded by other grains cannot exit
on free surfaces. They rather pile-up at adjacent grain boundaries, which consequently
yields to smaller load drops in the stress-strain curves of larger ufg samples. Such
burst events are usually only detected for a limited number of grains. In large samples,
they are typically averaged out.

If the grains are oriented in a more favourably way (top left pillar), slip traces
reveal no intersections with boundaries and deformation as known for sxx pillars can
occur, with the consequence that a size effect will be observed. In a more realistic
scenario, surface grains will require higher external loads to cause yielding due to a
reduced pile-up contribution for source activation, which will be more important for
decreasing pillar diameters. Thus, the transition from ufg to sxx scaling behaviour might

be gradual.
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Figure 5: a) Schematic of the size effect in sxx and ufg pillars in a log-log stress-pillar diameter plot. The

red and blue lines represent the behaviour of sxx samples and ufg pillars, respectively. b) Strengthening

of sxx Cr and ufg Cr pillars evaluated at 8% flow stress and, c¢) strength data of both data sets collapses

using a combined internal length scale leff. See text for more details.
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Figure 5b depicts the representative flow stresses of the varying sized Cr pillars,
evaluated at 8% plastic strain. This strain value was chosen to allow comparison with
hardness tests performed with a Berkovich indenter (imposing 8% plastic strain [28]).
Another reason for comparison of stresses at higher strain levels is to include the strain
hardening behaviour within the first few percent of deformation to be comparable with
previous bcc studies [4,15,33,34]. Red circles and blue squares indicate strength
values of sxx and ufg pillars, respectively, with corresponding error bars resulting from
uncertainties of determining the cross-sections and the noise of the indenter load
without contact as a worst case limit.

Horizontal lines on the right represent bulk strengths and were taken for sxx
samples from [27]. Bulk strengths of the ufg samples were calculated from hardness
testing. They are in good agreement with the macroscopic compression test
(Figure 2b) after removing the error in strain from misalignment.

The slope of the linear fit from the data points of the log-log plot in Figure 5b gives
the power law scaling exponent n, which is 0.43 £ 0.03 for sxx pillars. While the scaling
behaviour of bce sxx pillars is well investigated, Cr has not been examined so far. Thus,
it is interesting to note that this value fits well into the concept of Schneider et al. [4].
In fact, if the power law exponent is plotted against the homologous critical temperature
(~0.68 for Cr), the model of Schneider would predict a power law scaling exponent of
~0.41, in close agreement with our results.

In the case of ufg pillars, the slope decreases due to the presence of grain
boundaries and higher dislocation densities from HPT processing. The linear fit gives
a scaling exponent of 0.10 + 0.02, which reveals that a slight scaling behaviour is
evident even in ufg pillars. The point of intersection of the two fit lines indicates the
transition to sxx behaviour. It occurs at a pillar size of ~150 nm, which is in good
agreement with the grain size of the material (Figure 1). In this situation, typically a
single grain would span the pillar cross-section, leading to sxx deformation for both
material conditions.

From the SEM images in Figure 3 it appears that the deformation behaviour is
different between sxx and ufg pillars, which might have contributed to grain boundary
mediated deformation, as reported in [40]. To investigate whether another length scale
or deformation mechanism plays a dominant role, both data sets were analysed

regarding to dislocation based plasticity. Taking into account sample size as well as
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grain size in a weakest link concept, many approaches are found in literature. Keller et
al. [41] and Chen et al. [42] investigated the influences of varying sample thickness
and grain size on the mechanical properties in tensile tests, while Misra et al. [43],
Zhang et al. [44], Guo et al. [45] and Knorr et al. [46] investigated the deformation
behaviour in nano-scaled multilayers. Furthermore, Nicola et al. [47] applied such
approaches on thin films. Bushby et al. [48] related an indentation contact size with the
grain size. First weakest link concepts were suggested by Dunstan et al. [49]. They
performed torsion tests on thin wires and related the responsible length scales, the
grain size and a structure size (wire diameter) to an effective length scale /lef. For our
experiments, the extrinsic pillar diameter D and the intrinsic grain diameter d were
related to le. The two length scales interact with each other and result in a single

scaling effect, for a situation where only dislocation slip is considered:

1

leff

+ (1)

QU
SR

The length scale governing plastic deformation in equation (1) indicates that the
grain size is the dominating part in ufg pillars, whereas for sxx pillars the pillar diameter
is dominant (Figure 5c). For intermediate sizes, the coupling becomes more important.
Note that a representative flow stress at 8% strain was again used to scale with the
effective length scale of the pillars. It can be seen that sxx and ufg samples collapse
on the same trend line (black), which implies that the scaling behaviour in both, ufg
and sxx pillars, is controlled by the same deformation mechanism, namely dislocation
motion.

The EBSD data, shown in Figure 4, support these assumptions. The ongoing
dislocation motion in the sxx case (Figure 4a) leads to a slight rotation during
compression, which is common behaviour due to lateral constraints [50-52]. Micron-
sized ufg pillars (Figure 4b) deform similarly to bulk samples and show a comparable
stress-strain behaviour. Grain size determinations also indicate comparable size
distributions as for the initial HPT deformed material mentioned (Figure 1), and exclude
distinct deformation induced grain growth [53,54]. Moreover, no indication of grain
boundary sliding is observed in both micron- and sub-micron-sized pillars. In the case
of a sub-micron sized pillar (Figure 4c), sxx deformation behaviour could be expected

if one grain would span the whole pillar. For the given grain orientations, slip traces
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indicate that the grain arrangement is unfavourable for sxx deformation. Therefore, the
pillar deforms comparably to the larger ufg pillar with homogeneously distributed grains
but at an increased flow stress level compared to bulk, as seen in Figure 2b.

In the case of polycrystalline pillars, only few and somewhat controversial results
are reported in literature. Jang and Greer [55] investigated Ni-W pillars with a grain
size of ~60 nm and found a size-induced weakening effect instead of a stress increase
with decreasing pillar diameter below ~200 nm. In contrast, Rinaldi efal. [56]
investigated comparable pure nanocrystalline Ni with a grain size of about 30 nm for
samples in the size range from 160 nm to 272 nm and reported a size effect where
smaller pillars are stronger. A scaling exponent of 0.38 to 0.66 [56] was observed
depending on the strain level, where the defect density was always the same.
Increasing the dislocation density by pre-straining of sxx Ni reduced the scaling
behaviour from 0.66 to 0.16 [15,16].

Schreijag et al. [57] investigated bcc metals (a-Fe and DC04, a low alloyed steel)
with focus on the effect of sample size and microstructure on the strengthening
behaviour tested by pillar compression. Their metal sheets were cold rolled and
annealed, and the FIB fabricated pillars were in the size range between 500 nm and
22 um for a grain size of about 50 ym, thus essentially single crystalline. Slip in their
heat treated pillars did not necessarily end at grain boundaries and only small
differences between sxx and heat treated polycrystalline pillars were found. In the case
of the cold rolled material, grain boundaries acting as obstacles were reported not to
play an effective role and dislocations did not pile up. Cold rolling resulted in a varying
grain boundary character compared to HPT, caused by a much lower degree of
deformation. Notably, the contained dislocation density in the rolled material should be
comparable with the present ufg material processed via HPT of ~10'* to 10> m
[58,59] containing mostly large angle grain boundaries. For Fe, which has a low
thermal stress component at RT, the scaling exponent was reported as 0.81 by
Schreijag et al. [57] which is even higher than observed in fcc metals [1,2]. This strong
scaling exponent has also been reported by Rogne and Thaulow for sxx Fe [36] and
might be contributed to different crystal orientations. A scaling behaviour in strength of
the cold rolled DCO04 steel has not been observed by Schreijag et al. [57], which is
likely due to high dislocation density and large samples, comparable with results of
pre-strained pillars [14-16].
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Another approach to explain this strengthening is a statistical size effect as
suggested by Henning and Vehoff [60]. By calculating Taylor factors and minimal grain
areas over the specimen width, they could predict the initial point of yielding in their
samples. This, however, requires simplifications such as a two-dimensional
microstructure, which is not been guaranteed even in the smallest ufg pillars. Thus, we
consider only flow stresses instead of critical resolved shear stresses, and do not
attempt to address a statistical size effect.

Jang and Greer [55] and Rinaldi et al. [56] performed their experiments at low
grain size to pillar size ratios of ~0.02 - 0.2 corresponding to a bulk situation, while the
investigations from Schreijag et al. [57] were conducted on high d/D ratios of ~2 — 100,
thus essentially in the sxx regime. In the case of the present ufg pillars, a grain size to
pillar size ratio of ~0.04 - 1 was investigated, thereby spanning the whole range of
interest.

In this intermediate transition regime, the results presented show a non-negligible
strength scaling behaviour in ufg pillars, emerging due to the comparable magnitude
of the internal (microstructural) length scale and the pillar dimensions. Since the grain
size d is ~160 nm (Figure 1), dislocation-mediated plasticity within the grains is most
probably responsible for plastic deformation. As dislocations can exit to the surface,
stronger near-surface grains gain importance with decreasing sample dimensions.
This reduces dislocation pile-ups and local stresses and requires higher loads for
plastic deformation. Thereby, near-surface grains contribute to the strength scaling
exponent of 0.10 + 0.02. Considering the situation from the sxx point of view, the
reduced scaling exponent would also indicate a higher defect density compared to sxx
samples [15]. The defect densities in the investigated samples were not determined
explicitly. However, comparison with calculations from El-Awady [61] suggest that a
dislocation density of ~10'* to 10"® m2 [58,59] would yield to a scaling exponent of

~0.10, in good agreement with present results.
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A5 - Conclusion

Size effect investigations on sxx Cr and ufg Cr were performed to study the
interaction between internal microstructure and external sample dimensions. Sxx
pillars reveal a scaling behaviour of ~0.43, in agreement with other bcc sxx pillars when
normalized to the homologous critical temperature. Ufg pillars show a decreased
scaling behaviour with a scaling exponent of ~0.10. This reduction is explained by the
influence of free surfaces in small scale testing, as grains influenced by the pillar
surface seem to be stronger than grains in the pillar volume. Dislocations can exit the
near-surface grain, making them resistant to subsequent deformation. Current data
analysis is based on dislocation plasticity at RT. Up to now, no differentiation between
the effects of dislocation density and grain boundaries regarding the reduced scaling
exponent are made. Possible influences of surface or boundary mediated processes,

in particular at elevated temperature, will be investigated in the future.

A6 - Appendix: Supplementary Material
The supplementary videos of publication A are included digitally on the storage

medium located at the end of the thesis.

Video1: In-situ SEM compression test of two ~4 um sized Cr pillars. The left sample is single crystalline

while the right one contains an ufg microstructure. The insets show the corresponding stress-strain data.
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Video 2: In-situ SEM compression test of two ~0.6 um sized Cr pillars with a single crystalline (left) and

an ufg microstructure (right). The insets show the corresponding stress-strain data.
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B - Abstract

The microstructure influence on the thermally activated deformation behaviour of
chromium is investigated for a more fundamental understanding on the deformation
mechanisms contributing to plasticity in bcc metals. Therefore, scale-bridging
experiments at variable temperatures and for varying strain-rates are performed,
encompassing macroscopic compression tests in direct correlation to local in-situ SEM
micro-compression experiments on taper-free pillars and advanced nanoindentation
testing. For the first time, it is demonstrated that, independent of stress state, sample
volume and surface fraction, a distinct temperature-dependent transition of the
dominating deformation mechanism occurs. While at low temperatures the lattice
resistance dominates, exceeding a critical temperature the dislocation interaction with
grain boundaries becomes the rate limiting step. Finally, based on the vastly different
fractions of grain boundaries in the tested sample volumes, a more comprehensive
model on the deformation of bcc metals, in particular at small scales or for confined

volumes is derived.

B1 - Introduction

Over the last decades, investigations on the elemental deformation mechanisms
in different metals, in particular body-centred cubic (bcc) ones, were extended from
originally coarse-grained (cg) states [1,2] to single-crystalline (sxx) [3,4], ultrafine-
grained (ufg) [5-7] and even nano-crystalline (nc) [8,9] microstructures. Since
macroscopic tests average deformation characteristics over several length scales,
testing of limited sample volumes [10] offers the premise to assess specific intrinsic
material behaviour. In these small dimensions, individual plasticity mechanisms, such
as dislocation motion, dislocation interactions, dislocation pile-ups [9], or even
diffusion-mediated processes such as grain boundary (GB) sliding [11,12] can
potentially be isolated, thereby allowing identification and analysis of specific
deformation modes.

A common approach to gain insight into the thermally activated deformation
behaviour of bcc metals is to determine the strain-rate sensitivity (m) and the
correspondent activation volume (v) [13]. Therefore, constant strain-rate tests or/and

strain-rate jump (SRJ) tests are conducted and the rate-dependent stress responses
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are used to determine m. Since in this work the aim is to bridge from macroscopic
experiments to small volumes, it is important to note that recent work on nc Ni, ufg Al
and ufg Nb [14-16] revealed direct comparability of constant strain-rate tests and SRJ
tests performed by nanoindentation, small-scale tension and compression experiments
with macroscopic data.

Conventional cg or sxx face-centred cubic (fcc) metals exhibit m-values in the
order of 102 [5,17-20]. If internal length scales for dislocation interaction become
smaller, e.g. by decreasing the grain size, m increases by about one order of
magnitude [9,17]. The corresponding v (indicated in multiples of the cubed Burger’s
vector b) decreases from values well above 100 b*® (cg microstructure) to a couple of
10 b* in ufg fcc metals [9,18]. This indicates a transition from forest dislocation
interactions to dislocation-GB interactions. Further decreasing the grain size to the nc
regime leads to low v of ~1 b3 These values are classically attributed to diffusion-
driven processes [9].

To investigate the GB contribution in confined sample volumes, Zhang et al.
[19,20] performed micro-compression tests on sxx and ufg Cu pillars and reported that
m is strongly dependent on the sample diameter to grain diameter (D/d) ratio. While
sxx and macroscopic polycrystalline Cu samples show low m-values of ~0.002, they
reported ~0.10 - 0.15 for D/d ranging between 3 and 10. Thus, the high number of
interfaces in the deformed volume strongly influences the deformation behaviour
[5,9,21] as well as the yield stress [22-25] of pillars in the fcc case.

While the situation in fcc metals is quite well understood, the situation is less clear
in bcc structures [26,27]. This prevails especially for cases where microstructure,
microstructural constraints, loading conditions and variable sample sizes are taken into
account. Moreover, the flow stress in bcc metals consists of two parts, namely the
temperature independent athermal component (0.), which arises from long-range
stresses caused by obstacles to dislocation motion, such as impurities or GBs, and the
temperature and strain-rate dependent thermal component of the flow stress (o),
which stems from the resistance of the lattice itself, called the Peierls potential [1,28].
In the latter case, the movement of screw dislocations via the kink-pair mechanism
becomes the dominating thermally activated contribution during low temperature
deformation [29].
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The temperature dependency varies with respect to a critical material specific
temperature (T¢), upon which thermal activation eases the movement of screw
dislocations with increasing temperature. Eventually, the lattice friction diminishes
once T; is reached at ~0.2 - Ty, [29], with T being the melting temperature of the
respective metal. Above this temperature (for Cr ~160°C [29]), the rate-dependent
characteristics in bcc and fcc metals are comparable since the Peierls potential
contribution vanishes. Therefore, screw dislocations exhibit a similar mobility as edge
dislocations [28], which consequently leads to low m and corresponding high v typical
for fcc metals, as only long range stresses prevail.

In literature, investigations on bcc metals were conducted by Wei et al. [30-34]
performing macroscopic compression tests and Zhou et al. [35] and Wu et al. [8]
performing nanoindentation tests, addressing the rate-dependent deformation
behaviour on V, W, Mo, Ta and Cr. Increasing m with increasing grain size was
reported, opposite to reports on fcc metals [5,9,21].

More recently, Maier et al. [6,7] investigated the deformation mechanisms in sxx
and ufg bcc metals by means of advanced nanoindentation techniques at room
temperature (RT) for Cr and W [7], and at elevated temperatures for Cr [6]. For Cr, m
at RT of ~0.07 in sxx samples was attributed to a strong contribution of the Peierls
potential and a low mobility of screw dislocations [28] which govern the deformation
process at low homologous temperatures underneath T via the kink pair mechanism
[1,28,29]. Comparably lower m at RT of ~0.02 in ufg samples was referred to a
prevailing contribution of the Peierls potential in combination with an increased
athermal contribution due to GB strengthening. Overcoming T. in the ufg state, a
further increase of m was measured and related to a diminishing contribution of om
accompanied by an emerging dominant thermally activated dislocation-GB interaction.
0a remains mostly constant with increasing temperature due to a thermally stable
microstructure [6].

In this work, focus is placed towards a more comprehensive scale-bridging
understanding of the deformation characteristics of bcc Cr by examining contributing
factors such as microstructure, sample size, temperature and stress state. The
corresponding effects on the deformation behaviour over four orders of magnitude
concerning the sample size, taking into account rate effects at ambient as well as non-

ambient conditions, are analysed in this study. Therefore, uniaxial macroscopic
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compression tests, in-situ SEM micro-compression experiments, as well as multiaxial
advanced nanoindentation experiments using different tip geometries were performed
at variable strain-rates between RT and 400°C to determine m-values and activation
volumes. The stress-strain response and occurring deformation mechanisms were
compared with sxx Cr to assess the impact of GB contributions. Moreover, the rate-
dependent properties and microstructural evolution will be related to the loaded
material volume with respect to testing temperature (Ttst) and fraction of GBs present

within the specimen to assess size-dependent mechanism transitions.

B2 - Material Processing

The as-received polycrystalline ultra-high-purity Cr sheets (Cr-265, Plansee SE,
Reutte, Austria) were cut by Electrical Discharge Machining (EDM, Brother HS-3100)
to a cylinder with a diameter of ~30 mm and a height of ~7 mm. Subsequently, this
cylinder was deformed via High Pressure Torsion (HPT) [36,37] using a rotational
speed of 0.5 rpm and a pressure of 4.2 GPa at 200°C to an equivalent strain of ~360
(50 rotations) to reach an ufg microstructure. Subsequently, the Vickers hardness
(Buehler MicroMet 5104, load of 500 gf) of ufg Cr was measured over the whole disk
radius (r) and disk thickness on polished samples and is shown in Figure 1a on top of
the half HPT disk.

Compression Testing

The EDM-cut macroscopic compression samples indicated in Figure 1a were
subsequently ground and polished with SiC paper to achieve a smooth sample surface
with final sample dimensions of 2 -2 - 3 mm3. They were machined in axial disc
direction, where elongated grains from the HPT process are oriented perpendicular to
the compression axis. The samples were held between two WC-Co plates and sample-
plate interface friction during deformation was neglected. Testing was performed in air
using a universal tensile testing unit (Zwick GmbH & Co KG, Ulm, Germany) modified
with a load-reverse tool to a compression device. Loads were measured with a
calibrated 10 kN load cell and strains were calculated from recorded time and the
corresponding crosshead velocity.
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Figure 1: Half of a HPT-deformed Cr disk with corresponding hardness map and BSE images of the
microstructure. a) EDM was used to cut a lamella (black — left side) from the HPT disk for FIB pillar
preparation from a disk radius of 14 mm and several macroscopic compression samples from a radius
range between 12 mm and 14 mm. The compression axis is the axial direction of the HPT sample. b)
Microstructures before and after HPT deformation. The left image shows the as-received Cr (d~200 ym).
I and II represent the microstructure after HPT deformation at a disk radius of 14 mm (lamella for pillar
preparation, d~160 nm) and at a disk radius of ~12 mm (for macroscopic samples, d~300 nm),

respectively.
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High temperature pillar-compression

For micro-pillar compression tests at elevated temperature, a custom made,
resistive heating device equipped with a ~12 ym sapphire flat punch (Synton-MDP AG,
Nidau, Switzerland) was installed on the UNAT-SEM indenter. To achieve isothermal
contact temperatures, the sample holder was also independently heated on the
moveable stage of the SEM. Thermocouples were brazed nearby the indenter and the
sample holders. Software control was implemented in LabView® (National Instruments
Corp., Austin, Texas, USA) and temperature control was achieved with a PID feedback
loop. With this setup, accurate measurements at temperatures up to 300°C are
achievable without active cooling after a stabilisation time of ~30 min. For temperature
calibration of the equipped indenter, a temperature matching procedure as suggested
in [47] has been applied to tune the contact temperature between the indenter and the
sample in order to minimize thermal drift. Further details about the setup are

summarized in [48].

Nanoindentation

HPT-deformed macroscopic ufg samples as well as an sxx sample were
mechanically and electrolytically polished to remove remaining deformation layers
before nanoindentation testing. In order to measure thermally activated processes at
various temperatures, nanoindentation strain-rate jump (SRJ) tests [14] were
performed using a Nanoindenter G200 (Keysight Technologies, USA) equipped with a
continuous stiffness measurement (CSM) unit to continuously record contact stiffness
and to avoid local thermal drift [49]. Machine stiffness and tip shape calibrations were
performed at RT according to the Oliver-Pharr method [50]. Strain-rate jumps for
displacement segments of 500 nm each and strain-rate levels of 5+ 102 s, 102 s,
103 s and 5 - 103 s-' were performed. Furthermore, strain-rate controlled tests with
a constant strain-rate of 5 - 102 s' were conducted to compare to results from SRJ
testing as well as uniaxial testing techniques. For all tests, the CSM frequency was set
to 45 Hz and a harmonic displacement amplitude of 2 nm was superimposed.

For RT testing, a three-sided diamond Berkovich pyramid (imposing ~8% plastic
strain, obtained from MicroStar Technologies, Huntsville, USA) as well as a diamond
Cube Corner indenter (Synton-MDP AG, Nidau, Switzerland), which imposes ~20%

plastic strain [51 ], were utilised. For high temperature measurements at 100°C, 150°C,
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200°C, 250°C and 300°C a Berkovich pyramid tip made of sapphire (Synton-MDP AG,
Nidau, Switzerland) was used. Independent heating of sample and indenter was
achieved by a laser heating stage (SurfaceTec, Huckelhoven, Germany) and an active
water-cooling system. Moreover, the maximum indentation depth for all indents was
2500 nm and tests under non-ambient conditions were performed in an inert gas

environment (95% N2 and 5% H2) to exclude sampling issues and oxidation effects.

B3 - Results

Microstructure and hardness

The initial grain size of the as-received polycrystalline Cr was ~200 ym
(Figure 1b, left). The mean grain size in the ufg lamella used for pillar preparation was
~160 £ 51 nm (Figure 1b, middle) and in the macroscopic compression samples,
ranging from r~12 mm to r~14 mm ~300 £ 86 nm (Figure 1b, right). In both cases,
grains are slightly elongated but no pronounced texture was observed. The average
aspect ratio of elongated grains was 2.7/1 £ 0.09 in axial direction, and no pronounced

substructure formation was observed.

Table 1: Purity and bulk hardness obtained by nanoindentation and Vickers micro-hardness

measurements
Sample Purity [%] | Method Hardness [GPa]
sxx Cr 99.999 Nanoindentation | 1.6 [6]
as-received polycrystalline Cr | 99.9 Vickers 1.2+£0.04
ufg Cr, r ~14 mm 99.9 Vickers 44 +0.10
ufg Cr, r ~12 mm 99.9 Vickers 4.2 +0.10

Hardness values are presented in Table 1 and as colour code in Figure 1. Due
to the radial strain gradient in the HPT device and in accordance with the
microstructural variations, a slight hardness change was observed. Hardness values
of 4.40 £ 0.10 GPa at r~14 mm and 4.20 + 0.10 GPa at ~12 mm were measured. A
hardness deviation along the disk thickness (axial direction) of + 0.10 GPa was
observed at ~14 mm and £ 0.03 GPa at the centre of the disk. The change along the

disk radius (radial direction) between the disk centre and ~14 mm is £ 1.00 GPa.
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Stress-strain response

Exemplary engineering stress-strain curves of pillars and macroscopic
compression samples are shown in Figure 2. The stress-strain responses with varying
strain-rates for ~2 ym sxx and ufg pillars tested at RT are presented in Figure 2a. The
flow stresses of sxx pillars are around 500 MPa, while for ufg samples an increase to
~2080 MPa at 8% plastic strain is evident. At the same time, the change in flow stress
with varying strain-rate (high: ~2 - 102 s!, medium: ~8 - 103 s, low: ~3 - 103 s™) is
significantly less pronounced in the ufg states compared to sxx pillars. Related
nanoindentation hardness data obtained with a Berkovich indenter are included as
horizontal lines. Comparison of stress-strain data between RT and 230°C (Figure 2b)
reveals decreased flow stresses for sxx and ufg pillars, and a diminishing work
hardening for the pillars at elevated temperature. Figure 2c shows the stress-strain
response of macroscopic ufg samples tested at a constant strain-rate of 3 - 103 s at
different temperatures. The flow stress decreases with increasing temperature, and
the strain hardening behaviour is less pronounced at elevated temperatures, in
accordance with the micro-pillar data.

