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NANOINDENTATION

IN OPERANDO CONDITIONS

The iX05 is an operando nanoindenter. It is designed to measure local mechanical
properties in real-world conditions such as high temperatures, low temperatures,
high strain rates, or in liquid environments.

Traditional nanoindenters are optimized to measure materials in laboratory condi-
tions. However, materials in practical applications often experience extreme envi-
ronments that strongly influence their mechanical behavior. The iX05 is optimized
to test materials in conditions representative of their targeted application. For

example, gas turbine materials operate at high temperature, therefore they need
to be tested in those conditions. Satellite components operate in vacuum with large
temperature gradients ranging from -150°C to +150°C. Consequently, they need
to be tested under those conditions. In automotive, materials used in the crumple
zone must be evaluated under high strain rates to simulate crash conditions.
Over the last decade, nancindentation technology has evolved from simply meas-
uring the local mechanical properties of materials to mapping material properties
over large areas by performing hundreds of thousands of indents in a well-spaced
grid. This technique, known as mechanical microscopy, helps materials scientists
bridge the gap between microstructure, features, and bulk performance of mate-
rials.

The iX05 combines the high resolution and speed offered by MEMS-based technol-
ogy with fast control electronics and environment contral, making it the ultimate
tool for measuring and visualizing mechanical properties of materials in a wide
range of operando conditions.
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Ultra-high resolution nanoindentation with unmatched repeatability to detect even the
smallest variations in hardness and modulus

Ultra-fast nanoindentation at speeds up to 30 indentations per second

High-temperature nanoindentation with active tip heating for isothermal testing at tem-
peratures up to +800°C

Cryogenic nanoindentation at temperatures down to -150°C

Motorized chamber with environment control: inert gas atmosphere or high vacuum to
minimize oxidation and contamination of the loading tip and sample surface

Displacement sensing with noise floor below 5 pm over the range of 20 pm, spanning 7
orders of magnitude

Interchangeable MEMS sensors for Sl-traceable force metrology from 100 pN (noise
floor) to 2 N, covering 10 orders of magnitude

Unmatched performance at ultrahigh speeds: FemtoTools MEMS force sensor (resonance
at up to 100 kHz) combined with ultra-fast electronics (2 MHz sampling rate, 500 kHz
feedback frequency)

Intrinsic, position-controlled measurements (strain-rate and force-controlled measure-
ments also available)

Automated, high-precision calibration procedures for seamless use



Nanoindentation

¢ Simple indentation
¢ CSMindentation
e lLoadrangeto2N

High-Temperature Testing

e UptoB800°C (with tip heating)
e  High vacuum
e Testing 3 samples in parallel

Mechanical Microscopy
(Nanoindentation Mapping)

e High resolution (<200 nm)

e Ultra-high speed (>30 indents/s)

e High-sensitivity

TESTING MODES

Scratch Testing

e Scratch testing
e Scanning Probe Microscopy (SPM)
e Tribological measurement

Cryogenic Testing

e« Downto-150°C
¢ High vacuum

Correlative Mechanical
Micraoscopy

Thin Film Testing

é

e Ultra-thin film property
measurement
¢ Bond-strengh measurement

High-Strain Rate Testing
N

¢ Constant strain rate
¢ Impact testing
e  Strain-rate jump testing

Temperature-Dependent
Nanaoindentation Mapping

. Correlate with EDS
. Correlate with EBSD
. Correlate with AFM

e Quantify changes in mechani-
cal properties and microstruc-
tures from -150°C to +800°C



SYSTEM BUILDUP

Vertically-motorized high-
vacuum chamber

Top-down optical microscope
with coaxial illumination

High-temperature module
(up to 800°C)

FemtoTools high-resolution
piezo-scanner

FemtoTools MEMS-based
force sensor

High-stiffness measure-
ment frame

Cryogenic testing module
(down to -150°C)
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Sample holder

Integrated active antivibra-

tion system

Vacuum pumping system

. Bt § " (turbomolecular pump)
High-speed control electron-

| ' ics (2 MHz sampling rate,
500 kHz feedback frequency)
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MEMS-BASED NANOINDENTATION

The iX05 is an operando nancindenter that meas-
ures and visualizes the mechanical properties of
materials at the nano- and micro-scale under dif-
ferent testing conditions.

