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H I G H L I G H T S

• A new high-temperature and in-situ
nanoindentation systemwas developed
for testing temperature of up to 1100 °C.

• The sophisticated temperature manage-
ment with tip and sample heating as
well as actuator cooling leads to low
drift rates.

• The determination of reliable hardness
and Young's modulus data was pre-
sented by constant strain rate tests on
fused silica for T b 300 °C and Mo for
testing up to 1100 °C.

• The applicability of the system to de-
termine the creep behavior has been
shown for single crystalline Ni up to
1100 °C was by using indentation
strain rate jump and step load and
hold methods.

G R A P H I C A L A B S T R A C T

a b s t r a c ta r t i c l e i n f o

Article history:
Received 19 December 2019
Received in revised form 26 March 2020
Accepted 9 April 2020
Available online 13 April 2020

Keywords:
High-temperature nanoindentation
Creep
Strain rate sensitivity
Hardness
Young's modulus

In this work a new ultra-high temperature (UHT) nanoindentation system for testing at up to 1100 °C is pre-
sented. The system is capable to perform indents from small scale up to large indentation depths due to the com-

bination of a 1 N actuator and a frame stiffness of N1 � 106 N�
m even at 1100 °C. Dynamic testing allows a

continuous determination of the contact stiffness (CSM) and thus also the depth-dependent hardness and inden-
tation modulus. Low drift rates can be achieved by an independent tip and sample heating. Operating the
nanoindenter inside a scanning electron microscope (SEM) equipped with a high temperature backscattered
electron (BSE) detector opens the possibility of in-situ observations, as high vacuumminimizes oxidation effects.
TheHT capability of the system is demonstrated on three referencematerials: fused silica,molybdenumassessing
the change inmodulus with increasing temperature using constant strain rate tests (CSR). The creep response of
single crystalline Ni has been assessed by strain rate jump (SRJ) as well as a step-load and hold creep (SLH)
method. The resulting modulus, hardness as well as the strain rate sensitivity from RT up to 1100 °C are in
good accordance with literature data, highlighting the applicability of the system.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Over the past decades, the continuous development of new nanoin-
dentation systems and new test protocols has made nanoindentation
testing to a powerful tool for mechanical characterization on small
length scales [1,2]. The advantages compared to conventional, macro-
scopic tests are not only the simple sample preparation and the rapid
test rates, but also the variety of characterization options. Nanoindenters
are used to determine hardness and Young's modulus on a local length
scale. Furthermore, strain rate dependencies, fracture toughness, creep,
fatigue behavior or adhesive strength of layers and coatings can be de-
termined [3–7].

In order to increase the efficiency of jet engines or gas turbines for
power generation, their operating or combustion temperature must be
increased. However, this is often limited by the materials used [8].
Therefore, the development of new high temperature (HT) materials,
such as Ni or Co-based alloys, as well as the improvement of thermal
barrier coatings and bond coats, plays an important role in current re-
search [8–14].

For this reason, nanoindentation systems have been developed for
testing the local properties of materials and thin coatings at elevated
temperatures [1]. Nanoindentation thereby enables to characterize the
influence of alloying elements, chemical or microstructural gradients
on a single phase of a material [15–17].

Thermal activated mechanisms can be analyzed by nanoindentation
testing in terms of strain rate sensitivities/stress exponents, activation
volumes and activation energies [3,5,14,18–22]. Therefore, tests with a
controlled strain rate at different temperature or a changing strain
rate have to be carried out. It has been shown that local, nanoindenta-
tion experiments, introducing a complex stress state in the material,
provide comparable results to macroscopic, bulk and/or uniaxial exper-
iments [3,5,19–21,23–26].