Figure 3a represents exemplary constant strain rate nanoindentation load-
displacement curves compared to SRJ tests for sxx (red) and ufg Cr (blue),
respectively, showing good match between the two techniques for the same strain rate.
Figure 3b depicts nanoindentation hardness and Young’'s Modulus values plotted vs.
indentation depth. The mean Young’s Moduli extracted for sxx and ufg Cr (303 GPa)
are close to the literature value of 294 GPa [52]. Finally, Figure 3c represents
exemplary hardness divided by a constraint factor (C") of 2.8 vs. indentation depth plots
for Cube Corner and Berkovich indentations in sxx and ufg Cr at RT, 200°C and 300°C.
The strength in the ufg samples is generally higher due to grain refinement, and a
decreased hardness is observed with increasing Tist. Differences between Cube
Corner (20% representative strain) and Berkovich data (8% representative strain) at
RT stem from the varying representative strain imposed to the material, which is
conform to the uniaxial data. Moreover, the sxx indents exhibit a noticeable indentation
size effect (ISE), which was accounted by analysing indentation data according to the
model of Nix and Gao [53] to extract the bulk hardness H.

Post compression SEM images of macroscopic samples (Figure 4a) and micro-

pillars (Figure 4b,c) reveal the appearance of the deformed samples corresponding to

101



Publication B

the stress-strain curves in Figure 2. Figure 4a shows macroscopic samples deformed
at RT and a strain-rate of 2 - 102 s, RT and 3 - 10 s”!, and 400°C at a strain-rate of
2 - 103 s, respectively. Figure 4b represents ~3 um and ~4 um ufg pillar deformed at
low strain-rates at RT and 230°C, respectively. A bulk-like deformation behaviour is
observed at all tested temperatures and strain-rates. Due to small sample dimensions
and a comparatively large grain size, near-surface grains appear to be pushed out of
the surface. This behaviour is observed for all different temperatures, strain-rates and
pillar sizes, respectively. Figure 4c shows sxx pillars deformed at RT (left) and 230°C
(middle). The former shows deformation by crystallographic slip on ill-defined slip
planes as expected for the (100) orientation, whereby the latter exhibit a more localized
slip behaviour with sharper slip bands. The insets in Figure 4b and c provide details of
the sample surfaces.

Figure 5 depicts residual indents of Berkovich and Cube Corner imprints
compared with images obtained from in-situ pillar-compression at comparable uniaxial
strain. Figure 5a presents indents in ufg Cr at RT and 300°C, while Figure 5b gives a
comparison of indents in sxx Cr at the corresponding temperatures. Figures 5c and d
show in-situ SEM images of ufg Cr pillars during compression at ~8% plastic strain and
post compression at ~20% plastic strain tested at RT and 230°C, respectively. Slight
pile-up and emergence of grains from the surface is evident for the Cube Corner

indents and coincides with the surface of the 20% deformed pillars.
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Figure 4: Post-deformation SEM images of macroscopic samples and micro-pillars. a) Macroscopic
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insets indicate details of the deformed sample surfaces.
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Figure 5: Residual impressions in a) ufg and b) sxx Cr performed with Berkovich or Cube Corner tips at
varying temperature. For comparison, snapshots during in-situ SEM pillar-compression tests of ufg Cr
at ~8% and ~20% plastic strain are shown in ¢) at RT and d) at 230°C. For details, see text.

B4 - Discussion

As long as sample size effects in micro-pillars [10,54,55] or an ISE during
nanoindentation [53] are properly accounted for, a comparison of different testing
techniques should generally lead to comparable results, as shown for different non-
textured ufg fcc materials [14,15,51,56]. For the ufg micro-compression experiments,
this is taken into account by the smaller internal grain size length-scale dominating
over the sample size effect [10,54,55]. The dominant dislocation character in sxx and
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ufg samples was considered to be of screw type, as suggested by Cheng et al. [57] for
length scales larger ~300 nm. Regarding the nanoindentation data, this is considered
by extrapolating to bulk hardness values from ISE affected nanoindentation data [53]
as seen in Figure 3c. Moreover, pile-ups in the present case insignificantly influence
hardness values, as indicated by the constant profiles of Young’'s Modulus as shown
in Figure 3b. The choice of a reasonable constraint factor (C") is important to link
nanoindentation hardness to a corresponding uniaxial stress. Several values for C" are
discussed in literature ranging from 2.5 to 3.0 for metals [14,51,58-64] to account for
the multiaxial highly hydrostatic stress state during indentation. In the present work,

2.8 was chosen as proposed by Tabor [51].

Stress-strain characteristics

First, the stress-strain data (Figure 2 and 3) for different testing techniques will
be discussed addressing RT behaviour (l), characteristics above T. (ll), followed by
the temperature-dependent strain hardening behaviour (lll), and the corresponding
flow characteristics (1V).

(I) Stress values at 8% plastic strain in the ufg Cr pillars (~2080 MPa) and
nanoindentation data (~2050 MPa) at RT are in good accordance, implying that global
flow stresses are not affected by the used testing technique, the corresponding loading
direction, or stress state. However, macroscopic samples (~1850 MPa) show slightly
decreased stress values (Figure 2a and c). These differences can be explained by a
slightly different grain size (Figure 1b) due to the imposed radius-dependent strain in
the HPT device. The micron-sized pillars were FIB-milled at r~14 mm, while
macroscopic samples were machined from r~12 mm to r~14 mm. The larger grain
size at the inner radius leads to an estimated flow stress decrease of ~250 MPa based
on a simple Hall-Petch estimation [65,66], which is in accordance with the observed
stress difference. Moreover, the elastic stiffness of the macroscopic compression tests
is lower than in the pillar-compression tests since bottom and top faces of the samples
deviate by <1° from perfect parallelism. The stress offset observable in Figure 2c is
caused by slight pre-loading. However, due to the low to negligible work hardening,
this is of minor concern for the data analysis at 8% flow stress.

(I To check whether the flow stress decrease at elevated temperature results

from an annealing effect during heating of the compression device or is induced by
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plastic deformation, a thermal annealing approach was conducted where bulk samples
were annealed for 30 minutes at various temperatures. Grain heights (black) as well
as grain lengths (red) are shown in Figure 6a, indicating a slight increase of grain size
and a decrease of grain aspect ratio (blue) upon annealing. The initial average grain
size of ~160 nm at r ~14 mm increased to ~238 nm at 200°C, ~294 nm at 300°C and
~315 nm at 400°C. The corresponding decrease in flow stress was calculated based
on a Hall-Petch estimation [65,66] and results in ~200 MPa, ~300 MPa and ~350 MPa,
respectively. Due to the generally larger mean grain size in the macroscopic ufg
samples, the flow stress at 8% plastic strain decreased by 300 MPa to 1550 MPa at
200°C (Figure 2c). Consequently, reduced flow stress values at elevated temperatures
mainly result from grain growth effects during heating the material in the compression
device.

(II1) The different strain hardening behaviour of the uniaxially deformed samples
tested at RT (Figure 2a) and elevated temperature (Figure 2b and c) could be
explained by increased thermal activation at elevated temperature. In this case, screw
dislocations cross-slip and therefore lead to a reduced pile-up of dislocations during
deformation, thereby reducing work hardening at elevated temperature. At RT
dislocations do pile-up and strain hardening takes place.

(IV) Stochastic events are observed for sxx pillars at every temperature tested.
During compression, the number of load drops depends on both the machine dynamics
(strain-rate) and whether displacement or load controlled mode is used [67] and is an
indication of discrete dislocation activity. For large ufg pillars, no intermittent flow is
observable regardless of the used strain-rate. Here, burst events in individual grains
are averaged out due to the high number of grains in the deformed sample volume.
Serrations in the stress-strain curve of the deformed macroscopic sample at RT
(Figure 2c) indicate failure events, which are also evident on the surface of the
deformed sample (Figure 4a). At elevated temperature, such cracking did not occur for
any used strain-rate, which is attributed to the higher dislocation mobility that helps
reducing dislocation pile-ups causing local stress concentrations. The fact that
cracking is not observed in pillars is attributed to the significant smaller number of large

defects in the miniaturized sample volume [68].
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Overall, the SRJ tests as well as constant strain-rate deformation under uniaxial
as well as multiaxial conditions revealed good comparability across all tested length-

scales and temperatures.

Surface to volume considerations

Globally, the flow stress is strongly dependent on microstructure, temperature
and strain-rate, as shown in Figures 2 and 3. On a local scale, surface contributions,
enhanced at small scales by an increase in surface-to-volume fraction, might cause
differences in deformation behaviour and should also depend on the ratio of sample
dimension to grain size [22-25]. In Figure 4 and Figure 5, the local surface
appearances are compared for different testing techniques. The detail in Figure 4b
shows surface regions of ufg pillars at 230°C, where grains were pushed out of the
sample surface due to high local deformation. Comparing the surface evolution with
RT data, the temperature has no pronounced influence on the appearance of the
surface. Considering the sxx case in Figure 4c, thermal activation causes a more
localized deformation at elevated temperature [38], which is attributed to a more fcc-
like slip behaviour.

Changing the applied stress state from uniaxial loading to multiaxial loading in
nanoindentation, comparable observations were made on the residual impressions in
ufg and sxx samples, as shown in Figure 5. In both cases of Cube Corner indentation,
a pile-up formation with distinct differences in their appearance is observed. While slip
lines are observed on the sxx sample surface in Figure 5b, grains partly emerge from
the plastically deformed surface region in the ufg case. The residual surface topology
increases with the amount of imposed strain (Berkovich 8%, Cube Corner 20%). No
pronounced temperature effects were observed, as confirmed by an exemplary
Berkovich impression performed at 300°C (Fig. 5a). Comparison with uniaxial in-situ
pillar-compression experiments at RT and 230°C, at the same amount of plastic strain
(Figure 5c and d), indicates almost no emergence of grains at ~8% global plastic strain.
However, after ~20% strain (Figure 5¢ and d) several grains in the deforming areas
were pushed out of the sample surface. This implies that the amount of applied strain
is the dominant factor controlling surface topology evolution, while the stress state
seems to be of minor influence. Investigations of the pillar volume, as shown in

Figure 6b, reveal differences at individual temperatures. In Figure 6b, images | and Il
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show the microstructure at RT and after annealing at 230°C, respectively. Grain growth
occurred during thermal setup and sample alignment before mechanical loading. The
grain aspect ratio was reduced according to Figure 6a. After compression, FIB cross
sections of deformed pillars (Figure 6b,lll and V) reveal the compression induced
reduction of grain height in highly deformed zones, indicated by red arrows. In
undeformed zones at the pillar base, the grain aspect ratio remained constant as
shown for the undeformed state in Figure 6b,l and Il. It is interesting to note that GB
sliding [11,12] seems not to be dominant, as more sliding would be expected for higher

deformation temperatures. This observation will be addressed in more detail in the next

chapter.
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Figure 6: a) Results of annealing experiments of the as-deformed material, corresponding decrease of
grain aspect ratio and selected grain shape coefficients . b) The microstructure of ufg pillars in the
undeformed state at RT and 230°C (1,Il) and the resulting microstructures after pillar compression (lll,

V).

Thermally activated deformation processes — from global to local flow behaviour
To examine the underlying deformation mechanisms in more detail, strain-rate

sensitivities, m, were calculated [69] for all testing techniques using

m_alna (1)

T 9lné

at a representative strain of 8%. Results are presented in Figure 7a, where m of sxx
and ufg Cr are plotted against Ttst. The obtained results are in good agreement with

results on sxx [6] and cg Cr [1]. At RT, m for sxx (red) and ufg (blue) samples are

110



Publication B

around 0.07 and 0.02, respectively. The reduced m for ufg samples compared to the
sxx state is attributed to the higher athermal stress component, caused by dislocations
interacting with GBs in the ufg states [6,7].

For sxx Cr, increasing Ttst leads to a continuous decrease of m in Figure 7a.
Above T. (grey-shaded area), m-values in the order of 10-3 are determined, indicating
strain-rate insensitive fcc-like plasticity, where deformation is not governed by thermal
activation of screw dislocations anymore. This behaviour is in good accordance with
other studies [28,38,44], showing that overcoming T. the thermally activated

component diminishes.
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Figure 7: Evolution of the (a) strain-rate sensitivity m and (b) activation volume v of sxx (red) as well as
ufg (blue) samples with temperature, supported by model predictions of Conrad [18] (constant van) and
a modified model of Wu et al. [8] (vqun = f(T), additionally accounting for variable grain shape

coefficients). The grey-shaded area indicates the critical temperature T. of Cr. Some data [6] are taken

with permission of Elsevier.

In ufg samples, the general trend is significantly different from the sxx state. For
temperatures below T;, m slightly decreases due to increasing thermal activation, while
interaction with GBs remains mostly unaffected. Overcoming T., m increases
continuously with temperature. According to [6], this is mainly attributed to dislocation

interactions with grain boundaries, as described also for ufg fcc metals [18,70]. An
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additional contribution to the strain-rate sensitivity could stem from the reduction of the
athermal stress contribution due to slight grain coarsening (see Figure 6). Thus, the
overall m is a mixture of both, thermally activated dislocation-GB interactions and
thermally activated grain coarsening. Notably, while the first contribution leads to an
increasing m, the second one acts against it.

For further insights and to consider the influence of applied stress states
especially in the sxx state, the corresponding activation volumes, v [71], at Ttst were

calculated using

_ C'kpTeest
y = CHo Tt )

where kg is the Boltzmann constant, and C a factor dependent on the microstructure.
For ufg Cr, C was set to V3, based on the van Mises relation linking shear stress to

normal stress in polycrystalline aggregates. For sxx samples, the factor v/3 is valid for
nanoindentation, since a multiaxial stress state is present. For uniaxial compression
testing on sxx pillars, C was set to the inverse Schmid factor (1/0.45), which
corresponds to deformation on the expected {110} <111> slip systems [28,35]. To
compare values of v, normalisation with the cubed Burger’s vector b (2.5 - 101 m for
Cr [72]) is common practice. Results are presented in Figure 7b, where vfor sxx (red)
and ufg samples (blue) are plotted against Tist, respectively. For sxx samples at RT,
vis ~9 b3, and a slightly increased value of ~14 b is observed for ufg samples. This is
attributed to dislocation segments involved in formation of a double kink to overcome
the next Peierls potential [8,43]. Comparable vfor uniaxial bulk data have been already
reported by Glebovsky and Brunner [4], Wu et al. [8], Wei et al. [33], Kim et al. [41] and
Schneider et al. [43] for sxx W, nc Cr, ufg Fe and sxx Mo, respectively. Increasing
thermal activation at higher temperatures leads to an increase of vto ~30 b2 for both
microstructures until T¢ is reached. Overcoming T, v still increases to values around
300 b* for sxx samples, indicative of a dislocation forest interaction process. In ufg
samples, a rather constant v of ~30 b2is observed for testing temperatures close to or
exceeding T, independent of stress state and length scale. It is argued that dislocation-
GB interactions dominate the deformation. The overall constant vfrom 100°C to 400°C
obtained by several testing techniques over various length scales further demonstrates

that the deformation mechanism does not change, even though grain coarsening

112



Publication B

occurred [73-75]. In other words, despite the vastly different surface-to-volume ratios
probed by the different experiments, different length scales and stress states, the
observed deformation mechanisms are governed mainly by dislocation-based
plasticity. The rather constant values of m and v with increasing strain, as shown in
Figure 8a and b, further underline that the governing deformation mechanism does not
change upon deformation, although with increasing amount of strain the dislocation
density within the samples might vary, as evidenced from the differences in
temperature dependent strain hardening behaviour as discussed in section 4.1. In
literature, the initial dislocation densities of sxx and ufg bcc metals were reported to be
~10'% m-2 and ~10" to ~10"® m2 [76], respectively. Comparable values of 9.6 - 10" m-
2 and 3.5 - 10" m2 were reported for HPT deformed Nb and Ta, respectively [77].
Those differences might affect the flow stress values resulting in individual strength
scaling behaviour in ufg compared to sxx samples, as reported in [78]. In the single
crystal situation, the deformation behaviour is altered by substructure formation, as
shown in pre-strained Ni samples [55] or during microstructural refinement by straining
of copper crystals [79]. However, cell structures in the size range of 300 nm to 500 nm
were reported. Indeed, in 160 nm sized grains, substructure formation is limited and
GB’s act as sinks and sources for dislocations [8]. Only few mobile dislocations are
expected within the grain interior. Therefore, the accumulation of dislocations in the
grain interior has only a minor influence on the governing deformation mechanisms,
especially at higher strain values, as shown in Figure 8.

The standard deviations of m and v are small for ufg samples but larger for sxx
samples. As stochastic dislocation behaviour is more pronounced in the sxx case, load
drops mainly contribute to this scatter. For the present as well as previous results at
RT [78], no indication of diffusional deformation processes was found, since in that
case one would expect m-values of 0.006 to 0.009 and ~values of ~1b* as reported
for 30 nm sized bcc Fe [80] and 50 nm sized bcce Ta [81], respectively.

Several attempts have been made to interpret the varying deformation
mechanisms in fcc and bcc metals with respect to a varying grain size. The basic fcc
model was established by Conrad [18] and considers a change in activation volume

with grain size

1:l+ M2Gb o1 (3)

v V' @2mKy_pdl/? vy’
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where M =29 is the Taylor factor for Cr [8], G = 116 GPa is the shear modulus,
a=0.36, Kup is the Hall-Petch coefficient of 1380 MPam'?2 for Cr [82], V' is the
activation volume related to thermal activation (see equation (2)) and v was set as a
constant activation volume related to athermal dislocation emission at a GB at constant
temperature. v* varies with temperature, as the lattice friction stress (~50 MPa for Cr
at RT [82,83]) diminishes with increasing thermal activation. The Conrad model was
extended by Wu et al. [8] to estimate apparent m- and wvalues for polycrystalline

aggregates, using

Varn = § - d - b, (4)

where ¢ is a grain shape coefficient which is constant for a certain temperature. Except
equation (4), no further modifications of the fcc model were applied, as Conrad [18]
already implemented a thermal stress component within the model to derive thermal
activation volumes (v)). Results obtained by Wu et al. [8] show that m-values of Cr and
Fe at RT can be correctly predicted over a wide range of varying grain sizes, as both,
the friction stress (thermal) and dislocation interaction with GB’s (athermal) contribute
to the overall deformation. Moreover, the same requirements as mentioned for fcc
metals hold true in bcc metals: the presence of intragranular dislocations restricted to
their glide planes, dislocation pile-ups, and the absence of pronounced dislocation
cells.

Values for ¢ in dependence of the grain shape are included in Figure 6a. In the
present case, ¢ is temperature-dependent, as the aspect ratio of initially elongated
grains decreased with increasing Tist, which was observed during the annealing
approach (see section 4.1 and Figure 6a). Figure 7 presents Conrad’s model [18] (grey
dashed lines) for the sxx as well as the ufg case and the extended model of Wu et al.
[8] (red dashed lines for sxx and blue dashed lines for the ufg case). Grey lines and
the grey dashed area represent the minima and maxima of m- and 1-values due to
varying grain shapes. While both models fit for the sxx case, Conrad’s model neglects
grain coarsening and the change of the grain aspect ratio during thermal setup. It
therefore underestimates m at increasing temperatures for the ufg material. Modifying
the model of Wu by taking into account not only the changing grain size, but also

changing grain shape coefficients ranging from 0.025 (RT) to 0.003 (400°C) (see
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Figure 6), the model fits the increasing m-values and low activation volumes at

elevated temperatures well.
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Figure 8: Invariance of (a) strain-rate sensitivity m and (b) activation volume v with respect to strain for
individual uniaxial tests at variable temperatures for sxx and ufg Cr. The larger scatter in sxx values
originates from stochastic dislocation behaviour. For colour interpretation, the reader is referred to the

online version.

Strain-rate sensitivity vs. interface fraction

In Figure 9, the impact of different surface-to-volume ratios and number of
involved interfaces on the determined strain-rate sensitivity is shown. Here, the number
of grains across the plastic volume (magenta dashed line) and the fraction of grains
which are affected by the sample surface (green dashed line) were estimated for
different sample geometries during uniaxial and multiaxial testing. Therefore, grains
were estimated to be of cylindrical shape with an aspect ratio of 3:1, typical for HPT
deformation [36,78]. For rectangular-shaped samples an equivalent cylindrical sample
diameter L was calculated. The number of grains contained in the plastic volume were
estimated by calculating the sample volume and division by the before mentioned
cylindrical-shaped grain volume. The fraction of grains which are affected by the
sample surface were estimated using the specimen’s surface subtracted by the top
and bottom faces which are in direct contact with the flat punch indenter and the bulk
material. This lateral area was divided by the average cross-sectional area of a single

grain. Considering the different indentations, a simplified hemispheric plastic zone [84]
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after penetration to 2500 nm was taken into account for estimating the number of

deformed grains per volume.
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Figure 9: Strain-rate sensitivity (black), number of grains in the plastic volume (magenta) and

corresponding connectivity of surface grains (green), dependent on sample size-normalized

characteristic dimension d/L. The grey-shaded area shows a transition zone where grains tend to

emerge from the sample surface. 1) — IV) Corresponding stress-strain curves of pillars indicated. See

text for more details. For colour interpretation, the reader is referred to the online version.

The volume of the residual imprint was therefore subtracted from the hemispheric

plastic zone. The remaining volume was further divided by the volume of a single grain,

as mentioned before. To consider the surface connectivity of grains, the base area of

the hemispheric plastic zone was subtracted by the triangle-shaped surface area of

the residual imprints and divided by the average cross-sectional area of a single grain.
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Based on this, a comparison of m-values (black), number of interfaces across the
plastic volume (magenta), and fraction of surface-connected grains (green) is
presented in Figure 9 as a function of the ratio between grain size vs. sample size d/L.
The error bars indicate the resultant error which was derived by taking the standard
deviation upon grain size estimation into account (d = 160 £ 51 nm). Also shown are
representative stress-strain curves of different micro-pillars.

The light blue area in Figure 9 indicates the macroscopic regime, where the
sample size is much larger than the grain size. Only a diminishing fraction of grains is
located directly at the sample surface, and no influence of near-surface grains is
observed during deformation. Overcoming a d/L ratio of ~0.02, the amount of surface-
affected grains increases drastically. In this regime, indicated by the grey shaded area,
grains noticeably emerge from the sample surface and might affect the deformation
behaviour. Overcoming d/L values of ~0.1, ~50% of the grains touch the surface, and
the grain size approaches the size of the plastic zone. For these states an sxx-like
deformation behaviour is expected (yellow area). Notably, due to pillar aspect ratios of
3:1 and the used representative grain diameter in this simplified model, a fully sxx
sample volume is statistically reached for d/L ratios larger than 1.33. Below this,
individual GBs might affect the plastic behaviour [85]. However, as long as
crystallographic slip traces reveal no intersections with GBs or other internal obstacles
[78], dislocations can glide through the crystal and exit on the pillar surface,
corresponding to slip events in sxx pillars. Such characteristics are evident in
representative stress-strain curves of small ufg pillars (Figure 9, II-1V), where
serrations and load drops are commonly observed. For macroscopic experiments, a
smooth flow behaviour (Figure 9, I) due to the large number of grains in the sample
volume and m-values of ~0.02 are observed. Increasing the fraction of surface grains
leads to a slight decrease of m to ~0.014 and serrated flow arises in the stress-strain
curves (Figure 9, II and III). This is explained by slip events in individual grains. The
scatter within evaluated m-values for such pillar sizes is quite large compared to bulk
or sxx samples, because deformation is strongly affected by the local microstructure
and crystal orientation. Figure 9, image III shows a 250 nm ufg pillar deformed in a
uniaxial SRJ test [14,86]. Due to the stochastic deformation, the strain-rate jumps are
hard to visualize and therefore marked with vertical dashed lines. Further increasing

d/L ratios leads to a decreased scatter regarding m, as the probability for dislocations
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interacting with individual GBs is decreased, until m of sxx bulk samples and

corresponding stress-strain curves (Figure 9 1V) are obtained.

