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a b s t r a c t

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 con-
sisting 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.
� 2017 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. 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 minimiz-
ing thermal drift and oxidation problems [1,5,11]. To reduce such
inaccuracies, several attempts are reported in literature. Exem-
plary, testing equipment is purged with inert gases [12–15] or relo-
cated 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 instru-
mented small-scale indentation techniques with the advantages
of an SEM, such as high vacuum, vibration damping and direct
observation of dynamic processes, a 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. Ini-
tially, the system was used to perform in-situ nanoindentation
experiments on bulk metallic glasses utilizing a cube corner inden-
ter 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 gra-
dients 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, atten-
tion 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 respec-
tive thermocouples used for temperature monitoring and to mea-
sure thermal drift by the use of a pre-set dwell time. Besides
that, Raman spectroscopy was suggested as a non-contact tech-
nique and an accuracy of ±10 �C was reported [27]. Additionally,
a temperature matching procedure [24] placing sample and inden-
ter into contact was developed to balance isothermal contact tem-
peratures, 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

http://crossmark.crossref.org/dialog/?doi=10.1016/j.measurement.2017.07.012&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/j.measurement.2017.07.012
http://creativecommons.org/licenses/by/4.0/
mailto:daniel.kiener@unileoben.ac.at
http://dx.doi.org/10.1016/j.measurement.2017.07.012
http://www.sciencedirect.com/science/journal/02632241
http://www.elsevier.com/locate/measurement


R. Fritz, D. Kiener /Measurement 110 (2017) 356–366 357
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 acces-
sible. Due to the limited availability of heatable in-situ SEM testing
devices, most of the literature up to now deals with ex-situ nanoin-
dentation [32,33] and pillar compression inside a vacuum chamber
[34]. Only a few reports about in-situ investigations to study tem-
perature 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 occur-
ring deformation mechanisms on small-scaled samples, this work
describes the development, and first experiments on 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 val-
ues between RT and 300 �C. Moreover, obtained flow stress data
were compared with results obtained from macroscopic tests and
served to validate experiments.
Fig. 1. Schematic of the present high temperature in-situ SEM testing setup. (a) Adapted S
(b) and micro-indenter (c), adapted with custom-built heating devices. Red arrows indica
interpretation of the references to colour in this figure legend, the reader is referred to
2. Materials and methods

2.1. SEM and attached micro-indenter

The utilized indenter positioning system is attached to the
chamber of an SEM (Zeiss LEO 982, Oberkochen, Germany,
Fig. 1a) to save operational space. Several flanges for signal feed-
throughs (indenter control, power supply, thermocouples) are pro-
vided 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 (Fig. 1b) and the UNAT-SEM micro-indenter (Zwick GmbH &
Co. KG, Ulm, Germany) used for testing is shown in detail in Fig. 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 coin-
cide with the electron beam (Fig. 1b). In-plane alignment is
achieved by x1 and y1, z1 is used to adapt the working distance
and r1 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 (Fig. 1c). x2 and
y2 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.
EM with cap (right) containing the micro-indenter and positioning stage. SEM stage
te available positioning axes. (d) Detail of heated parts inside the SEM chamber. (For
the web version of this article.)



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
r1 360� r2 0–25�

Filament type Field
emission gun

Max. displacement ±50 lm

Acceleration
voltage

1–30 kV Noise level of displacement
measurement

<1 nm

Typical system
vacuum

6 � 10�5 mbar Max. force ±500 mN

Typical column
vacuum

1 � 10�9 mbar Noise level of force
measurement

<10 mN

Travel range of the piezo
actuator

>100 mm

Maximum voltage of the
piezo actuator

�20 V to
+120 V
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2.2. 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 mate-
rial is normally used [37]. 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 con-
tact at elevated temperature [3]. Moreover, the coefficient of ther-
mal expansion (CTE) should be in the same range for materials
which are in direct contact. There is high demand for minimized
Fig. 2. Indenter tips suited for the heating device. (a) A 10 � 6 mm2 sapphire flat punch an
opening angle of �30�.