It uses MEMS technology and a newly developed
FPGA-based cantroller (sampling rate of 2 MHz and
feedback-loop frequency of 500 kHz) to achieve
high resolution over a large dynamic range. This
allows for the quick generation of mechanical mi-
croscopy maps. In less than an hour, it can gen-
erate large maps of 100'000 indents, making it an
efficient and data-rich metallographic technigue.

Unlike conventional nanaoindenters, the iX05 has
an integrated vacuum chamber for conducting
measurements in a high-vacuum environment. This
significantly reduces oxygen content compared to
inert gas shielding and eliminates oxidation issues
during high-temperature experiments, as well as
condensation problems during low-temperature
testing.

With advanced software control, the iX05 provides
a versatile platform for analyzing the mechanical
properties of materials at the micro- and nano-
scale.

RA-FAST NANOINDENTATION MAPPING
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Sample Material: High-chromium Cast Iron Inter-indent Spacing: 500 nm
Curtesy of: Prof. M. Guitar, Saarland University Number of Indents: 60°000
Indentation Depth: 50 nm Indentation Speed: 30 indents/s



APPLICATION EXAMPLES

The iX05 enables the measurement

of hardness, modulus, creep, fatigue, Strain Rate Sensitivity

and fracture toughness of a wide T—
range of materials from bulk metals "ku—‘ ':{
and ceramics to soft polymers, thin B e
films, and hard coatings. This is done
by instrumented indentation. A sharp

tip of known or calibrated shape is

pressed into a material, while record- -
ing the force required to penetrate to SERT.
a given depth. The iX05 features stand-
ard indentation (ISO 14577) and auto-
mated procedures for quick tip shape

calibration. The integrated continuous

stiffness measurement (CSM) mode

enables the measurement of mechani-
cal properties as a function of the in- Incipient Plasticity
dentation depth. This benefits from a J,Lf" ,«,j
depth-sensing noise floor of less than /’“ : ;

5pm. - a—

Mechanical microscopy is a recent
evolution of the nanoindentation tech-

nigue, transforming it from a local 1D 210
probe into a rapid 2D imaging tech-
nique capable of resolving variations 200
in mechanical properties acraoss a mi-
crostructure. By performing a closely- 190
spaced grid of indents in displacement 180
cantrol, it is possible to generate a de-
tailed map of these material properties 170
while maintaining a consistent interac-
tion volume. 160
In this example, a 316L steel sam-
ple made by laser powder bed fusion
(L-PBF) is viewed in cross-section. This ;'g
mechanical microscopy map reveals 18
the columnar fish-scale microstruc- 37
ture formed by adjacent melt pools in 36
the build direction, as well as defects 35
like pores and hardening at melt-pool 34
boundaries. 33
32
3.1
30
29
Sample Material: 316L Steel L-PBF Inter-indent Spacing: 2 pm
Curtesy of: Prof. M. Bambach, ETH Zurich Number of Indents: 320°000
Indentation Depth: 200 nm Indentation Speed: 5 indents/s
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HIGH SENSITIVITY NANOINDENTATION MAPPING

Quantitative nanoindentation measure-
120 ments are often slow, typically taking

Reduced
5% minutes or seconds per indent. The

Modulus (GPa)
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0 iX05, however, can perform quantita-
0 tive measurements at speeds of up to
260 30 indents/s. For applications requir-
240 ing higher sensitivity, the system can
220 switch to high sensitivity, mapping at
200 10 indents/s. This mode enables the
180 resolution of finer differences and fea-
. tures in nanoindentation maps.

In this example, a sample of high-
25 chromium cast iron (white cast iron)
was mapped at different indentation
speeds. Using the Ultra-Fast Mapping
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E_ module, a map of 60°000 indents was
= 150 15 completed in only 33 minutes. The eu-
2 tectic carbides were clearly distin-
§ 100 10 guishable from the austenitic matrix.
> Switching to high-sensitivity mode en-

3

abled further differentiation between
the Mea[i7 and the M7[23 carhbides, as well

0 f L . .
0 50 100 150 200 250 300 350 400 450 500 as the identification of a thin peripheral
X Position (Lm) martensitic layer surrounding the car-
Samole Material High-Cheomium Cact | nterindent Soacing: 500 bides. These features require a sensi-
ample Material: High-Lhromium Last iron nter-inden acing: nm .. . .
. g pacing tivity of less than 1% in H/E ratio to be
Curtesy of: Prof. M. Guitar, Saarland University Number of Indents: 500°000 . o "
identified!
Indentation Depth: 50 nm Indentation Speed: 10 indents/s

B Austenite
[ Martensite
[] M2sC+ Carbide
B M-C: Carbide




APPLICATION EXAMPLES

A core theme of materials science is
the relationship between microstruc-
ture and mechanical properties.