B5 - Summary & Conclusion

The effect of temperature, stress state and strain-rate on the mechanical
behaviour of ultrafine-grained (ufg) Cr was examined, spanning from the sub-micron
regime by uniaxial pillar-compression and multiaxial advanced nanoindentation testing
to macroscopic uniaxial compression experiments. Results in terms of temperature-
dependent flow behaviour, strain-rate sensitivity and corresponding activation volume
agree well within the different experimental techniques, demonstrating that length
scales and stress states have only minor influence on the overall deformation. The
main conclusions can be summarized as followed:
(h Flow characteristics for room temperature deformation of ufg Cr agree well
within the different techniques. The decrease of the flow stress above T mainly results
from temperature induced grain coarsening during heating of the compression device.
The decrease of the thermal stress contribution is of minor importance.
()} Deformation of single-crystalline samples is dominated by the Peierls potential
up to the critical temperature T.. Overcoming this temperature, the thermally activated
component to the flow stress diminishes and a strain-rate insensitive behaviour with
further increasing activation volumes is observed.
(i)  Upto~0.87 - T, ufg samples deform by the thermally activated motion of screw
dislocations, where the thermal stress contribution decreases with increasing
temperature. This leads to a slight reduction of the strain-rate sensitivity.
(IV)  Exceeding T, constant activation volumes and increasing m-values for ufg Cr
are indicative for dislocation-grain boundary interactions as the dominant deformation
mechanism. Grain coarsening due to annealing and a change in grain aspect ratio lead
to a slight decrease of the activation volume, especially at elevated temperatures.
(V) The amount of implied strain during deformation shows significantly more
influence on emerging surface grains than the stress state or the deformation
temperature. The strain rate sensitivity and the activation volume remain constant with
increasing strain indicating no changes in deformation mechanism. Grain boundary

sliding has not been observed.
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(V) By extending existing models to incorporate the evolution of grain size and grain
shape, the deformation mechanism characteristics m and v in ufg Cr have been
successfully modelled for varying temperatures.

(VIl) Atransition in mis observed from a polycrystalline behaviour to an sxx situation,
which is controlled by the amount of interfaces in the tested volume. Free surfaces and
stress states are of minor concern.

With these novel insights, we hope to contribute to a better understanding of the
size-dependent interplay between grain boundaries and sample dimensions and their
influence on the deformation of bcc metals over several length scales. For future
investigations, it would be of interest to discriminate the individual contributions of
dislocation- grain boundary interaction and grain growth to the total strain-rate

sensitivity.
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C - Abstract

Understanding temperature-dependent deformation behaviour of small material
volumes is a key issue in material science, especially the deformation behaviour of bcc
metals at elevated temperatures is of particular interest for small-scale structural
applications. Therefore, a custom-built heating device consisting of independently
resistive-heated sample and indenter, and adaptable to existing micro-indenters, is
presented. Key parameters of material selection, design of components and
temperature control are outlined. Testing temperatures ranging from room temperature
up to ~300°C are reached with low drift and without active cooling. To demonstrate the
functionality, a variety of in-situ SEM micromechanical experiments were conducted at
room temperature and 230°C, respectively. Examples of micro-pillar compression on
single crystalline and ultrafine-grained Chromium, as well as notched cantilever
fracture experiments on ultrafine-grained Chromium show assets of this powerful tool,
allowing more detailed insights into temperature-dependent deformation and fracture

behaviour.

C1 - Introduction

Measurement techniques to determine small-scale deformation behaviour at
elevated temperature are increasing in popularity since several years. Initially, ex-situ
nanoindentation techniques at elevated temperature [1-3] were used to determine
mechanical properties such as Hardness or Young’s Modulus of a large variety of
materials [4-7], and further enhanced to investigate incipient plasticity [8-10]. By
increasing test temperatures, the complexity of instrumental setups increased ensuing
the purpose of minimizing thermal drift and oxidation problems [1,5,11]. To reduce such
inaccuracies, several attempts are reported in literature. Exemplary, testing equipment
is purged with inert gases [12-15] or relocated into a vacuum chamber [16-20] to
minimize remaining impurities in the atmosphere or to reduce thermal drift and noise.

Parallel to the ongoing development of ex-situ nanoindentation experiments at
elevated temperature, in-situ testing techniques inside a scanning electron microscope
(SEM) performed at room temperature (RT) became popular [21-22]. By combining
instrumented small-scale indentation techniques with the advantages of an SEM, such
as high vacuum, vibration damping and direct observation of dynamic processes, a
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powerful tool to investigate material behaviour in-situ at non-ambient conditions
became available [17-19]. Wheeler et al. [23] were the first to report about an advanced
in-situ SEM measurement approach up to 200°C. Initially, the system was used to
perform in-situ nanoindentation experiments on bulk metallic glasses utilizing a cube
corner indenter to correlate measured load-displacement curves with surface shear
offset displacements as a function of temperature. However, independent heating and
temperature monitoring of sample and indenter was shown to be mandatory [11,24],
as temperature gradients are responsible for drift issues. Heating of sample and
indenter might be achieved by resistive [11,16,24] or laser heating equipment [25,26].
To reach temperatures above 300°C, a cooling system to minimize thermal drift would
be necessary [11,24].

Once the device operates stable at elevated temperature, attention has to be paid
to temperature calibration and balancing issues. To calibrate contact temperatures,
Wheeler et al. [27] discussed several potential ways to assess unavoidable thermal
gradients within the limited hot zone. One approach is to indent the respective
thermocouples used for temperature monitoring and to measure thermal drift by the
use of a pre-set dwell time. Besides that, Raman spectroscopy was suggested as a
non-contact technique and an accuracy of +10°C was reported [27]. Additionally, a
temperature matching procedure [24] placing sample and indenter into contact was
developed to balance isothermal contact temperatures, instead of measuring
displacement drift as conducted in earlier approaches [11].

Nowadays, in-situ platforms with temperature ranges spanning from -140°C [28-
31] up to 800°C [26] are available. Constraints such as condensation of moisture for
low temperature testing and oxidation issues at elevated temperature have to be taken
into account. With that in mind, ex-situ or in-situ investigation of temperature-
dependent material behaviour became widely accessible. Due to the limited availability
of heatable in-situ SEM testing devices, most of the literature up to now deals with ex-
situ nanoindentation [32,33] and pillar compression inside a vacuum chamber [34].
Only a few reports about in-situ investigations to study temperature dependent material
behaviour were conducted on bcc [34], fcc [35] or hcp metals [36].

To further explore thermally activated deformation processes in bcc metals and
to correlate instrumented testing data with occurring deformation mechanisms on

small-scaled samples, this work describes the development, and first experiments on
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a custom-built in-situ heating device which can be re-fitted to an existing micro-indenter
in an SEM. Special focus is put to material selection, efficient design of components
and temperature control. Moreover, finite element simulations were conducted to get
knowledge about unavoidable temperature gradients. The capabilities of the described
system are exemplarily shown by performing in-situ micro compression tests on taper-
free, single crystalline (sxx) and ultrafine-grained (ufg) Cr pillars, as well as notched
cantilever fracture experiments on ufg Cr to evaluate fracture toughness values
between RT and 300°C. Moreover, obtained flow stress data were compared with

results obtained from macroscopic tests and served to validate experiments.

C2 - Materials and methods

SEM and attached micro-indenter

The utilized indenter positioning system is attached to the chamber of an SEM
(Zeiss LEO 982, Oberkochen, Germany, Figure 1a) to save operational space. Several
flanges for signal feedthroughs (indenter control, power supply, thermocouples) are
provided on the wall of the vacuum chamber door. An Everhart Thornley Detector (SE-
detector) as well as an In-Lens detector are installed for imaging purposes and an
attached plasma cleaner (XEI Scientific Inc., Redwood City, USA) is available to
remove organic residues. The sample is mounted on a separately controlled stage
(Figure 1b) and the UNAT-SEM micro-indenter (Zwick GmbH & Co. KG, Ulm,
Germany) used for testing is shown in detail in Figure 1c, already modified by the
heating device. Initially, this micro-indenter was first described in [17]. In the present
setup of the SEM, four axes (x1, y1, z1, r1) allow to position the sample to coincide with
the electron beam (Figure 1b). In-plane alignment is achieved by x7 and ys, z1 is used
to adapt the working distance and r; allows to rotate the sample to align it with the
indenter loading axis. Four axes on the indenter side (x2, y2, z2, r2) allow to position the
indenter into the electron beam (Figure 1c). x> and y» are necessary for in-plane
positioning, z2 and r2 for adapting the desired working distance and inclination angle.

The ranges of indenter and sample movement are summarized in Table 1.
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Material selection

To develop an in-situ heating device, material selection for all components is of
major importance. As the heating device operates in vacuum atmosphere, materials
with considerably high vapour pressure and a sufficient service temperature are
crucial. Service temperature in this context describes the maximum temperature where
a material can be used for an extended time period without significant deformation,
oxidation, chemical reactions, loss of strength or creep, or other primary properties for

which the material is normally used [37].

r

UNAT-SEM

Insulator

Insulator

Resistance heater
Thermocouples I

10 mm

Figure 1: Schematic of the present high temperature in-situ SEM testing setup. (a) Adapted SEM with
cap (right) containing the micro-indenter and positioning stage. SEM stage (b) and micro-indenter (c),
adapted with custom-built heating devices. Red arrows indicate available positioning axes. (d) Detail of

heated parts inside the SEM chamber.

Only non-magnetic materials are advised inside an SEM, and diffusional
processes and chemical reactions must be taken into account when sample and

indenter get in contact at elevated temperature [3]. Moreover, the coefficient of thermal
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expansion (CTE) should be in the same range for materials which are in direct contact.
There is high demand for minimized material volumes to enable localized heating to
permit fast heating rates, as well as requirements regarding operational space inside
the SEM (working distance ~5 mm). Figure 1d shows a detail of heated parts within
the SEM chamber. The material selection process of each component is described

below and material properties are listed in Table 2.

Table 1: Motion ranges of the sample stage and indenter, as well as the specifications of the SEM and

micro-indenter in the present setup

SEM Micro-Indenter
X1 75 mm X2 ~50 mm
Y1 75 mm Y2 ~50 mm
Z1 25 mm z2 25 mm
Iy 360° ra 0—25°
Filament type | Field emission gun Max. displacement +50 ym
Acceleration 1-30 KV Noise level of displacement <1 nm
voltage measurement
Typical system 6 - 10° mbar Max. force +500 mN
vacuum
Typical column 1-10° mbar Noise level of force <10 pN
vacuum measurement
Travel range of the piezo >100 um
actuator
Maximum voltage of the -20 V to
piezo actuator +120 V

Wheeler et al. [3] summarized several benefits and disadvantages of indenter
materials. To choose an appropriate one, reference [3] was used as a guideline for the
selection process. Parameters such as oxidation resistance, high melting point as well
as high Young’s Modulus and hardness are obligatory. High specific heat capacity (cp),
electrical resistivity (R) as well as machinability are necessary, and therefore only a
small number of eligible materials such as diamond, some carbides (B4C, SiC, WC),
nitrides (cBN), oxides (Al203) and metal composites such as WC-Co remain suitable.
Moreover, the increased diffusivity of dopants at elevated temperature has to be taken
into account. A classic example regarding diffusional problems is the indentation of low
carbon steel with metastable diamond [3] or indentation of pure tungsten with a WC
indenter tip. As soon as indenter and sample are in contact, in both cases carbon might

diffuse at elevated temperature from the carbon rich indenter side to the indented metal

134



Publication C

as long as concentration gradients remain present. In the present case, Sapphire
(Al203) was utilized as material for the flat punch indenter tip, shown in Figure 2a.
Initially, a conductive Sapphire Berkovich indenter tip was obtained from Synton MDP
AG (Nidau, Switzerland) to perform nanoindentation experiments. At a later time, the
tip of the indenter was prepared to a flat punch by FIB milling (Zeiss LEO 1540 XP,

Oberkochen, Germany) to its final dimensions of ~10 - 6 ym?, as shown in Figure 2a.

Table 2: Selected materials and decisive properties for the material selection process [37]

. Cp A R CTE Tservice
Material Usage | kg -k tw/m k1| [0 -cm-10-61 | (10-¢/k1 | o)
Mo Tip holder | 255-275 | 129-147 5.2-6 4855 | 1310
v Sample | 490 505 | 28-32 19-30 8-8.6 530
holder
Cu Power supply | 453 387 | 390.308 | 1.91-1.95 |16.8-16.9| 360
lines, clamps
Constantan® | Resistive wire 410 23 0.49 13.5 600
Macor® Screw joints, | 724 a05 | 1.4-1.56 1022102 | 12.7-132 | 730
insulation
©
Cerargg‘gor‘d Adhesive i 20.5 i 76 1377
Al203 Flat punch | 790-800 | 20-25.6 107°-1021 8892 | 1230
WC Wedge 184-190 | 28-88 63.1-100 4571 727

To conduct micro cantilever fracture experiments, a WC wedge was mechanically
ground and subsequently FIB-milled to its final shape. WC was chosen as one of the
most stable indenter materials, although it can be vulnerable in combination with
tungsten or iron at elevated temperature [3]. As shown in Figure 2b and c, the tip radius
is ~500 nm and the length of the wedge is ~120 um.

To conduct micro cantilever fracture experiments, a WC wedge was mechanically
ground and subsequently FIB-milled to its final shape. WC was chosen as one of the
most stable indenter materials, although it can be vulnerable in combination with
tungsten or iron at elevated temperature [3]. As shown in Figure 2b and c, the tip radius
is ~500 nm and the length of the wedge is ~120 um.

The CTE of Sapphire and WC restrict the material selection of the indenter tip
holder (Figure 1d), as they should equally expand during heating to minimize thermally
induced stresses. Moreover, ¢, as well as thermal conductivity (A) were maximized to

bring and store thermal energy into the material. Only a few machinable metals such
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as Ta, Mo, Nb, Zr, Cr and V remain suitable within these restrictions. Mo and V were
chosen to be the material of choice for the indenter tip holder and the sample holder,
respectively (see Table 2 and Figure 1d). As brazing and clamping of the miniaturized
indenter tips is not straight forward to achieve, tips were instead glued to their holders
using a high temperature adhesive (Ceramabond 569°), which is a two component
ceramic bond providing a service temperature of 1650°C. By increasing the amount of
thinner, the viscosity of the glue was easily adjusted. A low viscosity in the present
case was important, as the glue was sucked by capillary forces into the fitting of the
indenter tip and the tip holder. Subsequently, the glue was cured in a convection oven

for two hours at 94°C.

10 ym

Figure 2: Indenter tips suited for the heating device. (a) A 10 - 6 ym? sapphire flat punch and (b and c)
a WC wedge having a length of ~120 pm, a tip radius of ~500 nm and an opening angle of ~30°.

To mount the lamella-shaped, macroscopic samples [38,39] on the heatable
sample holder (Figure 1d), they are fixed on the V holder by a screw made out of
Macor® ceramic. This ceramic is machinable, resists high temperatures and provides
a low A and high R. Common screws in the size of a few millimetres are usually made
from brass or low alloyed, magnetic steels and are therefore not well suited.

For exact temperature measurements, Type K (Chromel / Alumel) thermocouples
with a temperature range of -200°C up to 1200°C were utilized and brazed close to
sample and indenter tip (Figure 1d). An eutectoid 72Ag28Cu braze (Brazetec 7200,
Ogussa GmbH, Vienna, Austria) providing a service temperature of 1300 K was used
to fix the thermocouple at the indenter tip holder made out of Mo. Due to poor adhesion
between the V sample holder and the eutectoid braze, an interlayer braze (Cu7Mn3Co,
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Brazetec 21-68, Ogussa GmbH, Vienna, Austria) was first brazed on the surface of the
sample holder. The thermocouple was subsequently fixed using the eutectoid braze to
the sample holder. More importantly, the thermocouples were attached to the holders
before the indenter was glued into its shaft, as the braze melts at about 1000°C. Zinc-
based brazes as well as brass holders were neglected in the material selection
process, as zinc might evaporate at a relatively low vapour pressure and alter the
heating device as well as the SEM interior.

To reach a considerable high testing temperature, the resistive-heated filaments
of choice must produce thermal energy efficiently. In the present case, filament wires
had to be very flexible, as they need to be looped around the holders and stay in
contact with them (Figure 1d). In fact, filaments were formed to coils to ease their
placement over the holders. They are made out of Konstantan®, a frequently used
heating wire material having a wire diameter of 0.4 mm. It consists of 55% Cu, 44% Ni
and 1% Mn. The Konstantan® coils are connected by Cu clamps to thicker Cu wires
that directly lead to the chamber feedthroughs. The Cu wires are insulated with ceramic
beads (Tectra GmbH, Frankfurt, Germany). To further thermally insulate the tip shaft
of the micro indenter from heat, a ceramic spacer made out of Macor® is placed
between the heated indenter tip and the indenter mechanics (Figure 1c and d). Further,
the heated sample holder is mounted on a Macor® spacer, which is fixed to the SEM

stage to prevent heating, as shown in Figure 1b and d.

Power- and temperature control

To resistively heat sample and indenter separately inside the SEM, a TOE 8952-
20 dual-output DC power supply (Toellner Electronic Instruments GmbH, Herdecke,
Germany) providing a voltage range of 0-20 V and a current range of 0-20 A was used.
To properly measure the desired temperatures, thermocouples were connected to an
USB TC-08 data logger (Pico Technology, St. Neots, UK) providing an accessible
temperature range of -270°C to 1280°C. By converting voltage into temperature,
sampling rates of up to 10 measurements per second are achieved. An automatic cold
junction compensation is used to record corresponding temperatures at eight individual
positions within the whole setup. Software control and temperature monitoring was
implemented in LabView® (National Instruments Corp., Austin, Texas, USA), and

temperature control was achieved using a PID feedback loop. An exemplary heating
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Time [s]

procedure up to ~230°C, with sample and indenter being out of contact, is shown in
Figure 3a.
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Figure 3: Representative heating procedure of sample and indenter. a) Stable heating to the desired
temperature and subsequent cooling to RT is possible within 90 min. b) After ~30 min, a constant

temperature is achieved. c) Temperatures can be adjusted with an accuracy of ~0.1°C.

Within 30 minutes, a constant and stable temperature at both thermocouples is
achieved, while the accuracy of the controlled temperatures is +0.1°C, as shown in
Figure 3b and c. The situation of heated sample and indenter in contact requires
temperature calibration and matching for various reasons [27]. Unfortunately, it is not
possible to directly braze thermocouples on the micron-sized samples or the indenter.
Holders, samples and indenters are made out of different materials, and therefore
exact temperature measurements are not possible. Wheeler et al. [3,24,27] suggested
individual temperature calibration techniques as well as a temperature matching
procedure, which is recommended before testing at elevated temperature. For further,
more detailed information about temperature calibration, different to previous

assessments we also utilized simulation approaches, as described in section 2.4.
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Temperature calibration by numerical simulation

The full experimental setup was recreated true to original data in 3D using a CAD
program. The geometry was loaded into the finite element program Abaqus (Dassault
Systems, Providence, RI, USA) to conduct heat flow calculations. A biased mesh size
was used with a coarser mesh for larger, less significant parts, while for micron-sized
parts a very fine mesh has been utilized. Material properties used in the calculations
are shown in Table 2. Moreover, convection within the vacuum chamber was neglected
and characteristic radiation properties of each material as suggested in [37] were
chosen. Sample and indenter were first placed out of contact and separately heated,
as shown in Figure 4. A constant, direct current and independent powers (P) at the
sample and indenter side were used to reach constant temperatures (268°C) at the
marked positions of the thermocouples after a heating time of 3600 s. Positions of
thermocouples at the sample and the indenter holder are indicated in Figure 4 as T}
and T{, respectively. Resulting temperature gradients are presented as colour code in
Figure 4, indicating different absolute temperatures at the sample and the indenter tip.
Those differences are of major importance and should be minimized when bringing
sample and indenter in contact to perform elevated temperature experiments at

minimum drift.

E +274

+268

E +262

Temperature [°C]

Figure 4: Temperature distribution in heated parts inside the SEM. Temperature at individual
thermocouples at sample (T°) and indenter (T}) is constant, but large temperature gradients and

differences in absolute temperature at the sample and the indenter tip are observed.

139



Publication C

This situation is shown in Figure 5a, where a flat punch indenter is in contact with
a 1 uym sized pillar. The details of the contact situation are shown in Figure 5b. A large
temperature gradient occurs although temperatures of thermocouples T; and T} are
equilibrated. This results in thermal as well as displacement drift. To get rid of such
inaccuracies, a detailed knowledge of remaining temperature gradients and the

absolute temperature at the sample and the indenter are necessary.
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Figure 5: Although the thermocouples T and T/ are at the same temperature (a), a large temperature

gradient resulting in thermal drift occurs when bringing sample and indenter in contact (b). (c) Detail of

the contact situation with a large temperature gradient.

To underline the importance of temperature calibration, the material of the tested
lamella-shaped specimens was varied and temperature gradients were analysed, as
shown in Figure 6. T; and T3 in Figure 6a and b indicate individual positions of
temperature measurement on the specimen fixation and directly at the pillar. Design
limitations such as the distances between heated parts, thermocouples and the

sample, as well as sample geometry are of major influence of temperature gradients,
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as shown in Figure 6b. By heating different specimens with varying A such as Cu, W
or Si, it becomes evident that samples with high thermal conductivity such as Cu allow
lower temperature gradients compared to W or Si samples (Figure 6¢). Nonetheless,
within the present setup gradients up to 7°C and more are possible between
thermocouple and specimen, as thermal properties strongly influence the temperature
distribution. Thus, to ensure equilibrium temperatures, a procedure to match sample
and indenter tip temperature is inevitable before each experiment.

+278.5

+275
Temperature [°C]

I ! | M I
Copper Tungsten Silicon

Figure 6: Influence of varying specimen material on temperature gradients. (a) and (b) indicate local
temperature distribution and positions of temperature measurement, the gradient of which are reported

in (c).
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Temperature matching

Figure 7a presents a temperature matching procedure as suggested in [24]
conducted with the present setup. Thereby, sample and indenter are brought into
contact several times and temperature shifts are analysed in a hold period at pre-
defined, constant low load to minimize creep influences. In the first contact situation,
as shown in Figure 7a, the cold tip and the hot sample, for example, are not in
equilibrium causing a temperature drop on a thermocouple as well as displacement
drift. Contact situation two shows the same non-equilibrium condition for the opposite
temperature misadjustment, exemplary shown for a cold sample and a hot indenter
situation. To balance the contact temperature, this procedure has to be repeated until
temperature change is minimized during contact, indicating zero temperature shift
(Contact 3), where no detectable temperature difference between tip and sample is
observed. This process can be linearly extrapolated to zero shift and is shown in
Figure 7b. Subsequently, the setup is ready to perform experiments at the adjusted

elevated temperature.
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Figure 7: (a) Exemplary temperature matching procedure to infer the isothermal contact temperature
and (b) determining the zero-shift working temperature by linear extrapolation. The procedure was taken
from [24].
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Material preparation

An sxx Cr rod oriented in (100) was obtained from Mateck GmbH (Julich,
Germany) and the polycrystalline Cr was provided as sheet by Plansee SE (Reutte,
Austria). The polycrystalline Cr was deformed via HPT [40,41] to reach an ufg
microstructure. A pressure of 4.2 GPa at 200°C and a rotational speed of 0.5 rpm for
50 rotations resulted in an equivalent strain of ~360 and a grain size of ~160 nm [42].
No pronounced texture, but slightly elongated grains with an aspect ratio of ~3:1 were
observed in the as-deformed microstructure in axial direction. Wire cutting, sample
polishing and ion milling [38,39] as well as FIB preparation of the non-tapered pillars
using milling currents of 1 nA and 100 pA for rough cutting and final polishing,
respectively, were used. Pillar fabrication with a size range of ~0.2 ym to 6 ym and an
aspect ratio of 3:1 was initially described in [39] and [42]. Moreover, 9 - 9 - 45 ym?
sized cantilevers were milled from an ufg Cr lamella. Due to larger sample sizes, milling
currents of 5 nA for rough cutting and 500 pA for final polishing were used. To initiate
a pre-crack in the cantilevers, FIB notches were fabricated using the line-milling mode.
A FIB current of 500 pA and a milling time per length of milling of 6.5 s/um resulted in
a notch depth of ~1.5 ym. Both sample geometries were fabricated in axial direction
with respect to the HPT orientation and load was applied perpendicular to elongated
grains. A similar preparation process was initially shown and further detailed in [43].
Tests were carried out utilizing the above described SEM with the attached micro-
indenter as described in section 2.1. To analyse crack growth of the pre-notched
cantilevers and the dynamics of the compressive deformation, images during in-situ
testing were captured with 1 frame per second. High resolution SEM images (Zeiss
LEO 1525, Oberkochen, Germany) were recorded after deformation to analyse the
resultant surface evolution. Finally, cross sections were milled into the highly deformed
zones of the cantilevers to investigate the microstructure as well as crack propagation

during elevated temperature testing.

Data analysis

All tests were conducted in displacement-controlled mode. For compression
tests, a constant nominal strain rate of 3 - 103 s was applied and pillars were
deformed to ~20% strain. Recorded force-displacement data was corrected to take into

account the stiffness of the lamella [44], and sample sink-in [45] was considered.
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Additional weight acting on the force transducer (~10 g) of the indenter tip shaft,
including the thermocouple and the resistive wire, affect the force measurement by a
lateral load. Therefore, the transducers were calibrated before conducting the
experiments by performing air indentations over the whole displacement range of the
transducer. The resultant positive slope of the force-displacement signal was then
used to correct the signals to zero-load.