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

Material Usage cp ½J=kg � K�

Mo Tip holder 255–275
V Sample holder 480–505
Cu Power supply lines, clamps 383–387

Constantan� Resistive wire 410
Macor� Screw joints, insulation 774–805

Ceramabond� 569 Adhesive –
Al2O3 Flat punch 790–800
WC Wedge 184–190
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). Fig. 1d shows a detail of
heated parts within the SEM chamber. The material selection pro-
cess of each component is described below and material properties
are listed in Table 2.

Wheeler et al. [3] summarized several benefits and disadvan-
tages of indenter materials. To choose an appropriate one, Ref.
[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), oxi-
des (Al2O3) and metal composites such as WC-Co remain suitable.
Moreover, the increased diffusivity of dopants at elevated temper-
ature has to be taken into account. A classic example regarding dif-
fusional 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 as long as con-
centration gradients remain present. In the present case, Sapphire
(Al2O3) was utilized as material for the flat punch indenter tip,
shown in Fig. 2a. Initially, a conductive Sapphire Berkovich inden-
ter 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 mm2, as shown in Fig. 2a.

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 Fig. 2b and c, the tip
radius is �500 nm and the length of the wedge is �120 mm.
d (b and c) a WC wedge having a length of �120 mm, a tip radius of �500 nm and an

k½W=m � K� R½X � cm � 106� CTE ½106=K� Tservice [�C]

129–147 5.2–6 4.8–5.5 1310
28–32 19–30 8–8.6 530

390–398 1.91–1.95 16.8–16.9 360
23 0.49 13.5 600

1.4–1.56 1022–1024 12.7–13.2 730
20.5 – 7.6 1377

20–25.6 1019–1021 8.8–9.2 1230
28–88 63.1–100 4.5–7.1 727
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The CTE of Sapphire and WC restrict the material selection of
the indenter tip holder (Fig. 1d), as they should equally expand
during heating to minimize thermally induced stresses. Moreover,
cp as well as thermal conductivity (k) were maximized to bring and
store thermal energy into the material. Only a few machinable
metals such 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, respec-
tively (see Table 2 and Fig. 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 adhe-
sive (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 convec-
tion oven for two hours at 94 �C.

To mount the lamella-shaped, macroscopic samples [38,39] on
the heatable sample holder (Fig. 1d), they are fixed on the V holder
by a screw made out of Macor� ceramic. This ceramic is machin-
able, resists high temperatures and provides a low k 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/Alu-
mel) thermocouples with a temperature range of �200 �C to
1200 �C were utilized and brazed close to sample and indenter
tip (Fig. 1d). An eutectoid 72Ag28Cu braze (Brazetec 7200, Ögussa
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, Brazetec 21-
68, Ögussa 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 inden-
ter 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.
Fig. 3. Representative heating procedure of sample and indenter. (a) Stable heating to th
After �30 min, a constant temperature is achieved. (c) Temperatures can be adjusted w
To reach a considerable high testing temperature, the resistive-
heated filaments of choice must produce thermal energy effi-
ciently. 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 (Fig. 1d). In fact, filaments were formed to coils to ease
their placement over the holders. They are made out of Konstan-
tan�, a frequently used heating wire material having a wire diam-
eter 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 (Fig. 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
Fig. 1b and d.

2.3. Power- and temperature control

To resistively heat sample and indenter separately inside the
SEM, a TOE 8952-20 dual-output DC power supply (Toellner Elec-
tronic Instruments GmbH, Herdecke, Germany) providing a voltage
range of 0–20 V and a current range of 0–20 A was used. To prop-
erly measure the desired temperatures, thermocouples were con-
nected 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 tem-
peratures 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 procedure up to �230 �C, with sample and
indenter being out of contact, is shown in Fig. 3a.