While local compaosition and crystal
structure can be obtained with tech-
nigues such as EDS (Energy-Disper-
sive X-ray Spectroscopy) and EBSD
(Electron Backscatter Diffraction), the
mechanical properties are often meas-
ured only at a macroscopic scale or
with insufficient data points to be fully
representative.

With the iX05, it is possible to perform
a large number of nano-indents quickly

Nanoindentation

while retaining a high data precision.
By probing the local mechanical prop-
erties of the material in the same re-

gion of interest as the one analysed by
EBSD or EDS, it is possible to easily link Energy Dispersive Electron Backscatter
microstructure, chemical composition Diffraction (EBSD)
and mechanical properties of the ma- speCtroscopy (EDS)
terial.

In this example, the microstructures of

orite were analyzed using correlative Hardness map_ L Hardness
mechanical microscopy. The micro- “(Nanoindentation) Bee)
structures present in this meteorite

a fragment from the Seymchan mete-

are a result of extremely slow coaling
over millions of years in the vacuum
of space, making them exceptionally
rare and impaossible to be replicated on
Earth.

By combining the compositional data
obtained through EDS with the local
mechanical data collected through na-
noindentation, it is possible to distin-
guish and characterise all the nickel-
iron crystal structures present in the

specimen. 40
Correlative mechanical microscopy al-
lows to distinguish the harder Schreib-
ersite phase from the softer Tetra- A 1
taenite phase, even though they have (ED'S) \

similar nickel content. This level of syn- : ’J'i,
ergy between the chemical, structural '

%"-t(-}‘omhosition

Schreibersite

Tetra Taenite
and mechanical data is instrumental to
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further our understanding of materials . i 5 @ »
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Reduced Modulus (GPa)
Sample Material: Meteorite (Fe-9Ni-0.5Co) Inter-indent Spacing: 2 um
Curtesy of: Prof. S. Korte-Kerzel, RWTH Aachen Number of Indents: 30°000
Indentation Depth: 190 nm Indentation Speed: 0.25 indents/s*

*Data recorded with the FT-104 Femtoindenter. Similar data can be obtained with the iX05 nanoindenter 10x faster.
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Hardness (GPa)
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Sample Material: Ni-Mo Diffusion Couple
Curtesy of: Prof. Bin Gan, NWPU, Xi‘an
Indentation Depth: 200 nm

Inter-indent Spacing: 4 pm
Number of Indents: 6 x 4’500
Indentation Speed: 0.4 indents/s*

*Data recorded with the FT-NMTO04 In-Situ SEM Nanoindenter. Similar data can be obtained with the iX05 nanoindenter 10x faster.

HIGH TEMPERATURE NANOINDENTATION MAPPING

Materials in engineering applications
are often used at temperatures that
deviate from standard laboratory con-
ditions (room temperatue, ambient
pressure). The iX05 allows testing the
mechanical performance of materials
in conditions that match those experi-
enced in service.

Using high-speed, displacement-con-
trolled nancindentation, the iX05 can
visualize, quantify, and statistically
evaluate microstructures under dif-
ferent temperature conditions. This
method ensures a uniform indenta-
tion size, regardless of local composi-
tion, hardness, or thermal softening,
enabling consistent microstructural
analysis. Performing measurements at
high speed minimizes thermal drift and
enhances statistical sampling.

A combinatorial study of the Ni-Mo sys-
tem exemplifies this approach. A dif-
fusion couple was prepared using hot
isostatic pressing and annealing. Na-
noindentation mapping has been per-
formed at high temperatures using a
diamond Berkovich indenter at testing
temperatures ranging from ambient to
500°C in 100°C increments.

The key technical advancements of-
fered by the iX05 ensure high thermal
stability. The low thermal mass of the
MEMS heater allows rapid alignment
of the indenter and sample surface
temperatures via an automated proce-
dure. This alignment compensates for
thermal expansion and maintains low
thermal drift, guaranteeing reliable
high-temperature measurements.
Mechanical property maps of the Ni-Mo
diffusion couple closely correlated with
backscattered electron micrographs,
confirming  consistent indentation
depth and position across tempera-
tures. Cluster analysis using a Mixed
Gaussian approach revealed hardness
and reduced modulus values consist-
ent with literature for primary phases.