Engineering stress was calculated by taking the top pillar area into account and
engineering strain was calculated using the height of the non-tapered pillars.
Cantilevers were bent utilizing a displacement rate of 1 ym/min, as suggested in [43]
and deformed to a maximum load line displacement of 8 um, which corresponds to a
bending angle of ~15°. To investigate fracture morphologies and to open the crack tip,
cantilevers were further bent downwards. Width (W), height (B), bending length (L) and
crack length (ao) of the specimens are shown in Table 3. They were used to calculate

fracture toughness values according to [46]

Ko = =L f(5). (1)

The force Fq was determined according to ASTM E-399 [46], and the geometry
factor f(a/W), which describes the influence of the pre-crack, was taken from [47]. As
requirements for plane strain fracture toughness are not fulfilled, results are presented
as conditional fracture toughness values and indicated with the subscript “Q". Kq
determined this way gives a lower limit for fracture toughness [43]. As linear elastic
fracture mechanics (LEFM) is only applicable for hard and brittle materials, the J-
integral approach is commonly used for large-scale yielding of small samples.
According to ASTM E 813-89 [48], J is given as the sum of elastic and plastic

components

_k§a-v®) | ndy
J ==t Sy (2)

where v=0.21 is the Poisson ratio, E=294 GPa is the Young’'s Modulus of Cr [49], n=2
is a constant and Ay represents the plastic work of the experiment (area beneath the

load-displacement curve). J-Aa curves were calculated and fitted according to [43]
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using crack extension values obtained from the in-situ experiment at each step of
unloading. To compare fracture toughness values from elastic plastic fracture
mechanics (EPFM, J-integral) with LEFM (Kg), J is converted to

[2E
Koy = 1557 3)

which gives an upper bound for fracture toughness values [43].

Table 3: Cantilever dimensions and conditional fracture toughness values at RT and 230°C for ufg Cr in

axial direction.

Temperature w B L ao Ko Ka.
P [um] | [um] | [um] | [um] | [MPam'?] [ [MPam'?]
RT 8.834 18989 | 37.3 | 1.589 243 16.98
230°C 7.99519.340 | 32.5 | 1.805 1.43 16.81
C3 - Results

Figure 8a shows representative engineering stress-strain curves of pillar
compression experiments at RT (black) and 230°C (red) on ufg Cr (solid line) and sxx
Cr (dashed line). Yield stress values at RT of ~400 MPa and ~100 MPa at 230°C were
measured for sxx Cr. Refining the microstructure into the ufg regime leads to an
increase of yield strength to ~1100 MPa and 950 MPa at RT and 230°C, respectively,
according to Hall and Petch [50,51]. Figure 8b and d show deformed ufg pillars, and
Figure 8c and e present deformed sxx samples, at RT and 230°C, respectively. To
further provide detailed knowledge of ongoing deformation mechanisms in ufg Cr,
cantilever fracture experiments were designed using the obtained uniaxial test data.
Results of cantilever fracture experiments in terms of bending stress-displacement
plots and post-deformation SEM images of ufg fracture samples, deformed at RT
(black) and 230°C (red) are shown in Figure 9. To compare yield stress values with
results obtained by uniaxial testing (Figure 8), stresses were calculated using the
remaining ligament size W-ao. Figure 9a depicts typical linear elastic loading of the
cantilevers followed by a transition into the plastic regime. Strain hardening up to a
displacement of ~4 ym is observed by a subsequent softening until the maximum

displacement of 8 um was reached.
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Figure 8: (a) Engineering stress-strain curves showing the deformation behaviour of ufg (solid lines) and
sxx (dashed lines) Cr pillars at RT (black) and 230°C (red). (b-e) Post compression SEM images of
deformed pillars. (b) and (c) show deformed ufg and sxx pillars at RT, (d) and (e) present an ufg and an
sxx pillar, respectively, deformed at 230°C.
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Figure 9: (a) Bending stress-displacement curves of notched ufg cantilevers deformed at RT (black) and

230°C (red). (b-g) depict details of the fracture morphologies at corresponding temperatures.
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Figure 9b-d and e-g show deformed cantilevers and corresponding fracture
morphologies at the respective temperatures. The crack propagation is clearly affected
by the testing temperature (Figure 9c and f), indicated by red arrows. At RT, the
extending crack deflects and propagates perpendicular to the loading direction, while
at 230°C blunting without crack extension nor crack deflection is observed. This
behaviour is also reflected by the varying fracture morphology presented in Figure 9d

and g, where an inclined view into the opened cracks is shown.

C4 - Discussion

Numerical simulation

The conducted numerical simulation indicates material- as well as sample
geometry-dependent temperature gradients if temperatures at the indicated
thermocouples are equilibrated. The knowledge of such gradients is of major
importance regarding measurements at non-ambient conditions and helps minimizing
thermal drift. Moreover, numerical simulations are inevitable if a temperature matching
procedure is not feasible due to limitations of the sample geometry eg. by testing

samples on needle-shaped specimens at elevated temperatures [44,52].

Pillar compression

Literature values of macroscopic yield stresses for sxx Cr at RT [53] are found to
be ~300 MPa in (100) orientation for tensile experiments, and failure occurred by void
nucleation and coalescence. In the present case, a sample size effect leading to yield
stresses of ~400 MPa is expected within the size regime of a few microns, as shown
by Uchic et al. [54]. Size effects in sxx Cr are separately discussed in [42].

The flow stress decrease in ufg Cr at 230°C (Figure 8a) partly results from a grain
size increase, as well as a vanishing contribution of the thermal stress component, as
commonly observed in bcc metals at elevated temperature [33]. Figure 10a and b
present the undeformed microstructures in the ufg Cr lamella at RT and 230°C. The
mean grain size increased from ~160 nm to ~350 nm and a reduction of grain aspect
ratio was observed. An estimation of the flow stress decrease by simple Hall-Petch
relation [50,51] results in a flow stress reduction of 200 MPa. The Hall-Petch coefficient

of Cr (kn-p=1380 MPaum'2) was taken from [55]. Moreover, flow stress values of sxx
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(530 MPa) as well as ufg Cr (2050 MPa) obtained by nanoindentation [33] and
macroscopic tests [42] at RT and elevated temperature are well within the range of
flow stress values obtained with the present heating setup.

Post compression SEM images of ufg pillars as shown in Figure 8b and d show
no distinct differences. SEM images of sxx pillars (Figure 8c and e) indicate differences
in deformation behaviour. The propagation of screw dislocations via cross-slip is the
rate-limiting mechanism at low temperatures in bcc metals [56]. Considering the
sample surface in figure 8c, slip steps are not well-defined, which gives evidence of
cross-slip processes. At elevated temperature the surface morphology in Figure 8e
reveals sharp slip steps, indicating reduced cross-slip of screw dislocations due to
thermal activation [34]. Moreover, the decrease in flow stress from ~400 MPa at RT to
~100 MPa at 230°C in sxx samples indicates a decrease of the thermal stress

component of ~300 MPa.

Fracture processes

Fracture toughness of semi-brittle materials such as bcc metals is mostly
investigated on sxx samples [43,57-62]. For polycrystalline samples with defined pre-
notches, only few ex-situ [63-68] and in-situ studies [69] are found in literature. Fracture
toughness and deformation behaviour of bcc metals are strongly dependent on strain
rate, grain size and temperature [33,70]. Thermal activation reduces the high Peierls
stress and therefore eases the movement of screw dislocations. This results in a semi-
brittle deformation behaviour for a specific microstructure and loading condition,
indicated by a specific ductile-to-brittle transition temperature (DBTT) [71].

Bohnert et al. [61] showed that fracture toughness values of sxx W are strongly
dependent on notch geometry, which was also supported by finite element simulations.
In contrast to that, fracture toughness values are not significantly influenced by the
miniaturized specimen geometry, as long as assumptions for large-scale yielding are
made. The effect of notch type on fracture toughness was investigated by Wurster et
al. [43], where fracture toughness values of natural notched sxx W cantilevers were
compared to FIB-notched cantilevers. No influence of notch type as well as specimen
size were reported in the micron regime. Fracture toughness of polycrystalline,
macroscopic samples was summarized in [64], indicating that fracture mechanisms for

ufg metals differ from large-grained samples. Cantilevers in the present case are well
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below sample dimensions investigated in [64]. Approx. 2500 grains are located within
the cantilever cross section. The lower limit of fracture toughness’s (Kq) as well as
upper limits (Kqu from J-Integral) are summarized in Table 3. Figure 10c and d show
details of the pre-notched samples. No distinct differences are observed before testing,
which might be reflected by comparable fracture toughness values at RT and 230°C.
All values are expected to lie below the characteristic DBTT of Cr, which is between
320°C and 390°C in the undeformed condition [72]. Moreover, yield stresses of uniaxial
deformed samples (1100 MPa at RT and 950 MPa at 230°C) and cantilever fracture
experiments (1130 MPa at RT and 910 MPa at 230°C) indicate comparably plastic
limits for the different testing techniques. However, post deformation SEM images
(Figure 9) do reveal differences related to crack initiation and propagation. At RT, the
cantilever fails at the pre-notch and the crack immediately deflects and extends
perpendicular to the loading direction (Figure 9 b and c¢). Moreover, grains were pulled
out of the fracture surface (Figure 9d). Blunting instead of crack extension and crack
deflection was observed in SEM images of the cantilever deformed at 230°C
(Figure 9e, f and g). Grains tended to show a more ductile behaviour compared to RT.
Figure 10e and f show FIB cross sections of the highly deformed zone of the
cantilevers at RT and 230°C, respectively, and confirm different deformation
behaviour. At RT, the crack propagated on an intercrystalline crack path in the direction
of the elongated grain structure. Such phenomena was already shown in [63] and [64].
No transgranular fracture was expected, as the grain size was too small for sufficient
pile-up within the grains [64]. Decohesion processes at the grain boundaries were
observed on triple junctions. At 230°C, blunting instead of crack extension was
observed (Figure 10 f). However, both experiments show that grain boundaries act as
an effective barrier against crack growth [69]. While the crack extension in ufg Cr along
grain boundaries is indicative for the RT experiment, blunting around the pre-crack was

observed at elevated temperature.
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Figure 10: Comparison of microstructure as well as cross sections of the deformed cantilevers.
Undeformed ufg Cr microstructure at RT (a) and 230°C (b). The mean grain size increased from
~160 nm to ~350 nm. (c) and (d) show details of the pre-notches. (e) Crack deflection along the
orientation of elongated grains at RT. (f) At 230°C plastic deformation and crack tip blunting without

crack growth is observed.

C5 - Conclusion

The development and characterization as well as first experiments on a custom-
built in-situ heating device were presented. A maximum temperature of 300°C was
shown to be achievable by separately resistive-heated indenter and sample. Finite
element simulation results underline the importance of appropriate temperature
calibration procedures followed by exact temperature matching. Quantitative in-situ
experiments such as pillar compression and cantilever fracture testing at elevated
temperatures were shown to be possible with high resolution inside the SEM. Pillar
compression experiments on single crystalline as well as ultrafine-grained Chromium
samples reveal an expected flow stress decrease due to a reduced thermal stress
component, which goes along with a temperature-induced change of the
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microstructure in ultrafine-grained Chromium. Cantilever-based fracture experiments

on ultrafine-grained Chromium show almost constant fracture toughness values at RT

and 230°C, although crack propagation and crack deflection mechanisms already

changed with increasing temperature towards more ductile deformation.
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D - Abstract

The influence of microstructure on the strength scaling behaviour of ultrafine-
grained W is investigated by scale-bridging experiments over four length scales. By
performing macroscopic compression, nanoindentation and in-situ scanning electron
microscope micro-compression tests, the plastically deformed volume was thoroughly
reduced until a transition from bulk-like to single crystalline deformation behaviour was
observed. Occurrent events in stress-strain curves and post-compression images were
related to apparent deformation mechanisms commonly observed for polycrystalline
bcc metals. Further, the small-scale deformation behaviour and the influence of
interfaces and free surfaces are discussed and related to the single crystal situation.
Additionally, thermally activated deformation mechanisms in W are identified and
discussed based on rate- and temperature-dependent properties, such as strain-rate
sensitivity and activation volume. The results demonstrate that the free surface in small
volumes explicitly alters the strength scaling behaviour in ultrafine-grained W and that
the formation of cracks and decohesion processes are only of minor importance.
Indeed, dislocation mediated crystal plasticity remains dominant spanning all length-

scales investigated.

D1 - Introduction

Small-scale testing techniques such as pillar compression experiments reveal
novel insights into the strength scaling behaviour of confined volumes. Since Uchic et
al. [1] reported a size effect [2] in focused ion beam (FIB) machined single crystalline
(sxx) compression samples, ex-situ as well as in-situ pillar compression experiments
inside scanning electron microscopes (SEM) increased in popularity [3-6]. In the last
years, the strength scaling behaviour of sxx, face-centred cubic (fcc) [7-11] and body-
centred cubic (bcc) [12-19] metals was extensively studied. Nowadays, it is established
that the strength o in such confined volumes scales with a power-law with the sample
diameter as the base and n the strength scaling exponent (~d"). 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 Parthasarathy et al., see [20].
More detailed mechanisms are discussed in [21]. Notably, the crystal orientation, or

more precisely the number of active slip systems [22-24], as well as dislocation density
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[25-27] additionally affect n. While fcc metals can be regarded as athermal [11], in bcc
structures the strength scaling exponent is furthermore dependent on a thermal stress
component, which limits the movement of screw dislocations via the kink-pair
mechanism [28-30]. Metals such as W exhibit a high thermal stress component at room
temperature (RT), evidenced by n-values of ~0.2 - 0.4 [8,12,15,19,23,30]. Contrarily,
bcc metals with rather low melting points (Tm) such as Nb or Fe show reduced thermal
stress components resulting in strength scaling exponents of 0.48 [30] and 0.59 [17],
respectively. If thermal activation reaches ~0.2 - Ty [29], screw dislocations are not
hindered by the Peierls potential anymore and propagate with the same velocity as
edge dislocations. At this critical temperature (T¢), the strength scaling behaviour in
bcc metals approaches towards the fcc value.

A variation of n is not only the result of intrinsic effects [7]. Beside varying thermal
stress contributions, extrinsic effects [31], a preparation induced effect or FIB damage
[32-34], or processing induced modifications [35] may alter the strength scaling
behaviour and must be taken into account.

To comprehensively study the effects of individual interfaces, experiments
spanning from the macroscopic to the microscopic regime are necessary. Testing
macroscopic samples results in obtaining bulk properties. In fact, several tensile,
compression and also simulation studies were conducted on sxx [36-41] as well as
polycrystalline samples [42-46] where the interplay of intrinsic length-scales
contributes to strengthening mechanisms in macroscopic volumes.

On the other hand, miniaturized testing techniques are necessary to investigate
characteristic mechanisms, for example, interaction of dislocations with twin
boundaries [47] or grain boundaries [45,48-50]. Dislocations can be trapped [51,52]
within the small sample volume and pile-up on internal interfaces. However, it is still
under debate how grain boundaries or general interfaces affect the strength scaling
characteristics.

To contribute to this topic, in this work the influence of interfaces on the
deformation and the strength scaling behaviour of ultrafine-grained (ufg) W is
investigated by providing a constant grain size. The interplay of grain boundaries with
confined volumes is investigated by thoroughly reducing the deformed volumes until
an sxx state is achieved. Therefore, macroscopic compression, nanoindentation and

in-situ pillar compression tests are performed at various temperatures and strain-rates.
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By doing so, the influence of grain boundaries on the strength scaling exponent and
the contribution of the thermal stress component are examined. Finally, acting
deformation mechanisms are analysed in terms of strain-rate sensitivity (m) and

activation volume (v).

D2 - Materials and Methods

The sxx W was grown by electron beam zone melting [53] and examined
previously micro- and macroscopically by Wurster et al. [54]. The crystal was aligned
in either (100) or (110) orientation to test multiple slip orientations [36]. A lamella with
~1 mm thickness was cut using a diamond wire saw and subsequently ground and
polished to remove plastically deformed surface layers.

A forged sheet of ultra-high purity W with an initial grain size of ~5 ym was
provided by Plansee SE (Reutte, Austria). The as-received sample was cut by electron
discharge machining (EDM, Brother HS-3100) to cylinders of 30 mm in diameter and
7 mm in height and subsequently deformed via high pressure torsion (HPT [55-59]) to
achieve an ufg microstructure having mostly large angle grain boundaries. After 10
rotations at 600°C using a rotational speed of 0.2 rpm and a pressure of 4 GPa, an
equivalent strain of ~7500% at a radius of 14 mm was imposed. A lamella as described
in [60] and several rectangular-shaped macroscopic samples having final dimensions
of 2 - 2 - 3 mm?® were machined by EDM from a disk radius of ~14 mm in axial direction
of the HPT disk to avoid strain gradients and hence varying grain sizes within the
specimens. Prior to microstructural investigations, nanoindentation tests and
macroscopic compression tests, the macroscopic samples were mechanically and
electrolytically polished.

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

Non-tapered rectangular pillars in the size range between 150 nm and 5 ym and
with an aspect ratio (pillar height to diameter) of 3:1 were milled out of the fabricated
lamella using a dual-beam SEM-FIB workstation (Zeiss LEO 1540 XP, Oberkochen,
Germany) [60]. Pillar compression tests on samples larger than 1 um were performed
in-situ in an SEM (Zeiss LEO 982, Oberkochen, Germany) equipped with an UNAT-
SEM indenter (Zwick GmbH & Co. KG, Ulm, Germany) [61,62]. Samples having
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dimensions below 1 um were tested in the SEM-FIB utilizing a Hysitron 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) with diameters of ~8 ym and ~6 um, respectively. All tests were
performed at RT in displacement-controlled mode at constant displacement rates that
were adapted to the individual pillar geometry to achieve a constant nominal strain-
rate of 3 - 103 s" in order to exclude strain-rate effects. Further corrections for sample
sink-in [63] and machine stiffness [64] were taken into account.

Macroscopic compression tests were performed in air using a universal tensile
testing unit (Zwick GmbH & Co. KG, Ulm, Germany) modified with a load reverse tool
to a compression device. In order to measure thermally activated processes, tests were
conducted at constant strain-rates between 102 and 10 s for temperatures ranging
between RT and 610°C. Loads were measured utilizing a 10 kN load cell and strains
were calculated from recorded time and corresponding crosshead velocity. All
compression samples were strained to ~20% engineering strain and engineering
stresses were calculated using the top area of pillars and macroscopic samples before
deformation.

Nanoindentation tests were performed using a Nanoindenter G200 (Keysight
Technologies, 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. CSM was used to continuously record contact stiffness
to check the Young’'s Modulus / displacement profile which is horizontal for
mechanically isotropic materials. For RT testing, a three-sided diamond Berkovich
pyramid, imposing ~8% plastic strain (MicroStar Technologies, Huntsville, USA), as
well as a diamond Cube Corner indenter, imposing ~20% plastic strain (Synton-MDP
AG, Nidau, Switzerland) [65,66] were utilised. Strain-rate controlled tests with a
constant strain-rate of 5 - 102 s”' were conducted to compare 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 conducted 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 [67] for displacement segments of 500 nm each

and strain-rate levels of 5 - 102 s, 102 s, 5- 103 s (high temperature) and 5 - 10
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251, 5-103s'and 103 s (RT), respectively, were performed to investigate thermally
activated processes. The maximum indentation depth for all indents was set to
~2500 nm. Machine stiffness and tip-shape calibrations were performed at RT
according to the Oliver-Pharr method [68]. Further details about the heating setup are
described in [69].

D3 - Results

The grain size of the HPT deformed W sample was determined using area
equivalent circle diameters. The analysis resulted in average grain sizes of
530 + 170 nm and 480 + 230 nm for Figure 1a and b, respectively. In the BSE image,
substructures and low angle grain boundaries were not accounted as boundaries thus
resulting in a larger average grain size. Slightly elongated grains in shearing direction
were observed, but no pronounced texture was evidenced. Moreover, grain boundaries
with mostly large angle character (87.2%) were detected, as shown in Figure 1c. Here,
neighbouring grains showing 15° misorientation or more are accounted as large angle
GBs.

4mmmm shearingl] B
mmmmp directionll B

compression g
axis

Figure 1: Microstructure of ufg W at a disc radius of 14 mm in axial direction. (a) BSE image, red arrows
indicate the compression direction and green arrows the shearing direction during severe plastic
deformation. (b) EBSD image of the respective microstructure and the corresponding inverse pole figure.
(c) The majority of grain boundaries (87.2%) show large angle character.

The bulk hardness (H) of (110) oriented sxx and ufg W at RT was determined by
nanoindentation using a Berkovich and a Cube Corner indenter. Corresponding load-
displacement curves are shown in Figure 2a. The corresponding indentation sizes are
116.2 ym® (Berkovich) and 13.3 ym® (Cube Corner) for sxx W and 39.7 ym?
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(Berkovich) and 14.6 um?® (Cube Corner) for ufg W. Hardness values were converted
to flow stresses using H = o - C" with the constraint factor C" = 2.8 [66,70]. Bulk values
of H were obtained by extrapolating the hardness profile to large displacements
according to the Nix and Gao model [71], as shown in Figure 2b. Although the moduli
of sxx W (393 GPa) and ufg W (402 GPa) show slight variations, they are well in the
range of literature values of 380 - 420 GPa [72].
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Figure 2: Multi- and uniaxial test data of sxx and ufg W 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 to obtain bulk properties. (c, d) Exemplary
engineering stress-strain curves of the respective sxx and ufg W with a large variety of sample sizes.

See text for details.

Furthermore, flow stress values for sxx W resulted in 1470 MPa (Berkovich) and
1790 MPa (Cube Corner), while for ufg values of 3110 MPa (Berkovich) and 2930 MPa
(Cube Corner) were obtained, which are in accordance with literature data [66].

Figure 2c and d present engineering stress-strain curves of (100) oriented sxx
and ufg W. In both cases large samples show continuous flow curves. As the sample

size decreases (below 3 uym), stress values in sxx W samples (Figure 2c) increase and
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stochastic events such as load drops are observed more frequently. A contrary
behaviour is observed for ufg W samples (Figure 2d), where flow stresses decrease
with decreasing sample sizes. At sample diameters of ~3 uym, first serrations in the
stress-strain curves are observed. Further decreasing the sample size leads to an
apparent increase of flow stress values and pronounced load drops are detected,
comparable to small sxx W samples.

Post compression SEM images of various ufg W samples are shown in Figure 3.
In total 36 bulk samples each having a size of 2 - 2 - 3 mm?, as shown in Figure 3a,
were tested from RT up to 610°C. At low temperatures and at every strain-rate tested,
cracks developed during compression. Above 450°C, plastic deformation without crack
initiation and propagation was observed. This behaviour is indicative for a rate- and
grain size dependent brittle-to-ductile transition temperature (BDTT) [73,74]. Figure 3b
and c¢ show a residual Berkovich and a residual Cube Corner impression at RT,
respectively. Figure 3d-i depict deformed ufg W pillars of various sizes. Larger pillars
in Figure 3d and e show intercrystalline failure at grain boundaries, which is common
for ufg W [75,76]. A side view and magnified details of Figure 3d are displayed in
Figure 3h and i, respectively, indicated by the red coloured arrow and the rectangle.
The white arrows indicate decohesion and failure at grain boundary triple points, which
were also observed in residual imprints (Figure 3b and c). Figure 3f represents an ufg
pillar where the sample size is approximately the grain size and in Figure 3g, the
sample size was further reduced and sxx deformation behaviour was observed.

The plastic deformation behaviour of sxx and ufg W is also provided in the
supplementary videos, where Video 1 represents the deformation behaviour of ~5 ym
and ~0.3 um sized sxx W pillars. Video 2 indicates the deformation behaviour of a
~3 um, ~1.3 ym and a ~0.3 ym sized ufg W samples. In larger ufg pillars, the
observation of cracks developing at grain boundary junctions should be noticed.

Figure 4 presents SEM images of etched (a) and FIB-prepared cross sections of
deformed compression samples. Figure 4a shows a crack tip observed in macroscopic
samples. The varying pattern (points and triangles) on individual grains indicate etch
pits resulting from HPT deformation and refer to dislocations which align perpendicular
to the etched surface (estimated dislocation density ~1.65 - 10'* m2). The major crack
propagated on an intercrystalline path and additional small cracks are observable at

grain boundary triple junctions, indicated by white arrows. The cross-sections of
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Figure 4b-e indicate pillars exhibiting comparable deformation mechanisms as
observed in bulk samples, even though the number of grains in the deformed volume
is drastically reduced. Once the sample size is reduced to the average grain size
(Figure 4f) or below (Figure 4g) the probability for crack nucleation at grain boundary
junctions decreases. Pronounced plasticity is observed for the smallest pillar (300 nm,

Figure 4g), sxx-like slip steps indicated by the green arrow are visible.