Within 30 min, a constant and stable temperature at both ther-
mocouples is achieved, while the accuracy of the controlled tem-
peratures is ±0.1 �C, as shown in Fig. 3b and c. The situation of
heated sample and indenter in contact requires temperature cali-
bration and matching for various reasons [27]. Unfortunately, it
is not possible to directly braze thermocouples on the micron-
e desired temperature and subsequent cooling to RT is possible within 90 min. (b)
ith an accuracy of �0.1 �C.
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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 temper-
ature 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.
Fig. 5. Although the thermocouples TS
1 and TI

1 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. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
2.4. 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 charac-
teristic 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 Fig. 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 posi-
tions of the thermocouples after a heating time of 3600 s. Positions
of thermocouples at the sample and the indenter holder are indi-
cated in Fig. 4 as TS

1 and TI
1, respectively. Resulting temperature

gradients are presented as colour code in Fig. 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.

This situation is shown in Fig. 5a, where a flat punch indenter is
in contact with a 1 mm sized pillar. The details of the contact situ-
ation are shown in Fig. 5b and c. A large temperature gradient
occurs although temperatures of thermocouples TS

1 and TI
1 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.

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 Fig. 6. TS

2 and

TS
3 in Fig. 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,
Fig. 4. Temperature distribution in heated parts inside the SEM. Temperature at
individual thermocouples at sample (TS

1) and indenter (TI
1) is constant, but large

temperature gradients and differences in absolute temperature at the sample and
the indenter tip are observed. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 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). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
thermocouples and the sample, as well as sample geometry are
of major influence of temperature gradients, as shown in Fig. 6b.
By heating different specimens with varying k 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 (Fig. 6c). Nonetheless, within the present setup gradients
up to 7 �C and more are possible between thermocouple and spec-
imen, as thermal properties strongly influence the temperature
distribution. Thus, to ensure equilibrium temperatures, a proce-
dure to match sample and indenter tip temperature is inevitable
before each experiment.



Fig. 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]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2.5. Temperature matching

Fig. 7a presents a temperature matching procedure as sug-
gested in [24] conducted with the present setup. Thereby, sample
and indenter are brought into contact several times and tempera-
ture shifts are analysed in a hold period at pre-defined, constant
low load to minimize creep influences. In the first contact situa-
tion, as shown in Fig. 7a, the cold tip and the hot sample, for exam-
ple, 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 min-
imized 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 Fig. 7b. Subsequently, the setup is ready
to perform experiments at the adjusted elevated temperature.
2.6. Material preparation

An sxx Cr rod oriented in (1 0 0) was obtained from Mateck
GmbH (Jülich, 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 elon-
gated grains with an aspect ratio of �3:1 were observed in the
as-deformed microstructure in axial direction. Wire cutting, sam-
ple 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 mm – 6 mm and an aspect ratio
of 3:1 was initially described in [39,42]. Moreover, 9 � 9 � 45 mm3

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 can-
tilevers, 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/mm resulted in a notch depth of �1.5 mm. 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 reso-
lution SEM images (Zeiss LEO 1525, Oberkochen, Germany) were
recorded after deformation to analyse the resultant surface evolu-
tion. 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.
2.7. Data analysis

All tests were conducted in displacement-controlled mode. For
compression tests, a constant nominal strain rate of 3 � 10�3 s�1

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 consid-
ered. 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–displace-
ment 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 mm/
min, as suggested in [43] and deformed to a maximum load line
displacement of 8 mm, 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 (a0) of the specimens are
shown in Table 3. They were used to calculate fracture toughness
values according to [46]

KQ ¼ FQ � L
B �W3=2 � f

a
W

� �
: ð1Þ

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 sub-
script ‘‘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



Table 3
Cantilever dimensions and conditional fracture toughness values at RT and 230 �C for ufg Cr in axial direction.