ACCESSORIES

The High Temperature Module enables
heating of specimens up to 800°C. In
combination with the FemtoTools Mi-
croforce sensing Probes with active
tip-heating, it makes isothermal nano-
mechanical testing of samples at vari-
ous temperatures easy to perform. This
maodule not only allows for the measure-
ment of material properties as a func-
tion of temperature but also facilitates
the gquantitative study of thermally-in-
duced changes in plastic deformation
and fracture at the nanoscale. Further-
mare, by performing tests in high vacu-
um, the oxygen content can be reduced
by a factor of one million compared to
systems that use inert gas preventing
unwanted oxidation.

The Cryogenic Temperature Maodule
uses liquid nitrogen as a cooling agent
to achieve temperatures as low as
-150°C, allowing experiments to be
conducted at extremely low tempera-
tures. By operating under high-vacuum
conditions, the iX05 effectively pre-
vents condensation-related issues,
ensuring smooth and reliable experi-
mentation at cryogenic temperatures.

The Scratch Testing Module consists of
an exchangeable sample stage with an
integrated piezoscanner. This enables
the in-plane movement of the sample
while simultaneously applying a normal
force. Combined with the FemtoTools
2-Axis Microforce Sensing Probe, this
module enables nanoindentation, nano-
scratch and nano-wear testing, as well
as SPM imaging of surface roughness,
high-aspect ratio features and residu-
al scratches or indents.

Sl iX05



Model

S200
S2'000
S20°000
S$200°000
S2'000°000

S20°000-2Axis

S200°000-HT (800°C)

Range

+/- 200 pN

+/-2'000 pN

+/-20°000 pN
+/-200°000 pN
+/-2'000°000 pN
+/-20°000 pN (normal)
+/- 20°000 pN (tangential)

+/-200°000 pN

ULTRA-FAST MAPPING MODULE

The ultra-fast mapping module boosts
the speed of indentation from 3 indents
per second to up to 30 indents per sec-
ond, enabling the generation of high-
resolution maps with over 100°000 in-
dents in under an hour.

The specialized sample stage is essen-
tial for rapidly accelerating, stopping,
stabilizing, performing the nanoinden-
tation measurement, and then accel-
erating to the next indent paosition in
under 33 milliseconds, all while main-
taining exceptional accuracy.

MICROFORCE SENSING PROBES

Noise Floor (10Hz)
0.1nN

0.5nN

5nN

50 nN

500 nN

10 nN

10 nN

100 nN

The FemtoTools Microforce Sens-
ing Probes are sensors capable of
measuring forces from sub-nano
Newtons to 2 Newtons along the sen-
sor's probe axis. Both compression
and tension forces can be measured.
Sl-traceable pre-calibrations for each
probe in combination with outstanding
long-term stability guarantees signifi-
cantly higher measurement accuracy
than other force-sensing systems in
this force range. Specialized versions
are also available, including 2-Axis Mi-
croforce Sensing Probes or High Tem-
perature Probes (HT) featuring active
tip heating up to 800°C.

The Microforce Sensing Probes are
available with a wide variety of tip
materials and geometries including
diamond Berkovich, cube corner, flat
punch, wedge, conical and more.



TECHNICAL

SPECIFICATIONS

Force

Range upto2N

Noise floor (10 Hz) down to 100 pN
Digital resolution down to 0.01 pN
Sampling frequency 2 MHz

Position

Coarse range 30 mm

Coarse naise floor (10 Hz) 500 pm

Fine range 20 um
Fine noise floor (10 Hz) 5pm
Digital resolution 0.01 pm
Sampling frequency 2 MHz

Feedback-loop frequency 500 kHz

Range 130 x 130 mm
Noise floor (10 Hz) 500 pm
Pressure less than 5 - 10“mBar

Active vibration isolation (integrated)

Camera 5 megapixel CMQOS sensor
Objective lens options 5x, 10x, 20x

Focus motorized

Coaxial illumination LED, Adjustable
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Technical Specifications



FemtoTools AG
Furtbachstrasse 4
8107 Buchs/ZzZH
Switzerland

T+41 44 844 44 25
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