Figure 3: Post-compression SEM images of various ufg W samples. The sample size decreases

accordingly to the presented alphabetic order. (a) Deformed bulk sample (strain-rate of 2 - 103 s°')
showing a large crack in compression direction (black arrows). (b) and (c) represent a Berkovich and a
Cube Corner indent, respectively. Images (d) to (i) show deformed pillars. (h) and (i) show details, which
were marked in (d) and white arrows indicate decohesion at grain boundary triple junctions. Coloured

symbols refer to different deformation regimes.

D4 - Discussion

Before comparing multi- and uniaxial stress data, some considerations should be
made. Nanoindentation with self-similar pyramidal tips results in multiaxial stress-
states underneath the indent, accompanied by multiple slip events. To facilitate
comparison with uniaxial test data, the (100) orientation was chosen as a multiple slip
orientation for uniaxial compression tests. Secondly, the choice of an appropriate value
for C" to convert hardness into flow stresses influences validation of the uniaxial test

data. However, if C"is considered to be in the range of 2.5 - 3, rather than 2.8 used in
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Figure 2, the change of stress values of ~10% would only insignificantly affect present
results. Thirdly, the Young’'s modulus to hardness (E/H) ratio [77] and the rate-
dependence of the tested material [78] might affect the load response of the indenter,
resulting in conceivable errors. The E/H ratio for the investigated ufg W is ~130,
therefore a possible phase shift of the indenter signal should be only of minor influence.
To eliminate influences from the rate-dependence of the material, the experiments

were conducted at the same constant strain-rates.

Figure 4: Cross sections of uniaxial deformed compression samples. (a) Crack tip observed in a
macroscopic sample, indicating intercrystalline fracture. Pillar cross sections of 3 um (b), 2 ym (d),
1.3 um (e), 0.7 ym (f) and 0.3 ym (g) demonstrate the decreasing number of grains within individual
samples. (c) presents a magnified inset of (b) indicated by the red rectangle. White arrows indicate
cracks and decohesions at triple points of grain boundaries, while the green arrow marks a slip step.
Coloured symbols refer to different deformation regimes. Please note that the cross sectional FIB cuts

are slightly inclined compared to the pillar compression direction.

168



Publication D

Furthermore, the plastically deformed volumes vary with the indenter geometry
and mechanical properties [79,80], which is apparent in the load-displacement data in
Figure 2a. The load limit of the nanoindentation device was reached for the Berkovich
indent in ufg W (Figure 2a, solid red line) and therefore the maximum indentation depth
is lower. In Figure 2b, a cross-over of the hardness signals of the Berkovich and the
Cube Corner indent for ufg W is observed. This behaviour is related to the
comparatively high strain during indentation with a Cube Corner indenter. Here, more
surface grains are affected during Cube Corner indentation, which might contribute to
an apparent strength decrease. Relatively seen, the formation of cracks and
decohesion at grain boundaries additionally alter hardness values, displaying lower
stress values for the Cube Corner indent. Lastly, it should be noted that in terms of
nanoindentation the induced representative strain will depend on the apex angle of the
used tip and varying capabilities of strain hardening are examined, which affects the
stress level [66]. However, as long as the contact stiffness is properly accounted for
(indicated by horizontal hardness and Young’s modulus values in Figure 2b) the test
can be considered valid.

The gap in flow stress values between sxx and ufg W results from microstructural
refinement according to Hall and Petch [81,82]. Estimation of a yield stress value using
a friction stress of t* = 345 MPa [8], a mean grain size of 480 + 230 nm and a Hall-
Petch coefficient of 1.86 MPam-"2 [66] results in ~3000 + 700 MPa, in agreement with
ufg W bulk data obtained from macroscopic compression tests and nanoindentation
data (Figure 2d). However, the elastic loading stiffness of the bulk sample is reduced
in Figure 2d and not comparable with pillar compression experiments. Alignment of
bulk samples was hindered due to lower stiffness of the compression equipment,
resulting in a sample misalignment of ~1°. The displacement of the bulk sample was
measured at the machine crosshead, and only approximated strains are given for the
bulk sample.

To discuss the observed deformation behaviour over several length scales, the
flow stress is plotted against the plastically deformed volume of individual experiments
in Figure 5. For uniaxial compression tests, the plastically deformed volume is defined
by the sample base area and height. Considering the different indentations, a simplified
hemispheric plastic zone after penetration to maximum displacement was taken into

account. Stresses at 8% plastic strain were chosen to allow comparison with Berkovich
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nanoindentation data and to include occurrent strain hardening. Pillar compression and
nanoindentation data of sxx W is indicated by black dots and a black triangles,
respectively. The black guideline through sxx W data demonstrates its strength scaling
behaviour, which is ~0.21 + 0.02 for the (100) orientation. The ufg W data in Figure 5
is separated into three different regimes. Red, orange and green symbols (also used
in Figures 2 and 3) indicate bulk behaviour, a transition regime where the sample size
is in the order of the grain size, and ufg W pillars that deform alike sxx W npillars,
respectively. Error bars in Figure 5 result 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 Figure 2d, ufg bulk W samples reveal the highest flow
stress levels. By decreasing the plastically deformed volume, flow stress values begin
to decrease until the transition regime in Figure 5 is reached. Here, pillars deform
without crack initiation, and upon further reducing the sample dimension sxx
deformation behaviour is evidenced. Decreasing flow stress values, however, are
explained by an increasing importance of free surfaces in decreasing sample volumes.
In ~500 nm sized grains, dislocation debris developed from the initial HPT
deformation process remains in the grain interior as evident from the contrast variation
within grains in the BSE micrograph shown in Figure 1a. During plastic deformation,
dislocation sources in the grains will operate and emitted dislocations that pile-up at
grain boundaries within the sample volume [76,83]. In grains located at free surfaces,
dislocation debris and generated dislocations exit the pillar surface which lead to a
decreased strength. With decreasing sample size the relative fraction of surface grains
notably rises [84,85], hence the stress values decrease until the sample size
approaches the grain size and source-controlled strengthening [20] dominates the
deformation. Notably, the point of intersection of the drawn guidelines of sxx and ufg
W in Figure 5 correlates well with the grain size of the present sample.
Comparable experiments were conducted on ufg Cr containing mostly large angle
GBs, and results were reported in [45]. There, a continuous increase of flow stress was
observed by decreasing the sample size. However, the grain size reported for ufg Cr
was ~160 nm. Within such small structures, GBs act as sinks and sources for
dislocations [86] and the grain interior contains only a very limited number of
dislocations [87]. In such a situation, grains located at the free surface remain stronger

and lead to a scaling behaviour where smaller is stronger. In both cases near-surface
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grains are smaller in size compared to internal grains due to FIB machining, which

seems to be of minor influence for the observed behaviour.
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Figure 5: Engineering stress at 8% plastic strain vs. plastically deformed volume of tested sxx and ufg
W. Filled symbols indicate data from this work, while open symbols are literature data, respectively. See

text for more details.

Open symbols in Figure 5 indicate literature data of (100) oriented sxx W. Only
small variations in scaling behaviour are found and summarized in Figure 6a by
comparing n-values from close to the yield point up to 10% plastic strain. Our data is
indicative for a constant strength scaling behaviour with strain, implying that the
present deformation mechanism does not change during deformation. Small variations
are attributed to alignment uncertainties at low strains and serrated flow at increased
strain levels. Indeed, n-values ranging between 0.2 - 0.4 were reported in literature
[8,12,15,19,23,28]. Our data is in close agreement to Schneider et al. [23,28], while

the differences to other works could be explained by dissimilar strain-rates, a varying
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impurity content or different initial dislocation densities within the samples used in those
studies [21].

Dislocations in ufg W form substructures and pile-up at grain boundaries in the
sample interior and therefore might change the deformation behaviour [88]. Indeed, a
comparison of strain hardening rates (@) of differently sized ufg and sxx samples,
shown in Figure 6b, demonstrates individual pile-up situations. Here, strain hardening
rates were calculated from engineering stress-strain curves using a tangent approach.
Bulk-like ufg pillars show comparable © as observed for macroscopic samples.
However, once the sample size is reduced to the order of the grain size, reduced strain
hardening behaviour indicates sxx-like deformation behaviour, dislocations can easily

exit on the pillar surface.
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Figure 6: (a) Strength scaling exponent n plotted against plastic strain and comparison with literature
data. (b) Strain hardening rates O obtained from sxx and ufg W using a tangent approach (inset). Clear

differences in © between bulk-like configurations and single crystalline situations are evidenced.

To relate the observed behaviour to occurring deformation mechanisms and to
estimate a possible contribution of decohesion, failure, or grain boundary sliding
[89,90], plastic deformation can be related to intrinsic mechanisms in terms of strain-
rate sensitivity (m) and activation volume (v) [28,91]. For sxx and polycrystalline fcc
metals such as Ni, Al or Cu, strain-rate effects were investigated, for example, in [92-
94]. Prevailing deformation mechanisms in bcc metals such as V, W, Mo, Ta and Cr,
were reported by Wei et al. [95,96], Zhou et al. [97], Wu et al. [86], Maier et al. [98,99]
and Fritz et al. [100].
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Fritz et al. [100] recently obtained thermally activated deformation behaviour over
a wide range of temperatures using several testing techniques on sxx Cr and ufg Cr.
Comparable tests on the same length-scales were conducted within this work on W,
and the resultant m- and w-values as a function of a relative testing temperature
(Ttest/ Tc) are plotted in Figure 7a and b, respectively, to compare variable bcc metals
with different thermal stress components at RT. The critical temperatures (7¢) for W
and Cr used in Figure 7 are 800K [39] and 430K [29], respectively. Low temperature
data on Cr from RT down to liquid nitrogen was additionally added from [101]. The W
data of [39] was not added, as stress relaxation tests were utilized to obtain m-values.
However, a comparable trend was observed for sxx W.

The coloured arrows in Figure 7a and b represent the trend of the rate-dependent
properties in bcc metals. They reveal that comparable mechanisms dominate in sxx
and ufg W and Cr, respectively. Importantly, in the Cr study [100] no cracking was
present. This allows us to exclude fracture and thus embrittlement of GBs via
segregation of interstitial atoms [102] as a dominant influencing mechanism. Moreover,
the Cr data enlarges the discussed range of relative temperatures. At low relative
temperatures m-values for sxx Crand W are ~0.02. First, an increase of m is displayed
until peak m-values of ~0.07 are reached at Ttst/ Tc = 0.65. A comparable trend for low
temperature deformation of sxx W, Nb, V, and Ta was found by Brunner and Glebovsky
[39] and Christian and Masters [103] and is explained by the thermally activated
interaction of kink pairs with interstitial atoms. Approaching and overcoming T, thermal
activation eases the movement of kink pairs until m-values in the order of 103 are
reached, as common for low Peierls potential materials such as fcc metals. Contrarily
to that, m-values for ufg counterparts slightly decrease from low temperatures until T¢,

followed by a continuous increase up to a relative temperature of 1.6.
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Figure 7: Evolution of strain-rate sensitivity m (a) and activation volume v (b) with relative temperature
for W and Cr. Cr data was taken with permission from [99] and [101]. Coloured arrows are trend lines.

See text for details.

The deformation mechanisms based on the varying microstructure for the
different bcc metals are indicated in Figure 7b, where the corresponding 1-values are
plotted vs. Tiwest/ Tc. TOo compare activation volumes, they are normalized by the Burgers
vector of the respective metal (b = 2.741 - 10-'° m for W) and expressed in multiples of
b3. At low temperatures, ~values of 4 - 7 b*® were calculated for sxx W and Cr using
the common equations described in [95]. Those quantities are attributed to the kink
pair mechanism, which is active in bcc metals at low temperatures [29]. However, v
seems to remain constant in sxx Cr until Twst = 0.55 - Tc. Here, thermal activation of
kinks might be hindered by interstitial atoms. This idea is verified by a pronounced yield
strength observed in tensile stress-strain data [101], which was the base for the
calculated activation volumes. As stated before, the same trends were found for sxx
W, Nb, V and Ta in [39,103] and related to interaction of kinks with impurities.
Additionally, m- and wvalues from [101] were calculated at the lower yield point, while
nanoindentation data and test data from compression experiments were evaluated at
~8% plastic strain. By further increasing the temperature, the impurities are no effective
obstacle anymore and movement of kink pairs is eased due to thermal activation,
indicated by an increase of the activation volume. Overcoming T for the sxx case gives
rvalues of ~200 b3, indicative for dislocation-dislocation interaction, a common

mechanism observed in fcc metals.
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In ufg W and ufg Cr the activation volume increases at relative low temperatures
comparably to the sxx states, indicating again a rate-limiting step based on the
propagation of kink-pairs. However, upon passing T, »values remain rather constant
at ~20 b*. This behaviour is indicative for dislocation-grain boundary interactions, as
previously reported for ufg Cr. Thus, the comparison to Cr in Figure 7 demonstrates
dislocation mediated plasticity as the dominant deformation mechanism in sxx and ufg
W, while crack formation in ufg W seems to be of minor influence on the underlying

plasticity mechanisms.

D5 - Conclusion

Interface-dominated strength scaling behaviour in ultrafine-grained W was
studied to investigate the interaction of grain boundaries with dislocations in bcc
crystals. As a result of increasing importance of free surfaces, dislocations in near-
surface grains exit the pillar surface without substructure formation and therefore the
grains show decreased strength, while dislocations pile-up in inner grains. By reducing
the plastically deformed volumes, the increasing number of near-surface grains leads
to a gradual reduction of flow stress values until the sample size reaches the order of
the grain size. There, after passing a transition regime, single crystalline slip in
individual grains was activated even in ufg pillars. Moreover, the influence of
decohesion at grain boundary triple points on thermally activated processes was
examined and compared to ultrafine-grained Cr where no cracking occured. In both
materials interfaces contribute to the deformation behaviour in terms of dislocation-
grain boundary interactions and no noticeable influence can be attributed to crack
nucleation and decohesion processes. This deformation results in constant activation
volumes at elevated temperature, while at low temperatures the propagation of double-

kinks remains the rate-limiting deformation mechanism.
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D6 - Appendix: Supplementary Material

The supplementary videos of publication D are included digitally on the storage

medium located at the end of the thesis.

T ™

200 nm

Video1: In-situ SEM compression test of two sxx W pillars. The sample diameters are ~5 pm (left) and
0.3 pm (right).

Video2: In-situ SEM compression test of three ufg W pillars. The sample diameters are ~3 pm, ~1.3 ym
and a ~0.3 pym (from left to right). A transition in deformation behaviour from bulk to single-crystalline-

like is illustrated.
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Appendix

In the Appendix, Publication E, Publication F, screenshots of the graphical user
interface of the in-situ heating control coded in LabVIEW, and the block diagram of the
code are attached. The LabVIEW program for temperature control is included digitally

on the storage medium located at the end of the thesis.
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Abstract

The ongoing trend towards miniaturization
n various fields of materal science re-
quires the capability to investigate the local
mechanical properties of the concemed
structures by miniaturized mechanical ex-
periments. Besides nanoindentation. min-
aturized expenments such as micro-com-
pressicon, micro-tension, micro-bending,
or micro-fracture tests were employed fre-
guently in recent times. A major challenge
for these experiments is the fabrication of
specimens. Therefore, we present different
approaches to prepare miniaturized testing
objects in a site specific way, using strate-
gies that employ chemical etching, broad
beam ion milling, and focussed jon beam
milling. Depending on the reguired sample

size and precision, the typical strategies for

sample fabrication will be outined, and the
benefite and drawbacks of the techniques

Authors:
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Kurzfassung
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verschisdenenBereichenderbatenalforschung
erfordert die Moglichkeit der Untersuchung
lokaler mechanischer Eigenachaften betrefien-
der Strukturen mittels miniaturizierter mecha-
nischer Versuche. Meben der Manoindentation
werden in jangster Zeit haufig miniaturisiers
Experimente wie beispieleweise Mikrodruck-,
Mikrozug-, Mikrobiege- oder  Mikrobruch-
versuche durchgefihrt. Die Herstellung der
Proben stellt hier 2ine groBe Herausforderung
dar. Wir stellen daher verschiedene Ansitze
zur orsspezifischen Priparation miniaturisies-
ter Prifobjekte vor, bei denen Strategien wie
chemisches Atzen, lonenpolieren mit breitem
Strahlenbindel (Broad Beam lon Milling) und
lonendizen mit fokussierten lonenstrahlen (Fo-
cused lon Beam Milling) zum Einsatz kommen.
Entsprechend der erforderlichen ProbengroBe
und Prizision werden die typischen Strategien
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are dizcussed. Finally, applications of spec-
mens produced by the different procedures
are presented.

1. Introduction

it iz well known that the strength of a ma-
terial depends on two crucial factors, the
controlling intermal material length scale,
for example the grain size, dislocation or
precipitate spacing [1-4], and/or the sam-
ple dimension itself [5-8]. In the first case,
the microstructural features hinder the mo-
tion of dizlocations, while in the latter case
the free surface of the sample: (i) limits the
zize of the dislocation sources that fit into
the specimen, or (i) permits dislocations
o leave the specimen through the free
surface. Furthermaore, (i) if the specimen
s very small and the dislocation density is
ow, the sample will statistically not contain
a significant number of dislocations. For
these scenarios either the applied stress
that is needed to operate a dislocation
source, essentially based on the COrowan
stress required to bow a dislocation [9], or
the lack of dislocation sources to be acti-
vated, lead to higher stress for plastic de-
formation of objects with reduced dimen-
sions

The miniaturization of components and
devices concems several fields of ap-
plication, for example microelectronics,
medical applications, telecommunication,
and mobility. For the sake of simplicity,
we will limit the general considerations to
microelectronics. Due to the ongoing min-
aturization, typical conducting lines in mi-
croelectronics applications are nowadays
n the micrometer and sub-micrometsr
regime, with a continuing trend to further
reduction. This increases the demand of
thermal, mechanical and electronic load
bearing capability of the used materials
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zur Probenherstellung erdautert und die Vor-
und Machieile diessr Techniken behandsit
Im letziten Teil werden Anwendungsbereiche
fur die mit den verschiedensn Verfahren her-
gesteliten Proben vorgestellt.

1. Einleitung

Es ist allgernein bekannt, dass die Festighkeit
gines Werkstoffes von zwei entscheidenden
Faktoren abhangt: der malgebenden inneren
Lingenskala des Materialz, beispielsweise
Korngrile, Versstzungsabstand oder Abstand
der Ausscheidungen [1-4] bzw. den Proben-
abmessungen selbst [5-8]. Im ersten Fall
behindern die mikrostrukturellen Merkmale die
Versetzungsbewegqung. Im zweiten Fall besin-
flusst die freie Oberflache der Probe: (i) die
Groke der Versetzungaquellen, die in der Probe
Flatz finden, oder (i) ermaglicht es Versetzun-
gen, Uber diese aus der Probe auszutreten.
(i) Fermer wird die Probe keine statistisch =ig-
nifikante Menge an Versetzungen aufweisen,
wenn sie sehr klein und die Versetzungsdichte
gering ist. For diese Szenarien fihrt entweder
die fir die Aktivierung einer Versetzungsqguells
erforderliche einwirkende Spannung, im We-
sentlichen basierend auf der Crowan-Span-
nung, die erforderlich ist, um eine Versatzung
Zu auszubauchen [9], oder der Mangel an zu
aktivierenden Versetzungsquellen selbst zu hd-
herer Spannung fr die plastische Verformung
vion Objekten mit geringen Abmessungen.

Miniaturiziert werden Komponentsn und Ge-
rate in verschiedenen Anwendungsbereichen
wie beispielsweise der Mikroelekironil, bei
medizinischen Amwendungen, in der Tele-
kommunikation und im Bereich Mobilitat. Der
Einfachheit halber werden wir die allgemeinen
Betrachiungen auf den Bereich der Mikroelek-
tronik  beschranken. In Mikroelektronik-An-
wendungen sind heute entsprechend einer
anhaltenden Miniaturisierung typische Leiter-
bahren im Mikrometer- bzw. Submikrometer-
groBenbereich zu finden, wobei der Trend hin
zuweiterer GréBenreduzierung geht. Dies fihrt
Zu einer steigenden Machfrage nach Werkstof-
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Fig. 1 Comparnzon betweesn g human hair, § 2 um Cu micro-tenzile sgmple, and g 300 nm nano-fenszile
Specimen.

Bild 1: Wergleich eines Menschenhggrs mit einer Cu-Mikrozugprobe (2 pm) und einer Ngnoeugprobe

{300 ).

and requires the development of new ma-
terial systems with superior performance
under these loading conditions. In this size
regime, significant size effects on matenial
properties are observed [5—8]. Thus, in
order to enable a reliable design of novel
products, it iz indispensable to experi-
mentally measure the stresses sustained
by such small zcale structures at their na-
tive length scale. To get an idea of the ap-
proximate dimensicns, Fig. 1 presents the
comparnson of a human hair with a typical
3 ym micro-tensile sample and a 300 nm
nano-tensile sample.

t iz cbvious that such structures cannot
be produced by a classical top-down ap-
proach. There are some special bottom-
up processes that can ;|r-:x' such small
structures, such as whisker growth [10, 11],
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fen mit thermizcher, mechanischer und elek-
tronische Belastbarksit, was wiederum dis Ent-
wicklung neuer Werkstoffsysieme mit besserer
Leistungsfahigkeit unter solchen Belastungs-
zustanden bedingt. In dieser GriBenordnung
werden erhebliche Auswirkungen der GroBe
auf die Werkstoffeigenschaften beobachtet
[2-8]. Far dis zuverlassige Ausgestaliung
meuer Produkie ist es somit unabdinglar, disin
solchen kleinen Strukturen aufiretenden Span-
nungen experimentell auf der tatsachlich auf-
tretencen Langenskala zu messan. Zur Veran-
schaulichung der ungefahren GriBenordnung
Zeigt Bild 1 den Vergleich eines menschlichen
Haares mit einer typischen Mikrozugprobe
3 pmy) und einer Manoczugprobe (300 nmi).

Ez liegt auf der Hand, dass sclche Strukturen
unier Amyendung klassischer Top-down-Ver-
fahren nicht hergestellt werden konnen. Es gibt
ginige spezielle Bottom-up-Veriahren, anhand
derer solche kleinen Strukiuren gezichiet wer-
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electrodeposition [12, 13], or lithographic
processes [14]. While these processes are
capable of delivering a large number of
samples, they are typically silicon-based
technigues that reguire dedicated fabri-
cation facilities and suffer flexibility with
respect 1o the materials systems that can
be processed straight forward. Therefore,
we will place our focus on alternative ap-
proaches that can be realized with common
metallographic  preparation  technigues
zuch as electrochemical etching. broad
beam ion milling/polishing,. and focussed
ion beam (FIB) milling.

2. Miniaturized Sample Preparation

The major strength of the FIB is the ability
to machine almost any vacuum compatible
material to various geometries with the pre-
cizion of a few nanometers [15, 16]. How-
ever, the amount of removable material with
a 30 kel Ga~ ion beam is in the order of
1 um®*nA™ 5™ [15. 17, 18], depending signifi-
cantly on the sputtered material and sput-
tering angle, as well as the required produc-
tion precision which dictates the final milling
current. To the authors’ experience, the pro-
duction steps within the FIE are the bottle-
neck of sample production. Therefare, it is
of general interest to minimize the amount
of material to be removed by FIE milling.
To avioid unwanted material modifications
during material thinning, as it would occur,
for example, during grinding and polizhing.
the use of contact-pressure free techniques
such as electrochemical etching or broad
beam ion milling are preferable.

2.1 Electrochemical Etching

Using electrochemical etching, comparably
large amounts of material can be removed
with rezpect to the actual sample size, which
is on the order of tens of nanometers o \ens
of micrometers. This technique is by itself
not position selective and precise enough to
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den konnen, z. B. Whiskerbildung [10, 11], Elek-
trodeposition [12, 13] oder lithographische Ver-
fahren [14]. Durch solche Prozesse kann eing
grole Anzahl an Proben hergestellt werden. Sie
sind allerdings typischerweise silziumbasiert,
was hierfir vorgesehens Herstellungsanlagen
wvoraussetzt. Fernerfehlt eshier an der Flexibilita
beziglich weiterer verarbeitbarer Materialsyste-
me. Wir konzentrigren uns daher auf atternative
Konzepte, die mit gangiger metallographischer
Praparationsiechnik umgessizt werden kin-
nen, beispielsweise elekirochemisches Atzen,
Breitstrahlionenpolieren und lonendtzen  mit
fokussierten lonenstrahlen (FIB).