Temperature W [lm] B [lm] L [lm] a0 [lm] KQ [MPa m1/2] KQ,J [MPa m1/2]

RT 8.834 8.989 37.3 1.589 2.43 16.98
230 �C 7.995 9.340 32.5 1.805 1.43 16.81

Fig. 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. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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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

J ¼ K2
Q � ð1� t2Þ

E
þ g � Apl

B � ðW � a0Þ ; ð2Þ

where t = 0.21 is the Poisson ratio, E = 294 GPa is the Young’s
Modulus of Cr [49], g = 2 is a constant and Apl represents the plastic
work of the experiment (area beneath the load-displacement
curve). J-Da curves were calculated and fitted according to [43]
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
(KQ), J is converted to

KQ ;J ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
J � E

1� t2

r
; ð3Þ

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

3. Results

Fig. 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].
Fig. 8b and d shows deformed ufg pillars, and Fig. 8c and e presents
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 Fig. 9. To compare yield stress values with results
obtained by uniaxial testing (Fig. 8), stresses were calculated using
the remaining ligament size W-a0. Fig. 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 mm is
observed by a subsequent softening until the maximum displace-
ment of 8 mm was reached. Fig. 9b–d and e–g show deformed can-
tilevers and corresponding fracture morphologies at the respective
temperatures. The crack propagation is clearly affected by the test-
ing temperature (Fig. 9c and f), indicated by red arrows. At RT, the
extending crack deflects and propagates perpendicular to the load-
ing 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 Fig. 9d and g, where an
inclined view into the opened cracks is shown.

4. Discussion

4.1. 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



Fig. 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. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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temperature matching procedure is not feasible due to limitations
of the sample geometry e.g. by testing samples on needle-shaped
specimens at elevated temperatures [44,52].

4.2. 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 coales-
cence. 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 (Fig. 8a) partly
results from a grain size increase, as well as a vanishing contribu-
tion of the thermal stress component, as commonly observed in
bcc metals at elevated temperature [33]. Fig. 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 coef-
ficient of Cr (kH-P = 1380 MPamm1/2) was taken from [55]. More-
over, flow stress values of sxx (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
Fig. 8b and d show no distinct differences. SEM images of sxx pil-
lars (Fig. 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 Fig. 8c, slip steps are not well-
defined, which gives evidence of cross-slip processes. At elevated
temperature the surface morphology in Fig. 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.

4.3. Fracture processes

Fracture toughness of semi-brittle materials such as bcc metals
is mostly investigated on sxx samples [43,57–62]. For polycrys-
talline 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 sup-
ported by finite element simulations. In contrast to that, fracture
toughness values are not significantly influenced by the miniatur-
ized 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



Fig. 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.
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specimen size were reported in the micron regime. Fracture tough-
ness 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
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 (KQ,J from J-
Integral) are summarized in Table 3. Fig. 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 dif-
ferent testing techniques. However, post deformation SEM images
(Fig. 9) do reveal differences related to crack initiation and propa-
gation. At RT, the cantilever fails at the pre-notch and the crack
immediately deflects and extends perpendicular to the loading
direction (Fig. 9b and c). Moreover, grains were pulled out of the
fracture surface (Fig. 9d). Blunting instead of crack extension and
crack deflection was observed in SEM images of the cantilever
deformed at 230 �C (Fig. 9e–g). Grains tended to show a more duc-
tile behaviour compared to RT. Fig. 10e and f shows FIB cross sec-
tions 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 [63,64]. 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 (Fig. 10f). 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.

5. Conclusion

The development and characterization as well as first experi-
ments 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 tem-
perature calibration procedures followed by exact temperature
matching. Quantitative in-situ experiments such as pillar compres-
sion 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 microstruc-
ture in ultrafine-grained Chromium. Cantilever-based fracture
experiments on ultrafine-grained Chromium show almost constant
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fracture toughness values at RT and 230 �C, although crack propa-
gation and crack deflection mechanisms already changed with
increasing temperature towards more ductile deformation.
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