2. Miniaturisierte Probenpraparation

Der wesentliche Vorieill des FIB liegt in der
Mbglichkeit, fast jeden wakuumtauglichen
Werkstoff mit einer Genauigkeit im Mano-
meterbereich zu bearbeiten [15, 16]. Die mit
eginem 30keV Ga™ lonenstrahl abitragbare
Materialmenge liegt allerdings in einer Grd-
Renordnung von 1 um®n&”"s™ [15, 17, 18]. Sie
hangt erheklich wom gesputterten Werlstoff,
dem Sputterwinkel und der erforderlichen
Prazizion bei der Hersiellung ab, die die letzt-
endliche Stromstarke beim lonendtzen vior-
gibt. Gemab den Erfahrungen der Autoren
siellen die FIB-Herstellungsschritte den Eng-
pass bei der Probenanfertigung dar. Daher
ist e= von allgemeinem Interesse, die Menge
an durch FIB-Atzen abzutragenden Materials
zu reduzieren. Um wahrend der Ausdinnung
des Materialz unerwinschte Werkstoffver-
anderungen zu vermeiden, wie sie beispiels-
weise wihrend dem Schleifen und Polieren
auftreten, sind anpressdruckfreie Techniken
wie . B. das elektrochemische Atzen oder das
Ereitztrahlionenpolieren vorzuziehen.

2.1 Elekitrochemisches Alzen

Bei elektrochemizchem Atzenkbnnenhinsicht-
lich der tatsachlichen Probengrdbe (im zwei-
sielligen Manometer- bis Mikrometerbereich)
vergleichsweize groBe Materialmengen abge-
tragen werden. Diese Technik arbeitet nicht
ortsselektiv und prazize genug, um endkon-
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fabricate near net shape mechanical testing
zamples. However, etching of the material of
interest allows to remove unwanted mate-
rial modifications originating, for example,
from a cutting or grinding process. Rods
and wires can be shaped to the form of
long needles [19]. or thin lamellas can be
prepared in a selective way to prepare sin-
gle grain boundaries [17, 20]. Subsequent
uze of the FIE enables to place single or
multiple samples onto the thin freestanding
structure. This approach significanthy reduc-
es the amount of material to be removed by
FIE milling and limits the possibility of un-
wanted material re-deposition. Morsover,
these approaches prevent any unintended
contact between the testing tip and any
material surrounding the specimen. They
provide a free sight onto the sample during
in =ity micromechanical testing, e.q. in the
scanning electron microscope [21, 22]. The
required preparation steps to FIB machined
miniaturized samples starting from electro-
chemically etched nesdles or wedges will
be described below.

2.2 Broad Beam lon Milling

& limitation of electrochemical processes
5 their selectivity. Thus, cnce multiple
materials or phases are of interest, a ho-
mogenous material removal can become
very challenging or even impossible. In
such situations, broad beam on milling
techniques can be beneficially applied.
We use a Hitachi E-3500 ion milling sys-
tem that operates with an Ar~ beam and an
acceleration voltage up to 6 KV and beam
currents of ~100 pA. The diameter of the
beam is in the range of several hundreds
of micrometers, following a Gaussian pro-
file. The sputter yvield iz lower compared
to the FIE, which iz counterbalanced by
an increased ion current (4—7 orders of
magnitude) and an increased beam diam-
eter (~5 orders of magnitude). Thiz allows
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tumahe Froben [(Mear-Met-Shape-Fertigung)
fur mechanische Prifungen herzustellen.
Allerdings ermoglicht das Atzen des ent-
sprechenden Werkstoffes das Abtragen un-
erwunschter, vom Zuschneiden oder Schiei-
fen etc. stammender Werkstoffmodifikationen.
Stabe und Drahte konnen zu langen Madeln
geformt werden [19] oder dinne Lamellen
konnen gezielt prapariert werden, um einzelne
Komgrenzen aufzubereiten [17, 20]. Die an-
schiiefende Anwendung des FIEB emaglicht
ein Aufsetzen einzelner oder mehrerer Proben
auf die dinne, freistehende Struktur. Dieses
Vorgehen reduziert erheblich die durch FIB
abzutragende Materialmenge und schrankt
eine mogliche unerwinschte ‘Werkstoff-
ablagerung ein. Dariber hinaus wird durch
solches Vorgehen jeglicher unbeabsichtigte
Fontakt zwischen der Prifzpitze und einem
die Probe umgebenden Material vermieden.
Ez gewahrleistet weiters wiahrend der mikro-
mechanischen In-situ-Prifung, z 8. im Ras-
terelektronenmikroskop, eine freie Sicht auf
die Probe [21, 22]. Im Folgenden werden die
erforderichen Praparationsschritte fir mittels
FIE bearzeitete miniaturisierte Proben aus-
gehend von elektrochemisch geit=ten Madeln
oder Klingen beschrieben.

2.2 Breitstrahlionenpolieren

Elektrochemizche Viorgange werden unter an-
derem durch ihre Selektivitat beschrankt. Lie-
gen mehrere zu untersuchende Werkstoffe oder
Phazen vor, erweist sich ein homogener Materi-
alabtrag maglicherweise als schwierig oder gar
unmaglich. In solchen Fallen kann der Einsatz
der lonenpolierverfahren mit breitemn Strahlen-
bindel von Vorteil ssin. Wir verwenden sinen
Hitachi E-3500 lonenpolierer, der mit einem
Art-Sirahl arbeitet. Das Gerat verflgt dber eine
Beschleunigungsspannung won biz zu 6 kY
und eine Strahlstrometarke von ~100 pa. Der
Strahldurchmessar liegt im dreistelligen Mikro-
meterbereich und folgt einem GauBschen Profil.
Die Sputterausbeute ist im Vergleich zum FIB
niedriger, was durch einen erhdhten lonenstrom
(4-7 GroBenordnungen) und einen griBeren
Strahldurchmesser (~5 GroBenordnungen)
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to remove hundred thousands of um?® of
material in reasonable time. The sputtered
areas have a width and depth of several
hundreds of micrometers [23]. The mate-
rial of interest, which shall not be affected
by the milling process, s protected by a
mask that iz placed on top of the region
of interest using an optical microscope.
The mask shadows the ion beam and fully
prevents material removal. The accuracy
of positioning the mask iz not better than
afew micrometers. As such, the lateral se-
ectivity of this technique iz limited to this
accuracy. Monetheless, it alows to pre-
pare cross-sections over large areas, the
production of free-standing lamellas with
a thickness of a few micrometers, or even
readymade micro-zamples when adding
structured masks to the process. Thus,
broad beam icn miling serves as a univer-
zal tool to pre-shape material systems not
accessible by electrochemical etching or
too large for FIB milling, and in some cases
t allows even to fabricate net shape mi-
cro-zamples. This is particularly useful for
materials that cannot be procesced with
the Ga™ beam in the FIB {e.g. aluminium,
polymers, etc), as these materials would
be altered and even damaged. In the fol-
owing, we will describe the above men-
tioned applications in maore detail

221 Cross-Sections

The simplest (and original) application is
the perpendicular preparation of a mate-
rial cross-section at an edge. This would
be challenging by electrochemical etching,
zince comers would always be rounded off
by preferential attack. With the FIB, such
cross-sections could be prepared, but
within reasonable time using broad beam
ion milling, large dimensions of more than
10,000 um? can be polished perpendicular
to the material surface at a chosen position
within few hours. To this purpose, shown in
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ausgeglichen wird. 3o wird das Abiragen von
hunderttausenden pm® an Material in einem
angemessenen Zeitraum maglich. Die gesput-
terten Bereiche weisen eine Breite und Tiefe von
mehreren hundert Mikrometem auf [23). Das
u uritersuchends Material, welches durch den
Polierprozess nicht beeintrachtigt werden darf,
wird durch einer Maske geschitzt, die mitiels
lichtoptischen Mikroskops vorab auf den ent-
sprechenden Bereich gelegt wird. Die Maske
verhindert das Aufireffen des lonenstrahls und
unterbindet den Werkstoffabirag vollstindig.
Sie wird mit einer Genauigkeit von nicht mehr
alz einigen Mikrometern positioniert, wodurch
die laterale Selektivitat dieser Technik auf
diese Genauigkeit begrenzt wird. Dennoch er-
midglicht sie die Praparation von Guerschnitten
Uber ausgedehnte Bereiche hinweg. die Fer-
tigurng von freistehenden Lamellen mit einer
Dicke von einigen wenigen Mikrometern oder,
bei zusdtzlichem Einsatz strukturierter Masken,
sogar von gebrauchsfertigen Mikroproben. So
dient das Breitstrahlpolieren als universal ein-
setzbare Technik zur Praparation von Material-
gystemen, die fir elekirochemisches Atzen
nicht zuganglich oder fir das FIB-Atzen zu groB
waren. In einigen Fallen emaglicht ez sogar
die Herstellung von Mikroproben mit Endkon-
tur, was besonders nidizlich ist fir Materialien,
die mittels Ga™-Strahl im FIS nicht bearbeitet
werden kdnnen (z.B. Aluminium, Polymere,
elc), da sie verandert und sogar beschadigt
wirden. Im Folgenden beschreiben wir zuvor
erwahnte Amwendungen im Detail.

221 Querschnitts

Die einfachste (und urspringliche) Amwendung
ist die senkrechte Praparation eines Material-
querschnittes an einer Kante. Beim elektro-
chemischen Atzen ware dies schwierig, da die
Ecken durch einen bevorzugten Angriff immer
abgerundet worden. Solkche Querschnitte
kannten mittels FIE angefertigt werden. Durch
Ereitzstrahlionenpolieren kann jedoch groBdi-
mensioniert (GroBenordnung = 10,000 pme) in
wenigen Stunden an einer ausgewahiten Stel-
le zenkrecht zur Werkstoffoberflache poliert
werden. Hierfur wird die Probe, wie in Bild 2
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Ci laper | Cu-Bchicit
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Figs. 2a fo ¢ Brogd ion begm crozs-section prepargfion of g thin film on subsirgle.
Bilder 2a bis ¢ Querzchnittzpriparabion einer Dunnschicht guf Subsirgt mit breifem lonensfrahibdndel.

Fig. 2, the sample is partially covered by a
thick mask (a), then the Ar" beam is used
1o sputter a cross-section into the material
surface (b}, thereby exposing the film micro-
structure and film/substrate interface (c) for
n depth anahsis.

2.2 Free-Standing Films or Lamelias

The inspection of a buried microstructure
5 one application for ion milling. However,
when aiming towards micro-mechanical
testing it is more Important to prepare free
standing lamellas out of bulk samples or
thin films on substrates. For films on sub-
strates this can in some cases be achieved
by electrochemical removal of the subsirate
[24]. However, the broad beam ion milling
approach shown in Fig. 3 works for any kind
of film/substrate as well as for bulk materi-
als. By covering the film {or any other area
of interest) with the protecting mask, only the
substrate i= removed (b), creating a large
free-standing lamella that can be used, for
example, for subsequent FIB sample struc-
twring {c, d). For very thin films also part of
the substrate has to be covered to prevent
damage of the film

Anocther possibility not shown here is to pre-
pare a thin lamella across the film on sub-
strate by repeating the process shown in
Fig. 2 from the other side as well, as demon-
strated recently elsewhere [23]. Such lamel-
as, where the film of interest iz on top of the
prepared lamella, can serve as pre-form for
shaping bending beams in the FIB to meas-
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gezeigt, eilweise von einer dicken Maske be-
deckt (a). Hiemach wird mittals Art-Strahl ein
Querprofil in die Materialoberflache gesputten
k). S0 wird das Gefilge der Schicht und die
Grenzilache Schicht/Substrat flr eine eings-
hende Analyvse freigeleqgt (c).

222 Freistehends Schichten oder Lamelien

Das lonenpolieren wird beispielsweise zur
Untersuchung einer verdeckten Mikrostruktur
angewendet. Soll allerdings mikrormechanizch
geprift werden, ist es wichtiger, freisiehende
Lamellen aus Bulkproben oder Dinnschichten
auf Substraten anzufertigen. Dies gelingt in ei-
nigen Fallen fiir Schichten auf Substraten durch
glektrochemisches Abtragen des Substrats
24]. Das in Bild 3 gezeigie Breitstrahlionen-
poliereerfahren eignet sich allerdings sowohl
fur jegliche Art von Schicht/Subsirat als auch
fiur Massivmaterial. Durch ein Abdecken der
Schicht (oder eines anderen zu untersuchen-
den Bereichs) mit der Schutzmaske wird le-
diglich das Substrat abgetragen (b), wodurch
gine groBe freistehende Lamelle entsteht, die
beispielsweize bei der nachfolgenden FIB-
Probenstrukiurierung verwendet werden kann
ic, d). Fir sshr dinne Schichten muss Zusat=-
lich gin Teil des Substrats abgedeckt werden,
um Schiden an der Schicht zu vermeiden.

Eine weitere, hier nicht vorgestelite, Maglich-
keit, it die Praparation einer dimnen Lamelle
durch Schicht und Substrat durch die Wieder-
holung des in Bild 2 gezeigten Vorgangs von
der andaren Seite, wig es kirzlich an anderer
Slelle dargelegt wurde [25). Solche Lamellen,
bei denen sich die entsprechende Schicht an
der Oberseite der praparierten Lamelle befin-
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Cui lajper
| Cu-Brhicht
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Figs. Ja fo d- Prepgrafion of g free-=fgnding thin film or lgmellg (3, b), that can subzequently be FIB

struciured.

Bilder 3a bis d- Praparafion einer freizfehenden Dinnzchicht oder Lgmelie (g, b), die kiermnach FB-

strukiunert werden kgnn.

ure stresses in the thin films, an example of

which is shown below
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Finally, once a free-standing lamella was
created by either electrochemical etching
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was suggested in [26]. This then allows
¥ 1 Fi LA

the FiB-less creation of micro-sampies

(Fig. 4d)

Motably, this approach is fimited to some-
what [arger samples sizes in the upper mi-
crometer reqgime. Nonetheless. this is a very
exciting range that is typically onby acces-
sible by lithographic techniques. as it is too
small for conventional machining, and too
arge or very ineffective for FIE machining
aiven the limited flexibility of thographic
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det, konnen als Ausgangsform zur Produktion
vion Biegebalken im FIB dienen, um dann Span-
nungen in den Dinnschichten zu messen. Ein
Beispiel hierfur wird nachfolgend beschrieben.

2.2.3 Anhand von Masken struktumens Mikmo-
proben

Mach der Fertigung einer freistehenden La-
melle durch elektrochemisches Atzen oder
auch durch Breitstrahlionenpolieren (Bild 4.a)
kann die Probe schiieBlich um 90° gedreht
und eine schitzende Schablone (bzw. Mas-
ken) aufgebracht werden (4b). Hiemach wird
erneut, Shnlich den Ausfohrungen in [26].
ionenpoliert (cl. Auf diese Weise kinnen an-
schliefend Mikroproben ohne FIE angefertigt
werden (Bild 4d).

Zu beachten ist, dass sich die Anwendung
dieses Verfahrens auf etwas grifere Proben
im oberen Mikrometerbereich beschrankt
Cennoch handelt es sich hier um einen sehr
interessanten Bereich, der typischenwveise
lediglich Uber lithographische Verfahren zu-
ganglich ist, da er fir konventionelle maschi-
nelle Bearbeitung zu klein und fir die FIB-
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a
) Ar beam
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Figs. 4dato o Prepargfion of micro-fenzile sgmples using stencil masks during brogd ion beam sput-

tering of 8 previously thinned lamella.

Bilder 4a bis d- Pripargfion von Mikrozugpraben unter Yerwendung wvon Schablonen beim lonen-

sirghizpuitern eimer zuvor gediinmien Lamelle.

processes with respect to the used materi-
ale, we think that this mask supported broad
beam ion milling approach, which can be
applied to fterally any kind of material that
tolerates vacuum and low energy Ar- jon
impact, is definitely a very valuable sample
fabrication strategy

2.3 Focussed lon Beam Milling

in the foliowing paragraphs, we will detail
the steps to prepare miniaturized samples
with well defined geometries [18, 27-30],
and in particular without the taper, which
is typical for many of these micro-samples
[31]. Needles or lamellas, fabricated in the
previous steps, will serve as pre-forms.

2317 Samples an a2 Neeide

Cutting of 2 specimen on top of a nesdle
[19] is perfformed essentially in four steps
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Bearbeitung entweder generell zu grof oder
sehr inefiektiv ware. Angesichtz der einge-
schrinkten Flexbilitdt der Lithographie-ver-
fahren beziglich der verwendeten Werkstoffe
denken wir, dass diese unter Verwendung von
Zchablonen durchgefUhrte Technik des Breit-
strahlionenpolierenz, die bei nahezu allen
Werkstoffarten, die vakuumtauglich sind und
die Wechselwirkung mit niederenergetischen
Ar--lonen zulassen, eine durchaus sehr niz-
liche Strategie der Probenherstellung darstellt.

2.3 lonendtzen mit fokussierten lonen-
strahlen

In den nachfolgenden Abschnitten werden wir
die Schritte zur Praparation miniaturisierter
Proben mit eindeutig definierten Geometrien
im Detail vorstellen [19, 27-30], im Besonde-
ren chne die Dickenzunahme, wie sie fur viele
dieser Mikroproben typisch ist [31]. In woran-
gegangenen Schritten hergestelite Madeln
oder Lamelflen dienen als Ausgangspunkt.

2.3.1 Proben auf ener Nade!
Cas Fertigen =iner Probe aus einer Madel-
spitze [19] erfolgt im Wesentlichen in wvier
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(see Fig. 5). First, the apex of the needle is
removed and two parallel sides are rough
cut into the tip using on currents in the
order of 1 na (b, Mext, the sample iz no-
tated by 90° along the wire axis and the
perpendicular sides are coarse cut (). In
the subsequent step. the milling current is
reduced to about 100 pA, giving less-dam-
aged, smoother polizhed surfaces, and the
final zample geometry is milled on the latter
two sides (d). Finally, the sample is rotated
back by 90¢ and the first two sides are fin-
shed according to the desired geometry

=

¥

To avoid angular ermors during the 90° ro-
tation procedures, it iz suggested that the
needle is fixed into a Block with perpendicu-
lar side planes that eases the repeated ro-
tation operation. A drawiback of thiz nesdle
approach is that only a single specimen is
fabricated at atime. On the other hand, this
zingle specimen is easily accessible from all
directions for testing and analysis, shadow-
ing during, for example, electron back scat-
ter diffraction analysis [32] is easily avoided.
Moreover, due to the needle approach, such
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Figs. 5a fo f: Stepwize FIB fab-
rication of & minigiurized fenzile
zampie from gn electrochemi-
cally efched tip (gffer [19]).
Bilder 5a bis f- Schrthweize
FIB-Ferligung  eimer  miniz-
turizierten Fugprobe gus einer
elektrochemizch gedizien Spil-
ze (entzprechend [19]).

Schritten (siehe Bild 5). Zunichst wird die
AuBsrste Madelzpitze entfernt. Mittels lonen-
siromen (1 nd) werden dann zwei parallels
Flanken grob in den Stumpf geschnitten (b).
Diie Probe wird 90° die Drahtachse gedreht
und die senkrechten Flanken werden grob
zugeschnitten (cl. Im folgenden Schritt wird
der lonenstrom auf etwa 100 pA reduziert,
was zu weniger Beschidigungen und glatie-
ren, polierten Oberflachen flhrt Die exakte
Probengeocmetre wird dann in beide Flanken
geschnitten (d). SchlieBlich wird die Probe
um 90° zurackgedreht und die ersten beiden
Flanken werden je nach gewinschier Geo-
metrie endbearbeitet (g).

Lm wahrend der S0°-Drehungen Winkeliehler
zu vermeiden, wird empfohlen, die Nadel in
eirem Block mit rechiwinkeligen Seitenflachen
Zu befestigen, was die wiederholie Drehung
vereinfacht. Ein Machteil dieser Madeltechnik
ist die Tatzache, dass nur jeweils eine Probe
hergestellt werden kann. Andererseits ist diese
Einzelprobe for Prifungen und Analysen lsicht
von allen Seiten zuganglich. Ein Abschatten,
wie es beispielsweise bei der Analyse mittels
Rickstreuelektronenbeugung eintreten kann
[32]. izt einfach zu vermeiden. Wird das Madel-

Pract. Metallogr. 52 (2015) 3
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Figs. Ba fo f: Sequential steps fo prepare g szevies of comprezzion sgmples by FIB glong an eleciro-
chemically prepgred lameliz.
Bilder &a bis - Scholtifolge zur Priparation eimer Reihe von Druckproben mittelz FIB entigng einer
elektrochemisch priparierfen Lamella.

sampées can readily be used for atom probe
tomography after deformation [33].

2.3.2-5ampies on a2 Wedge

In order to place several samples along a
lamelia but =il enabling a well controlied
geometry and being free of taper over the
sample height, it is recommended to place
the samples at a rotation of 45° with respect
to the paralle! lameila side [17]. This wousd
be very difficult for un-rotated samples, as
they block the view of sight from one to an-
other along the direction paralle! to the |a-
melia. The FIE based fabrication steps are
as follows (Fig. 6): The lameila iz mounted
under an axial inclination of 45° with re-
spect o the non-tlted sample stage in a
holder that again allows for repeatable 90°
sample rotation arownd the iength axis (a).
In a first step, coarse slots are cut into the
45" incfined lameila (b). Next the sampie is
re-mounted after 90° axial rotaticn and the
perpendicular skots are cut (o). The remnant

Pract Metallogr. 52 (2015) 3

veriahren angewendet, kinnen solche Proben
ferner nach der Verformung ohne Weiteres

mittels Atomsondentomographis  untersucht
werden [33].

2.3.2 Proben auf einer Kiings

Um mehrere Proben entlang einer Lamelle
zu platzieren und trotzdem eine genau kon-
trollierte  Geometrie ohne Dickenzunahme
uber der Probenhihe zu gewahreisten, wird
empfohlen. sie in Bezug auf die parallele La-
mellenseite mit einer Drehung um 45° zu posi-
tionieren [17]. Fir nicht gedrehte Proben ware
dies sehr kompliziert, da sie einander die Sicht
entlang der zur Lamelle parallelen Richtung
verspermren. Im Folgenden werden dis FIB-
basierten Herstellungzschritte  beschrieben
(Bild 6): Die Lamelle wird in einem Halter mit
einer Achsrotation won 45° bezlglich des nicht
geneigten Probentisches fixien, der wisderum
gine reproduzierbare Probendrehung von 90°
um die LAngsachse ermaglicht (a). In einem
ersten Schritt werden in die um 45° geneigte
Lamelle grobe Schiitze geschnitten (b). Dann
wird die Probe nach einer axialen Drehbewe-
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b)

BOQ pen WY i 567800 mim W et Si

fillet prepared using lan milling
J Auskehlung mithels lonenatzen

Figs. 7ailo g: Selected examples of miniglurized strucfures prepared by the aforementioned fech-
migues. Plegze refer fo text for further detgil=.

Bilder Ta bis g: Auzgewshite Beizpiele von durch vorgengnmte Techniken gngeferfigien minigfurizier-

ten Strukfuren. Weifere Einzeltheifen hierzu findan Sie im Text.

tips of the initial lameila that were hidden by
the coarse structured ComMression speci-
mens are subsequently removed in a top
down milling step {d). To this purpose. the
sample is mounted with the specimens’
compression direction paraliel to the ion
beam. After this, the sample is put back
n the previous positon and the two per-
pendicular sample sides are subsequenthy
finished by fine polizhing as cutlined before
(e, fj.

142

gung um 20° wieder aufgeset=t und Schiitze
senkrecht zu den ersten geschnitten {c). Die
verbleibenden Spitzen der ursprunglichen La-
melle, die von den grob strukturierten Druck-
proben verdeckt wurden, werden hiernach
in einem Top-down-Atzschritt abgetragen
{d). Dafur wird der Prifkorper mit der Druck-
richiung parallel zum lonenstrahl montiert. Da-
nach wird die Probe in die vorherige Position
zurickgebracht Die beiden senkrechten Pro-
benseiten werden dann mittels Feinpolieren
wie zuvor beschrieben endbearbeitet e, fl.

Pract. Metallogr. 52 (2015) 3
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Motably, the fact that three comers of a
sQuare cross-section specimen are visible
during in zity deformation rather than anly
two for the case of un-rotated pillars increas-
ez the infarmation that can be gained during
such experiments.

J. Applications

Lasthy. we waould like to show some applica-
tions of the introduced technigues inorder
to give an idea of what is possible within few
hours and using rather simple techniques.
Fig. Ta shows a broad ion beam thinned
piece of single crystal W [23], where the ex-
tended dimensions of the thinned area are
clearly vizible. The preparation of a free-
standing lamella with a thin film on top of a
Gi substrate [25] is shown in Fig. 7b. Within
thiz thin lamella. a bending beam (Fig. 7c)
s FIB fabricated to measure the stresses
n the thin filrm from the resulting beam cur-
vature [25, 34]. Fig. 7d shows a series of
ithographically prepared Cu stencil masks
[14] placed on top of an Al lamella, while
Fig. 7 and f present zamples fabricated
by this mask aided ion milling approach
from rolled 16 pm thick Cu foil and a2 20 pm
thick PET film, respectively. These samples
can subsequently be tested under the opti-
cal microscope or in situ in the scanning
electron microscope without requirement
for further FIE machining or polishing. At
ast, Fig. 7g presents a series of compres-
sion samples with sizes between 1 pm
and 4 um fabricated by FIB on top of an
electrochemically prepared single crystal
Mg[11-20] wedge.

4. Summary

With the increasing trend in miniaturization,
experimental determination of mechanical
properties of miniaturized samples is get-
ting increasingly important. Here we outline

Pract Metallogr. 52 (2015) 3

Insbesondere die Tatsache, dass drei Ecken
giner Frobe quadratischen GQuerschnitts wah-
rend der In-situ-Verformung sichtbar sind und
nicht nur zwei, wie im Falle von nicht gedreh-
ten Proben, songt dafir, dass wahrend sines
solchen Experments mehr Informationen
gewonnen werden kinnen.

3. Anwendungen

Schlieflich mochien wir einige Anwendungen
der singefihrten Techniken wvorstellen, um
gine Vorstellung zu vermitteln, was in sinigen
wenigen Stunden und unter dem Einsatz eher
einfacher Techniken maglich ist. Bild 7a zeigt
gin mitielz Breitionensirahl gedinntes Stick
gines W-Einkristalls [23]. Der ausgedehnte,
gedunnte Bersich ist hier deutlich erkenniar.
Bild Tb zeigt die Praparation einer freistehen-
den Lamelle mit einer Dunnschicht auf einem
Si-oubstrat [25]. Innerhalb dieser dannen La-
melle wird ein Biegebalken (Bild 7c) mittels FIB
angefertigt, der dazu dient, die Spannungen
in der Dannschicht, die in eine Balkendurch-
biegung resultieren, zu messen [25, 34]. Bild
7d zeigt eine Reihe wvon mittels Lithographie
prapanerien Cu-Schablonen [149], die auf
giner Al-Lamelle platziert wurden. Die Bilder
7e und f zeigen Proben, welche unter Amsen-
dung dieses lonendtzverfahrens mit Masken
jeweils aus gewalzter 16 um dicker Cu-Folie
bzw. einer 20 um dicken PET-Folie gefertigt
wurden. Diese Proben kinnen dann mittels
Lichtmikroskop oder in situ im Rasterelektro-
menmikroskop untersucht werden. Eine wei-
tere FIB-Bearbeitung oder Polieren ist nicht
erforderich. Schlussendlich zeigt Bild 7g eine
Reihe von mittels FIB hergestellten Druckpro-
ben mit einer GriBe zwischen 1 und 4 pm auf
der Spitze einer elektrochemisch gedinnten
ginkristallinen Mg-[11-20]-Klinge.

4. Zusammenfassung

Im Zuge des starker werdenden Trends hin zur
Miniaturisierung gewinnt die experimentells
Bestimmung mechanischer Eigenschaften
mikromechanizcher Proben immer mehr an
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different approaches that can be applied
for pre-shaping or final shaping of minia-
turized mechanical test specimens based
on electrochemical etching, broad beam
on milling, and FIE machining. Moreower,
some selected applications are presented
to show the possibiiies of the different
methods.

9. Acknolwedgement

The authors thank the organizers for the
opportunity o present their work at the
14. Metallographic Conference 2014 in Leo-
ben, Austria. Financial support by the Aus-
trian Science Fond FWF [project numbers

1020-M20 and P 25325-M20) i= gratefully
acknowledged. Further financial support by
the Austrian Federal Government (837900)
{in particular from the Bundesministerium
fir Verkehr, Innovation und Technologie
and the Bundesministerium far Wirtschaft,
Familie und Jugend) represented by Oster-
reichische Forschungsforderungsgesells-
chaft mbH and the Styrian and the Tyrolean
Provincial Government, represented by
Steirische  Wirtschaftsforderungegesells-
chaft mbH and Standortagentur Tircd, within
the framewaork of the COMET Funding Pro-
gramme is appreciated.

References / Literatur

[1] Petch, N. J.: The Cleavage Strength of Poly-
crystals. J. Iron Steel, 174, 1853, p 25,

[2] Hall, E. 0. The Deformation and Ageing of
Mild Steel. Proc. Phys. Soc. Lond. B, 84, 1951,
p. T4T.
DOl 10.71088/0370-1301/64/8/303

[3] Arzt, E.: Size effects in materials due to mi-
crostructural and dimensional constraints: a
comparative review. Acta Mater, 46, 1938,
p. 5611.
DOl 10.10716/51359-6454[28)00231-6

144

Bedeutung. Wir geben hier einen Uberblick
uber verschiedens Verfahren, die angewendel
werden kinnen, um miniaturisierte Proben for
mechanischer Tests auf Grundlage von elek-
trochemischem Atzen, Breitstrahlionenpolieran
und FIB-Bearbeitung vor- oder endzuformen.
Zusatzlich werden ausgewihite Beispiele vor-
gestellt, welkche die maglichen Anwendungs-
gebiete der verschiedenen Verfahren zeigen.

9. Danksagung

Die Autoren bedanken sich bei den Organisa-
toren dafir, dass sie ihre Arbeit bei der 14. In-
ternationalen Metallographie-Tagung 2014 in
Leoben, Osterreich. vorstellen konnten. Wir
bedanken uns fir die finanzielle Unterstit-
zung seiens des Osterreichischen Fonds
zur Forderung der wissenschaftlichen For-
schupg, FWF. (Projektnummem | 1020-N20
und F 25325-M20). Wir bedanken uns zudem
fur die finanzielle Unterstiotzung durch die
ostemeichische Bundesregierung (837300)
insbesondere durch das Bundesministerium
fr Verkehr, Innowvation und Technologie und
das Bundesministerium far Wirtachaft, Familie
und Jugend), repriasentiert von der Ostemrei-
chischen Forschungsforderungsgesellschaft
mbH, und durch die Steiermirkische und
Tiroler Landesregierung, reprasentiert won
der Steirischen Wirtschaftsforderungsgesell-
schaft mbH und der Standortagentur Tirol im
Rahmen des Forderprogramms COMET.

[4] Kiener, D.; Rester, M.; Scheriau, 5. Yang, B.;
Fippan, R.; Dehm, G.: Influence of External and
Internal Length Scale of the Flow Stress of Cogp-
per. Int. J. Mat_ Res_, 93, 2007, p. 1047.

DOk 10.3138146.101578

[5] Uchic, M. D; Shade, F. &_; Dimiduk, D_: Flasticity
of Micrometer-Scale Single Crystals in Compres-
gion. Ann. Rey. Mater. Res., 39, 2009, p. 361.
DOE 101748/ annurey-matsci-032203-145422

[6] Uchic, M. D.; Dimiduk, D. M.; Florando, J. N
Mix, W.0.. Sample Dimensions Influence

Pract. Metallogr. 52 (2013) 3

202



Publication E

Wurster, 5. ef al_: Micromechanical Structures [ Mikromechanizche Strukturen

[71

(&l

£l

nol

[l

na2

[13]

(4]

3]

[16]

Strength and Crystal Plasticity. Science, 303,
2004, p_ 986.

DOl: 10.1126/zcience 1098993

Dehm, G.: Miniaturized single-crystalling foc
metals deformed in tension: Mew insights in
size-dependent plasticity. Prog. Mater. Sei,
54, 2009, p. 664.

DOl 10,107 6. pmatsci. 2009.03.005
Kraft, 0. Gruber, . A, Monig, B, Weypand, [
Plasticity in Confined Dimensionz. Ann. Rev.
Mater. Res., 40, 2010, p. 253.

DOl 10,1146/ annurev-matsci-032908-145409
Orowan, E. Discus=ion on Internal Siresses.
Symposium on internal Stresses in Metals and
Alloys. London: The Institute of Metals, 1948,
p.451.

Brenner, 5. 5 Growth and Properties of
Whickers. Science, 128, 1953, p. 569.

DOl 10.1126/zcience 128.3324.569

Richter, G_; Hillerich, K.; Gianpla, 0. S
Manig, R_; Kraft, O.; Vokert, C. A Ulirahigh
Strength  Single Crystalline Nanowhiskers
Grown by Physical Vapor Deposition. Mana
Lett., 9, 2009, p. 3048.

DOl 1010212015107

Dow, R.; Derby, B.- The strength of pold nanow-
ire forests. Scripta Mater, 59, 2008, p. 151.
DOl 10,107 6/.scriptamat 2008.02.046
Burek, M_J.; Greer, J. A.: Fabrication and Micro-
structure Control of Nanoscale Mechanical Test-
ing Specimens via Electron Beam Lithography
and Bectroplating. Mano Lett., 10, 20700, p. 69.
DOl 10.1021/nl302372w

Smolka, M.; Motz, C.; Detzel, T_; Robl, W,
Griesser, T.. Wimimer, A Dehm, 5. Novel temi-
perature dependenttensile test of freestanding
copper thin film structures. Rev. Sci. Instrum.,
83, 2012, p. 064702

DO 10010631.4725529

Volkert, C. A, Minor, A. M- Focused ion beam
micrascopy and micromachining. MRS Bull,
32, 2007, p. 389.

DOL: 1015357 mrs2007.62
Glannuzzi, L. A, Stevie, FA_Areviewofiocused
ion beam milling technigues for TEM specimen
preparation. Micron, 30, 1995, p_ 157,

DOl 10,1071 6/50:968-4328(32)00005-0

Pract Metallogr. 52 (2015) 3

[17]

[18]

[13]

[20]

[21]

[22]

(3]

[24]

[£3]

203

Moser, G.; Felber, H_; Rashkova, B.; Imrich, F. J.;
Kirchlechner, C.; Grosinger, W. Moz, C
Dehm, G.; Kiener, 0. Sample Preparation by
Metallography and Focused lon Beam for Nang-
mechanical Testing. Pract. Metallogr., 43, 2012,
p. 343.

DOE 1031384711017

Ziegler, J. F; Biersack, J. F; Litmark, L. The
Stopping Range of lons in Matter. New York:
Pergamon Press, 19835,

Kiener, D.; Grosinger, W.; Dehm, G.; Pippan, R_
A further step towards an understanding of size-
dependent crystal plasticity: In-situ tension ex-
periments of miniaturized single crystal copper
samples. Acta Mater., 56, 2008, p. 580

DOE 101018/ actamat. 2007.10.015

Imrich, P.J_; Kirchlechner, C.; Motz, C.; Dehm, G.:
Differences in deformation behavior of bicrystal-
ling Cu micropillars containing a twin boundary
or a large-angle grain boundary. Acta Mater, 73,
2014, p. 240,

DOE 101016/ actamat. 2014.04.022

Kiener, 0.; Motz, C.. Dehm, G.; Pippan, R_: Over-
view on establizhed and novel FIB bazed minia-
turized mechanical testing using in-situ SEM. Int.
J. Mat. Res., 100, 2009, p. 1074.

DOk 10.3139146110149

Gianola, 0. 5. Sedimayr, A.-Manig, R..Volkert, C. A
Major, R. C; Cyrankowski, E; Asif 5 A 5
Warren, 0. L; Kraft, .- Insitu nanomechanical tast-
ing in focused ion beam and scanning electron mi-
croscopes. Rev. SciInstrum,, 82, 2011, p. 063901.
DOk 10:1083/1.3585423

Wurster, 5. Motz, C.; Jenko, M., Pippan, R..
Micrometer-Sized Specimen Preparation Based
on ken Slicing Technigue. Adv. Eng. Mater., 12,
2010, p. 61.

DO 101002/ /adem. 200900263

Matoy, K_; Schinherr, H.; Detzel, T; Schdberl, T;
Fippan, A_; Motz, C_; Dehm, G A comparative
micro-cantilever study of the mechanical behay-
ior of gilicon based passivation films. Thin Solid
Filmes, 518, 2009, p. 247.

DOE 101016/ 1sf.2008.07.143

Schdngrundner, R, Tremd, R.; Antretter, T
Kozic, D_; Ecker, W Kiener, O.; Brunner, R_: Criti-
cal assessment of the determination of residual

145



Publication E

Wurster, 5. et al.; Micromechanical Structures / Mikromechanische Strukituren

[26]

[27]

[28]

[29]

[301

stress profiles inthin films by means of the ion
beam layer remowval method. Thin Solid Filmes,
264, 2014, p. 321.

DO 10107 6/5.t=f. 2014.06.003

Shade, P. A Kim, 5.-L; Whesler, R.;
Uchiz, M. 0. Stencil mask methodology for
the parallelized production of microscale me-
chanical test samples. Rev. Sci. Instrum_, 83,
2012, p. 053903

DO 10.108317.4720944

Kiener, D.; Matz, C.; Schioberl, T_; Jenka, M.
Dehm, G.: Determination of Mechanical Prop-
erties of Copper at the Micron Scale. Adv. Eng.
Mater., 8, 2006, p. 1179

D00 10,1002 adem_ 200600123

Kiener, 0.; Motz, C; Dehm, G.. Micro-com-
pression testing: A critical discussion of ex-
perimental constraints. Mater. Sci. Eng. A,
505, 2009, p. 79.

D0 10,107 6/ msea 2009.01.005

Kiener,0_; Motz C_;Grosinger, W_;Weygand, D.;
Fippan, R.- Cyclic response of copper single
crystal micro-beams. ScriptaMater, 63,2010,
p. 500.

DOd: 10,107 6/j.scriptamat 2010.05.014
Kiener, 0_; Minor, A. M. Source Truncation
and Exhaustion: Inzights from Quantitative in
situ TEM Tengile Testing. Mano Lett., 11, 2011,
p. JE16.

DO 10.1021/nl201850s

[31] Greer, J. R_; De Hosson, J. T. M.: Plasticity in

small-sized metallic systems: Intrinsic versus
exfrinsic size effect. Prog. Mater. 5¢i, 56, 2011,
p. 654.

DO 101016/ |.pmatsci.2011.01.005

[32] Miederberger, C_, Mook, W. M_; Maeder, X ;

Michiler, J.- In situ electron backscatter diffrac-
tion (EBSD0) during the compression of micropil-
lars. Mater. Sci. Eng. A, 527, 2010, p. 4306
DOE 101016/ msea. 2010.03.055

[33] Xie, K. Y., Shrestha, 5., Cao, Y. Felfer, P. J;

Wang, Y_; Liao, X_; Cairney, J. M_; Ringer, 5. P:
The effect of pre-existing defects on the strength
and deformation behavior of a-Fe nanopillars.
Acta Mater., 61, 2013, p. 438.

DO 101016/j.actamat. 2012 .09.022

[34] Maszsl 5. Keckes, J_; Pippan, R.- & direct method

of determining complex depth profiles of residual
stresses in thin filmes on a nanoscale. Acta Mater.,
95, 2007, p. 4835,

DOE 101018/ actamat. 2007.05.002

Bibliography

Dol 10.31387147.110331

Pract. Metallogr. 52 (20135) 3; page 131-1485
L Car Hanzer Verlag GmbH & Go. KiG
ISSN 0032-678X

204



Publication F

Bateriaks Sciemce & Engineering A 6&7 (2017) 313=322

Coatents lists available at Sciencelirect

Materials Science & Engineering A

Journe| homepage: www.elsevier.com/locate/msea ==
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ARTICLE INFO ABETRACT

Eeywards: Service matecials are afben designed for strength, ductility, or toughness, but neglect the sffiects of cyclic time=
Low cycle fatgue (LCF) variahle loads ultimately leasling te macroscopic mechanical failure. Fatigue originates as local plasticity that
Micro-banding can Lrst anly be abeerved on the micre scale al delecis serving a siress concenlmiors guch az inclustons ar grain
Cyelic damage

boundaries, Thue, a recenily developed technique to perform in—situ olservation of micro scale bending fatigue
experiments waz applied. Micrebeams fabricated from copper, single grained and ulirafine graimed (ufg), and
an oxide dispersion strengihened (ODE) stes] were subject to cyelic defarmation and subssquent damage. The
#lastic stiffness, veld strength, dizsipated snergy, and maximam stross were msasured as 4 fanction of ovcle
mamber and plastic strain amplivade, From these properties, opclic stressestrain curves were developed, [nitial
pronouneed monotanic hardening and an increasing Banschinger affect were observed in all samples with
inereasing strain amplitude. Cyelic stability was maintained until plastic strain amplitudes reached a critical
valee. At thiz point, dramatic cyclic softening and microcracking occurred. The critical strain amplitude was
found to be appraximately 542107 for the copper with o refined grain strocture and 1 210" for the steel
gpecimen. (rrain rolation and noticeable changes in subsgrain sirecture were evident in the uly copper afler a
crilical slirain amplituds ol r.—E.HxllJ_‘l. In-situ micee fatigue beading couples the cvilic svalulien el balk
machanical propertie: mesaurements with real=time electran mbcrastapy analyziz echnigues of damege and
fallure mechankema, which renderz it & powerful methed for develeping nevel fatigue reslatant materiaks,

Misromechanic

1. Introduction The aim ot this wark is te study the low cyele fatigue [LCF) behavior

of micron=sized engineering alloys with complex microstructures to

The mechanical properties of materials can strongly depend on the
size of the specimen tested, especially for components with smallest
dimensions below 10 wm. Size elfects have been extensively studied lor
variauz stress slales during menslenle leading via indentation [1=4],
compression [5—9], tension [10,11], and bending [12-15]. However,
#ize effects during cyelic loading have only been investigated for limited
stress states such as pure Lension or torsion in thin wires [16—21]. Size
effect investigations employing full load reversals have been exploted
uging thin filme that are enly small in ene dimension [22], on single
crystal copper [ 23], and on rather large polverystalline copper samples
(20 prm = 20 wen) [19]. The full load reversal cyclic respanse of micro
specimens of dimensions less than 10 pm with complex microstroc=
tures im multiple dimensions has now been investigated with an
emphazis on grain boundary misorientation evolution of an ufg copper
specimen processed via high pressure torsion (HPT) [24],

= Correspeesling author.

E-rmail address; cam 7745 @ herkeley aida (0 Homard)
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develop a method for fatigue testing suited for irradiated micen
specimens. Micron sieed samples are 2 useful approach when total
sample valume 1= Emited, speciiic reglons within o material need Lo bes
sampled, or in the case of hazardeus materials where large material
quantities are o be avelded. For example, the amount af naclear
reactor components available to be analyzed iz often limited due to
apace limitations ingide the core az well ag the high activity of retrieved
samples. This minimizes the total amount of materials handled. Also,
many ion irradiated materials have a limited sample valume available
due to the limited penetration depth of fons in materials [25]
Therefore smallscale mechanical testing methods allow for the evalua=
tion of mechanical properties [26=032], The approach of small=scale
sampies o evaluate property changes due to irradiation has been
widehy utilized in the past, and the present work serves to extend thess
techniques to perform cyelic bending tests on micra=samples.
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Thesefore, a recently developed simple inesit technique o pesform
cvelic bending tests on micro=samiples s appled [23]. As test materials,
copper and an mde dispersion strengthened [ODE) steed were examined,
Trth as single grained microsbeams and the copper as o micrmebeam with
4 refined mbcrostroctore gmaller than the sample size doe to severe plastic
deformation processing. Copper is an especially interesting material o
evaluate this new techniqee due to the fact that data from mary uniaxial
small seale mechanical testing technbgues i avallable for copper, and it
serves as a good benchmarking material [10.33—7). Moveover, the
macTnscapic tatigoe properties of single crystals and ufg material are well
documented in several publications [48=357]. Modifying the microstroe
ture af the capper via Egqual Channel Angular Prezsing (ECAF) [52—54]
allows one to gtudy the effect of refined grain strocture om the cyclic
behavier, In addition, sxypen fres, electranic bigh conduactivity BCAP
copper remaing 2 promiging canddate for aceslerator structures dues to s
ultrahigh electrical canductivity 7557, QDS steels, such az the material FM
HEW, introduce axide nansclusters as dislecation matinn barriers which
leads to enhanced strenpth amd creep resistance. Tn additon, ulirafine
grained (ulg) material and matedal with lasge amounts of inerl pre=
cipitates provide an abundance of defect sinks, which are believed 10
enhance radiation telerance compared ta their stmpler stmoctured coure
terparts [56]. OF course PRI 2000 is an alder QD8 alloy with limited oxide
particle density compared iy newer geaeration ODS alloys, but iz one of
the fow alloys that has been previewsly commercially produced and is
mare widely available [57.58],

While materials with complex pressqisting microstructures sech as
ECAP copper and D5 FM 2000 stee]l have superior macroscopic
manatonic strength and radiation tolerance compared te their coarse
grained and single crystal counterparts, their macmscopic fatigue
properties  are ool always  beneficlal o the overall  strecture,
Pertaining to fatigue life, ufg materials exhibit improved properties in
the high oyele regime (48], whereas they are inferior to conventional
materials in the low oyele regime [50]. Advanced prediction methosiok
oghes require knowledge of cyelic stressestraln behavior and damage
evolution with regards to cyclic softening/hardening. For polycrystal-
line materials, damage is ditectly related to microstructural instabilities
that may eventually lead to microstructural changes such as grain
Charsening, as pm"i.mm'._-r evidenced ﬂu:iug LA PadeOc law |.'_'|-1.']|.-
strain controlled fatigne testz on ECAF copper [51]. Micro fatigue
testing i5 deploved here in arder to evaluate the small sample sizes
resuliing [rom ECAFP and OD5 proceszes, bul even more sa in
preparation of deploving similar tests an ion beam or reactor bradiated
materials, where amall sample sizes are the only way ta obtain
mechanical property values. This present study focuses an the mechar=-
ical fatigue properties of mbcra specimens for ECAP copper and 0DS
PM 2000 steel by using single grained copper and ODS PM 2000
THETo=RArE A% COMPATISoN,

2, Material and experimental procedures

Bnds with dimensions of 0.5 mm=0.5 mm=20 mm were oot from
geEnesic eaurss grain eopper stock, a ernzs=geclional 25 mm diameler
dige glice from an ufg copper rod (ECAP deformed, & deformation
passes via route Be prepared by Valiev et al. [52=54]), and a PLANSEE
{Flansee SE. Reutte, Austria) PR 2000 Q0185 steel allov, A bright field
lransmission eleclron micrazscope [(BF-TEM) image collecled in a
300 BV JEOL 3010 transmission electron micreseope (TEM) chamber
under high vacaum for the BCAP copper sample can be seen in Fig, 1,
showing the resulting microstructure, All rods were mounted in holders
depicted in Fig. Za for further sample preparation allgnment, and
positioning during in-sitn Scanning Electron Microscopy (SEM) testing
and post analysis. Subsequent electrochemical eiching vsing Struers
Electrnlyte AZ for the PM 2000 and Struers Electrolyte D2 for the
copper resulted in sharper tip: with & radiuz of approximately 30 um,
az shown in Fig. 2, to reduce the wee of a Focused Ton Beam (FIE) for
fabricating the bend beam geometries. Furthermore, this etching alsa
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Fig. 1. Non=faiigued micrestructure of the ufy FOAP copper sample via Bnght Feld
Transmission Electren Microscope [BF=TEM) imaging.

ensures removal of & possible defarmation layer from the diamond wire
cutting process used for making the rods [29],

A Friss Len 1540 XB (Dhecknchen, Germany) dual beam SEM/FIR
warkstation was wed ta cub foar bending beams with the following final
dimensians, height by width by length (heowed): 5.6 pom=31 pom=31.2 pm
for the single grained copper, 46 pmxdS pm=29.7 um for the ECAP
capper, and 47 pmx2 ] pm=239 pm for the single grained PM 2000,
A Ga* on current of 10 na wae applied for reugh miling stepe, and 100 pA
waz wied for final shaping to reduce the jsn damage.

Bample loading was perlormed  inesitu wsing an UNAT=SEM
indenter (Ewick GmbH & Co KG, Ulm, Germany) [59] mounted inside
& Zeizs Leo 982 SEM (Oberkochen, Germany). For sample bending, a
tungsten needle was madified to a gripping shape by FIE o have 2
7.7 pm wide opening, shown in Fig. 3o First rough cuts using 10nA
and fnal polighing cuts at 100 pA were used o ensure 2 flal smonth
bending contact surface. This gripper was them attached wa the
micrgingdenter and aligned with respect to the incoming electren beam,
The in=gilu selup shown in g b i required for alignment belwesn
the specimen and gripper withsut onwanted centact prior to leading,
and alzo allows to adjust the bending length, 1y, along the beam length,
L. DHsplacement comtralled sample Inading 45 performed with a
displacement ralle of B =t 00 Uae= —1, where w0 15 the minb=
mum dizplacement below the peutral axiz rest poaition and u,,q. i3 the
maximurn displacement above the neatral awis rest pagiten, The
sinnsaidal displacement iz applied at a frequency of 0033 57 and an
example of a single 2 2.3 pm loading cycle s displayed in Fig. 3d, The
measured lead-displacement data for this cycle is shown In Fig. 3a.

SEM images were taken during the first and [ast individual loading
cyveles at the displacement positions indicated by the insets shown in
Fig. 3a for subzequent compliance correcton and te get a wisual
impression of the evolving surface damage. Examination of the in=
sitn SEM ifmages pointed nut a compliance of the entine copper mini
rodd, indicated by the low unleading slope in Fig. 3a. This was
sceounted for using the base displacement measured from the besitn
SEM images [29,59], After this simple correction, Young's moduli of
115+ 11 GPa for the single=grained copper bar and 142 + 14 GPa far
the ECAP copper bar were evaluated for the elastic loading cyeles,
compared to a bulk medulus of 130 GPa for copper [60]. A Young's
madalug of 2804 14 GPa for the single=grained PR 2000 waz ovalu=
ated for the elastic cycles, compared o a bulk modulus of 215 GPa lor
Pud 2000 (61 After each in-site fatigue testing sequence, the speci-
memns were examined using high resolotion SEM imaging.
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Flg. 2. (a) Samople holder machined for holding meini rod specimezs te be seciropalished (b) Electromchenically sharpened needle tp.

While the first cycles were always in the elastic regime to perform
the required stifness correction, subsequent cycles were performesd
larger displacements ta include plastic deformation. These ooourred in
appreimate 100 cycle increments on each of the four specimens. The
first strain amplitede at which 100 eycles took place was such that
ennugh plastic deformation serurred tn produce a clear yield podnt
[deviation from lnear elastic ]na:lins] thal eauld be abserved in real
time during inspection of the load versus displacement curves while the
testing was being performed, Subsequent testing in 100 oycle incre=
ments with strain amplitudes beyond these values for sach sample
cansed more plastic deformation and damage. This step by step testing
method was emplayed in order to obtain the elastic loading, vield
points, and subsequent behavior past yielding for each material in
arder Lo develop 2 cyelic stress=sirain curve. The approcimale sirain
ratez for all teste were caleulated ag the minimom and maximom
caleulated strains far all micro=beams divided by the time it took for the
apparatus  reach maximam displacement from sere displacement,
ane quarter cyele (1 y=7.5 £). This range i hetwesn 2. 132 107 £ and
2.00= 10 57" Corrections for the points when the gripper and sample
were not in contact, the 1.7 pm gap seen in Fig, 3a, were performed
wvery half cycle in order to obtain cyelic loading curves that mitoor
those of macroscopic fatigue testz. This zere force gap segment ooeurs
due o the limitations assaciated with the precisisn of FIE fabrication,
leawing the final dimensions of the micro bending beams a bt smaller
than the width of the grpper, whereas during macroscopic fatigue
testing, the loading apparatus and specimen are always in contact

The elastic modulus, yield strength and maxdmum stress were
evaluated for every half cycle, and the energy dissipated was calealated
lor each cyele. The elastic modulus wis measured by Glling the linsar
elagtic portiong of esch hall cycle. The yield strength waz then taken az
the first recorded point which deviated from linear elastic loading
behavinr, The energy dissipated for a cyele wasz caleulated using a
numerical painl by poinl rapezaidal integration of the area within the
hystereais loop. In addition to the assessment of the cyelic stability of
these mechanical properties and evolution of these mechanical proper-
ties as a function of plastic strain amplitude, oyclic stress=strain curves
were eonstructed from the podnts of maximom strain o the stable
hysteresis loops at each plastic strain amplibude.

All stress and strain values are taken to be those at the root of the
heamz and al the surface fiher of the beams denaled as poinl P in
Fig. 3b, the paint en the bending beam which escounters the highest
siress and strain condittons, From lnear elastic beam theory and
simple geometric relationships, they can be given as

ah
L’

(1)

where u iz the displacement recorded, Tt is the thickness of the bar, L iz

the lengih of the bar, and I, @5 the bending length of the bar, Moreover,
£,

=%,
hi”

(4]
where b iz the width of the bar, Fig the recorded load, and all other

a
03
o2
oA ‘
z
E oo
= e 21T pm gap
-1

LI L
=]

Fig. 2. {a) Measured Joad (F) verras displacement (d) data. The insets shaw SEM imuges recordsed mmsity durizg the loading oycle 1o deplet the contact bebween semple and gripper and
gorrect the sample compliance. [5) Aligned bendicg sample and gripper before losding. (¢} Tongsten wire with & FIB fabricatad 7.7 pm wide epening for sample grippizg. (d) Prescribed

displacersens versus tone graph for & single bending ovcle
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Fig. 4. The cyole mechanlcal properties of the singlemgrained copper miczo=beam. (a) Selected stress versos straln curves at cyeles H=1, K=10, ¥=50, and H=1H} for & plastic strain
amsplitude of &£« 107", [b) Yiehd strengih and maxissum stress as o function ef cycle sumber for plastie strals assplibsde of & 8107, [2) Cyelic stress vessus strain curve. (&) Energy

1

of cvele s

&1 thies

dissipated per cyrle it fancty

parameters have been previeusly defined abeve.

3. Pesults
2.1, Copper

Fig. 4 depicts the results of the low cycle fatigue testing on the
sngle grained copper micro=heam. The single grained coapper micro=
beam is found te experience yielding at plastic steain ampli-
tudes =1.6w 0%, Cyclic stability with respect to the yield strength
oerurred over the course of 100 cycles at plastic strain amplitudes of
28e107, 0,=148 = 35 MPa, and 682107, 0,=142 + 43 MPa, as seen
in Fig. 44 and b. Cyelic stability with respect to masdmouan stress values
indicating stable hysteresis loops was also cvidenced for these plastic
strain amplitades, This is evidenced by the average maximum stress
values ever 100 cvcles, Far £,=2 8 107, o, =270+ 35 MPa, and for
£,=6. 85 107 g, =301 & 2% MPa. This is referenced in the supparting
data, Fig. 4= parts & and f, For all plastic strain amplitudes investigated,
eyelic stability wilh respect o slastic modulus was evidenced as values
ranged froom 105 GFa to 126 GPa on average. The cyclic siress—strain
curve shown in Fig, 4e exhibits an initial regime of siress increase with
increase inop, up to approximately 2021077, followed by a stable
plateay regime for 2000 < ¢, « 702107 whers the sioess cemaing
constant at ~250 MPa. The initial vield point of the single grained
copper micra=heam acours at 200 MPa, but aver the course of fatiguing
this vield poant has dropped o approximately 140 MPa, as referenced
in supparting decument Fig. 4s part g Practically all of thiz &0 MPa
softening eecurted when inereasing the plastic strain amplivade from
A0 e 28x107%, Hewever, the maximum stress values have
become saturated, even at e,=1.6x 107, Cver the coerse of increasing
g, by 52x1077 maximum stresz values ooly inceease by 50 MPa.
Fig 4d depicts the energy dissipated per cycle for selected plastic strain
amplitudes, In the elastic regime at r<16x107", very little energy is

dl plastic strain amplivodes.

31

dizsipated, E =13+ 18 J/m*, meaning that far plastic strain ampli-
tudes leas than ar equal te this valoe, the cyclic defermation iz elastic
within the resolution of our experimental setup, However, as =,
increases to values greater than 2.0x1077 noticeable amounts of
energy are dizssipated each cvele, indicative of plastic deformation.
For £,=2 8x107%, the steady state energy dissipated per cycle during
stahle hysteresis Inops is Eg=1%6+ B7 I/m®. Thers appears te be an
initial periad of increazing energy dissipated per cyele ap ta 600.J/m”
within the first 20 eycles, after which a gradual decay back to the stable
quantity sccurs aver the following B0 cycles, For =6 821077, instant
sla]!iJ'll}r 5 reached and maintained for the antire 100 1.'_|,rd-¢ interval at
Eg=1111 2 112 J/me®. The moet rapid increase i energy dissipated per
cyvele poours for 23=107"<g, < 281075 A graph of the energy
dissipated per cycle as a function of plastic strain amplitude can be
sesn in Lhe supporling decumenl Fig. <s parl b

Fig. 5 depicte the results of the low cycle fatigue testing on the
ECAP copper ricro=heamn, Contrary tothe results for the single grained
copper beam, it can be seen that the palycrystalline material undergoes
cyvelic work hardening followed by softening az plastic strain ampli=
tudes are increased. Wo stable plateau sivess region exists for the ECAP
copper micra=beam. Instead, a period of cyvclic work hardening after
the vield point ocoers between 221070 < ¢, < 42107, followed by a
perind of cyclic seftening for 2, > 4= 107" az evidenced in Fig 5e
Representative stress=strain hysteresis loopz and analysiz of cyelic
stability of vield siress and maximum stress over the first 100 cycles
far these plagiic strain amplitedes can be found in the supporling data
Fig. 5e parts e through | When looking meore closely at the cyelic
stability of the first 100 cycles at selecied plastic sirain amplitades, it
can be seen that vield strength and maximum stress values are quite
stable, There does exisl an sxceplion aver the range af plastic slrain
amplitndes 5410 % < 5, = 832 107% shown in Fig 5b, where o,
values dectease from 453 £ 39 MPa to 341 £ 28 MPa and o, values
decrease from 304 £ 34 MPa to 165 + 35 MPa. An analysiz of the yield
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Fig. 5. The cvedie mechamica]l properties of the ECAP copper nucrmsbeams. () Selected stress versus strain curves at cvcles Ne=1, N=1{, N=50, and M=100 for plast srain amplindss of
826 107" (b Yiekd stresghh and maximum stress i o function of cvele number for a plastic strais amplitude of 8.260 10, () Cvclix stress wezsss stratn curve. (d) Energy dssipated per

evele as & fupction &f cpcle nusaber at six selected plastic strain amphitudes,

Fig, 6, Microsrack and sersciaied damage found in the ECAP Cu micro-beam affer
awehing at ,=6.81= 10" was complebed.

and maximam stress as a function of plastic strain amplitudes can be
Inund in the supporting data Fig, 55 parl m. It is notewarthy that the
ECAP copper microbeam yield points and maximum stress poinis
remain higher than thoze of the single=grained micre=beam over the
entire Tange of plastic strain amplitudes in this study. The enerpy
dissipated per cycle geen an Frg 5d is ales stable for mest plastic strain
amplitudes. At £,=1.7=107% E =8+6 J/m®, indicative that this iz a
purely elastic deformation regime, and it steadily increases as more
plastic deformation accurs up to o=5 4210, where E =127 £ 89 1)
m”. As plastic deformatlon beeomes more severs at higher plastic sizain
amplitudes, there is a point at £,=6.8= 10~ where the energy dissipated
por cvele rapidly decreases from 1700.0/m® o 1000 J/m* from oycle

nurmber 20 to cycle number LO0. When obeerving high rezalution SEM
micrographs of the first and last cycle at this plastic strain amplitnde, a
micrn crack appears to have formed on the bottom of the bar at its ront.
In addition, more surface deformation on the top surface near the root
iz moticeable, as seem in Fig 5. At higher strains, 7.0=10% =g, <
230107, the energy dissipated per oycle appears to reach a platean at
1950 0/m*. An analysis af the energy dissipated per cycle as a function
of plagtic strain amplivade can be found in the supporting data Fig. 52
part n.

An attempt was made to monitor the evelation of the micrnstros
ture of the BUAF copper micra=beam by parlorming ERSD seans belore
tegting 1o capiure the initial grain strecture and after 100 cyclez of
bending at  selected  plastic strain amplimdes  beginning with
£,=5 410 The ERSD scans of the deformesd roat portions of the
beam aller incremental stages al cyclle loading can be seen in Flg. e
Average kerpel grain miserientation within one selected grain in the
mont Tegion of the beam can be tound in Fig. 7d. The average global
misorientation distribution angle for all grains deemed to be in the oot
reglon of the beam (<2 pm from the baze] as a function of plastic strain
amplitode, and the average grain size az a function of plastic strain
amplitude were measured after selected test segments and can be
found in Fig. 7 partg a and b, The grains that underwent the mast
defprmation after bending (=2 um from the reot) appear to have
undergane noticeable coarsening from initial average sizes 300 nm
to sives ~575 nm over the range of plastic strain amplitedes evaluated.

32, PM 2000

Fig. 8 depictz the results of the low cycle fatigue testing on the
single grained PM 2000 micrombeam. ERSTY prior to testing confirmed
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misorientation dustribution as & function of plastic strain ampistude for grains <2 pm freas the root of the micre=beam, and (b} average graiz sme &5 o funcion of plaste strain aonplitede
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selected grain im the root region of the microbeam.

thie presence of anly ane grain in the entire micro=beam, Similar to the
behavior of the single grained copper micro=beam, an initial strain
amplitude reghon of elastically increasing stress for 2, < 3= 107" iz seen.
At g, =310, the cyelic stress-strain yield peint occurs, after which
there is a stahle siress plateau region, 900-950 MPa, for 31070« p, <
1= 1075 Far e, > 1= 1077, il appéars as if stress again increases with
increasing plastic strain amplitedes. The vleld strength and maximom
stress values also show three distinet regions, & decrease in o, for g, <
4321077, stahility in oy, for 432107 < g, < 112107, and a second
dpcrease in ooy for g, = 110 Cyclie stability for the first 100 cycles
with reapect to yield strength and masdmum stress values at g, values of
Bl 0, 85210~ and 1,1:x107" is evident as scen in Fig, 85 paris ¢
through | in the supporting data, In addition, thess yield sirengths and
maximum stresses remain constant with respect to ane another. From
lenwest to highest £, the o, values are 421 & B4 MPa_ 447 2 68 MPa, and
484 3 94 MPa and the op,, values are 841 & 40 MPa, 933 + 46 MPa,
anid 906 £ 54 MPa ag seen in Fig, B8 part k in the supporting data,
However, for £,=1.09x10, rapid cyclic softening from 1000 MPa
down to 400 MPa in On., and 450-150 MPa in o, occurs almost
immesdiately, atter cyele number 10, over the course of the first 100
cyeles as sepn in Fig Baand b, The energy digsipated per cycle follows a
steady linear increase fram 31107 <2, « L 1= 107 &z seen in Hig s
part {, It iz evident that the defermation iz completely clastic for

-]

£ 3 1=107%, Eg=192 19 0/m% The energy dissipated per cvcle iz
cyelically stable over the first 100 cyeles for v, values of 601077,
85x107 and 1.1=10" and increases from 1685 + 78 J/m® 1o 4975 =
18% J/m* . A £,=1.2x10~, the encrgy dissipated per cycle immediately
rapidly decreases similar to the trend in decrease of o, from 6000 J/m®
o 1906 J/m?.

4. Discusxion
4.1, Copper

At first single grained micra=beam fatigue properties are discussed
in arder 1o deline 2 relerence painl b which the ulg specimens will be
compared against. On the macroscopic scale, it s onderstood that
although nfg materials are strengthened, this does not transiate into
superior fatigue properties acrass the entice fatigus life spectrum, This
phenamendn bs especially true in low evcle fatigue ag performed in thiz
previous study [55] In our stody, we evaloate if thiz phensmenen
translates fo micre scale mechanical testing

In order to remain consistent in verifying the grain structure of all
samples investigated, EBSD gcans before and after testing were
performed an the single grained specimen as well, It was found that
the single prained micro=heam had its (0T2) plane parallel to the
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lnading direction. Considering that the deformation socurs via slip
plane activation, the most likely slip svstem, (171 [101], has the highest
Schmid factor equal to 0049, A cyelic shear stress=shear strain curme
was generated and compared o macroscopic data in Fig 9 which was
arienbed with bz highest Schmid factor equal te 0.5 11 ke found that the
shear strain is significantly higher in the micro=beam bending test
compared to the macroscopic compression=tension fatigee test.

It iz well documented by Mughrabl [49] that the low cycle fatigue
behavior of single crystal copper can be divided into three regimes: an
initial regime of increasing stress with increasing cyelic strain, a steady-
state plateay regime of constant stoess with increasing strain, and a
seeond reghon of inereasing stress with nereasing cyelie straln ampl-
tude. Mughrabi defines the plastic resolved shear strain amplitede, I,
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as the hysteresis loop halfl width at zeco stress. The three regimes acear
as follows: the first at J"Pyc&xm";, the second at Bxll = Fpi%
T Ex107", and the third at Ty = 752107 In this study Iy is similarly
defined az the average of the maximum and minimum strain of the
hysteresis loop, The first reglon of stress nereass with strain increase
can be defined as Fp, < 2= 107%, The steady state stress plateau region
accurs for 2x107" « Py« 7o 107, Unfortunately, the maximam Py in
thiz study was 710" so the Lransition to the third regime was not
captured. but the entire steady—state stress plateaw of the single-
grained micro=beam falls within the larger bounds Mughrabi dedines
fior bz steady state stress plateau in [49], It can be noted that the strain
reghmes ase comparalle sven though this study operates at stress
values significantly higher than in [497 due to dimensional reductons
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Fig. 9, A comparizon of oyelic stressastrain curves generated from microsbesms tested in this study with thoee generated from previons mesroscopic fatigue stodie: for (2] singlesgrainsd
eopper and (¢} O0F steels. & comparison of maximum stress values ooeasured as & fonction of cyele nomber, ¥, for mierosheams tesied in this study with those gererated from previons

mecroscopic Tatigoe studies for (b)) ECAF copper and (d) ODE steels

fram 4 mm diameter to <4 pro in cross eection. In Fig, 9a, it can be
further seen that the plateau shear stress for the micro=beam is
130 MPa, whersas the platean shear stregs for the macrnscopic tesl is
30 MPa Due to the higher yield strengths for smaller structures, an
increased lower bound of the stable plateau far micro=specimens is not
unexpectad,

Shifting fram the single erystal materials to thedr ufy companions,
Hoeppel ot al. extensively stadied grain coarsening and cvelic softening
during the fatigne of ECAP copper in (51 ] For strain contralled fatigue
testing of HCAP copper, both phenomena accur for plastic strain
amplitudes in the range of 22107 < gy < 1=107, and are intenzified
aa plastic strain amplitudes approach the lower bound, However, cyclic
softening in terms of maximum stress valoes did not occur antil well
over 100 cycles were performed, which is consistent with sur stady.
The most significant cyclic softening in terms of reduction in stress
aocurred between cyele number 1000 and 100,000 for these plastic
strain amplitudes, Our cyclic studies monitering the stress evolution
over 100 eyele intervals invalved kigher plastic strain amplitedes in the
range 5.4= 107 « £y = B3 1077 Thus, unfortunately, this range iz nat
in the optimal regime to shserve grain coarsening. and even if it were,
cyeling would need to be carried aut beyoand 1000 cyeles, possibly out
o ag high az 100,000 cycles in order o see fatigue effectz on stresses
and micrastracture, Due to curtent experimental design limitations,
this large rumber of cycles is not feasible to conduct, However, the
present work indicales grain rolation and the dizappearance of
arientation gradients acrass subgrain structures with increasing plastic
strain amplitude in the deformed roat region of the beam, as seen in
Fig. 7. The hysteresis loops for the cyclic deformation created from
=545 10 and £,=7.0=10"" (found in the supperling data, Fig. 52
partz ¢ and i) are indicative of thiz behavior in that as the number of
eycles, N, incTeases, the loops become flatter, meaning they are less
abile to undergo strain hardening. In addition, a smaller circular grain
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in the center of the root of the beam appears to have practically
disappeared after 100 cyeles at r,<B3=107 Steady stale stress values
recarded in [51] for g=1= 107 are appraximately 320 MPa, whersas
our steady state stress values for 5x107% < g < 8=107" are 400—
500 MPa. This can be seen in Fig. b, Cyclic softening within the first
1080 eyeles is nagligible, at most 10 MPa in the range of £ for Haeppel,
bt for eur stadies oyelic softening up to 60 MPa aceurs n the ECAF
copper micro-beam for £,=54x107 and 8.3x 1074, 1t iz hypothesized
that the high amount of free surfaces in the micro samples may account
for some portion of the eventual softening as fatigeing to larger plastic
strain amplitodes was performed.

4.2, PM 2000

Althenagl PM 2000 iz a ferritic irop—chremivm bady centered cabic
ateel containing nane oxide precipitates, meaning that the dominance
of the [ 111 [ primary slip plane for face centersd cubic materials such as
single cryslal copper does nol exisl, there sUll appsarz o be thres
similar distinct regimes of ita cyclic stresz-strain curve. The initial
regime of increasing stress with increasing strain can be defined a= 5y
< 22107, The steady state stross plateau region ooours for 2:1077 < Cpt
< =10, A transition i the third region of increasing stress with
forther inereasing strain appears te soour for g, = 1e107 In additisn,
we can nate the agreement between oyclic stressestrain curves of anr
single grained PR 2000 to that of a bull 7/M Eurofer 97 latigue sample
found o literatare ag shown in Fig. 9c. Cyclic strengths at four selected
plastic strain amplitudes can be found im Table 1. This may provide
evidenoe for the nano exide precipitates in these materials serving as
eyelic strength determining features hecause thers is little indication of
& sime effect.

Bimilar Tatigne studies en a fernticemartensitic ODS Earaler 97
steel were performed in [62], showing gradual oyelic sefiening within
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the first 100 cyeles, beginning at plastic strain amplitudes of =107
Heowever, far the singlemgratned PM 2000 microebeam, dramatie cyclic
softening did net eceur until a plastic strain amplitude of 1,210 a3
seen in Fig. 3a, b, and d. A decrease of =570 MPa oceurs at this plastic
strain zmpl‘ilud.r. for the micro=beam over the first 100 |:_|N,:|=r, bt a
decrease of only 75 MPa occurs over the frst 100 cycles for the
macrosoopic fatigne testing in [62] at a plastic strain amplitede of
T=107F, The dramatic sottening in the micro=heam is due to damage
fnrmation in the beam, e microcrack farmation and growth that can
be detected by a reduction o elastic stiffness aver cyele number, Over
the courze af 100 cycles, the elastic moduluz decreazed from 170 GPa
down to 30 GPa as seen in Fig, Ze, This is also measured by a dramatic
4 kdfm® drop in energy dizsipated per eycle. However i s nnl believed
that thiz dramatic cyelic softening is a size effect when shifting from
micro=beams o large scale fatiguing because at a plastic strain
amplitude of 521077, the stress recorded from Eurofer ODS steel in
[62] decreases from 875 MPa to B50 MPa and the stress of the single
grained PM 2000 micre-beam follows a similar trend, decreasing from
00 MPa to 825 MPa, Their eyclic stressestrain curves show oo
indication of size effects az seen in Fig. 9¢, It is h}pﬁﬂh&:im] that the
density and sme of nano—odde dispersoids make themn sufficient o be
the strength determining features during fatigue.

Fatigue studies on martensitic and ferritic steels and their ODS
companiong have shown thal the ODS vanants exhibil increassd oyelic
stremgth, The ODS varianta are 100350 MPa stronger than their nea-
ODE counterparts at 523 K [63], However, studies have not been
performesd comparing the cyclic strengths of an ODS steel and that
same ODS sieel afler belng cold worked using a severe plasiic
deformation technique, Fig. % shows the cyclic stress strain curves
of the PM 2000 ODS steel compared to an QD8 Earofer 97 steel, and
Table 1 shows four selected strain amplitudes from fatiges testing at
room emperabure from our studiez and the svedy i [62] on Eurofer
ODE.

5. Conclusion

The |'|u'|,er_=t,|i:|'||5I stedies have shown that using micro=geams 0
periorm low cycle fatigue experiments is an effective way of measuring
the mechanical properties elastic medulus, yield stremgth, and max-
imam stress as well as producing cpclic stressestrain carves and
measuring Lhe energy dissipaied per cycle for both single crystal and
polyerystalline materials, which turns out to be well suited as a damage
indicator, as confirmed by the inesitu abservations, In addition, by
measuring the enesgy dizsipation of the micro=beams, the onset of
damage fprmation can be ientified. For all specimens excepl the single
grained copper, microebeam bending fatigue is an acceptable way te
measure bulk mechanical properties becanse many strength determine-
ing features are s:mpkﬂ whether 'I:]'i-q.' are grain bqurl.d.:rinﬂ_, dizloca=
tons, or nane oxlde particles. Dislocation pileup within these micro-
beams acears exactly as it would in & macroscopic fatigue specimen,

Thiz method can be extended to fatigue testing of materials that
have dimensional constraints sech az neclear matesials where size is
Lrited due to material availability and safe handling More fatigue
testing om the mices seale should be extended to cover a wider range of
plastic strain amplitudes, crysial structures, and microstruciuees in

Muterials Seivmee & Engineering A 657 (200 7) 3131-322

arder to maze completely compare the results of micre scale Gatigoe
experiments to macro scale fatigne experiments.
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