However, nanoindentation testing at elevated temperatures is quite
challenging and several issues need to be considered [1]. Chemical reac-
tions between tip and sample can lead to high tip wear, which strongly
affects the measurements especially at low indentation depths [27]. In
addition, a sophisticated temperature management is necessary to
keep the drift rates as low as possible. Thermal drift can be caused by
a temperature mismatch between tip and sample, therefore an inde-
pendent sample and tip heating is required in order to match the tem-
peratures [1]. Dynamic testing enables the possibility to measure the
stiffness and, thus, the Young's modulus continuously. The stiffness
data can also be used to calculate the hardness [5]. Environment assisted
HT nanoindentation testing can be used to determinemechanical prop-
erties of e.g. superalloys under more application-related conditions
where oxidation plays a role [28–30]. However, the oxidation of amate-
rial makes it more difficult to determine reliable material properties
during nanoindentation. For this reason, experiments at high tempera-
tures are preferably carried out in vacuum to minimize the influence of
oxidation effects. The formation of thin oxide layers during heating can-
not be completely avoided even in a high vacuum, but it can be signifi-
cantly reduced [1,31–33].

Themaximum reported testing temperature of the currentHTnano-
indentation systems is 1000 °C working in vacuum [32]. However, the
determination of the contact stiffness data at these extreme tempera-
tures is challenging due to high drift rates and insufficiently fast
unloading rates [32].

In this work, nanoindentation tests from room temperature (RT) to
1100 °C were performed using an advanced commercial prototype,
load-controlled in-situ system from Nanomechanics Inc./KLA. The ultra-
high operating temperature of the system offers the possibility to
determinemechanical properties aswell as thermally activated processes
of HT materials at their application temperature. Operating the
nanoindenter inside a scanning electron microscope (SEM) equipped
with a HT backscattered electron (BSE) detector opens the possibility of
in-situ observations, as high vacuum reduces oxidation effects [32,34].

The testing capabilities of the new system is demonstrated on
three different materials using the continuous stiffness measure-
ment (CSM) method, strain rate jump (SRJ) tests and step load and
the hold (SLH) creep method. The low T capabilities is shown on
fused silica as a reference material for indentation testing. The high
temperature tests were performed on polycrystalline body centered
cubic molybdenum, for which temperature dependent modulus data
is available. Single crystalline (SX) Ni with its face centered cubic
structure is an important base metal for many high temperature ma-
terials as Ni-base superalloys and has been chosen as a reference for
the creep tests.

1.1. Dynamic indentation testing for continuous property determination
and measurement of thermally activated processes

Nanoindentation enables the determination of thermally activated
mechanisms, by using different loading scenarios [3,5,18–21]. The fol-
lowing subsection gives a brief overviewof the various nanoindentation
test methods using a pyramid-shaped Berkovich indenter and their
comparison to macroscopic, uniaxial tests.

Indentation testing relies on an accurate determination of the con-
tact area AC, which is based on Sneddon's equation, relating the contact
stiffness S to the reduced modulus ER and the contact area. The defini-
tion of S is shown in Eq. (1) [35,36]:

S ¼ 2βffiffiffi
π

p � ER �
ffiffiffiffiffi
Ac

p
¼ SCSM ð1Þ

with the constant β and the unloading stiffness SCSM determined by a
dynamic oscillating loading signal.

Thus, the contact area can be expressed as:

Ac ¼ π
4β2 �

S2

E2R
: ð2Þ

The correct contact depth hc can now be calculated by knowing the
correct tip area function f(hc) = Ac:

f hcð Þ ¼ m0h
2
c þm1hc þm2h

1�
2

c þm3h
1�

4
c þ…þmnh

21−n

c ¼
Xn
i¼0

mih
21−i

c

ð3Þ

determined by calibration on a reference material like fused silica
[36]. It has been discussed in literature that the hardness based on stiff-
ness gives much more reliable hardness data, since it is unaffected by
thermal drift, pile-up and sink-in [5].

The three different test methods used in this work are presented
below. Further details on the used input parameters are given in
subsection 3.1.

A constant strain rate �ε is used in the continuous stiffness measure-
ment (CSM) method, where the loading signal is superimposed by a si-
nusoidal oscillation. The definition of the strain rate, based on the work
of Mayo and Nix [37], is given in Eq. (4) [5,38,39].

�ε ¼
�h
h
¼ 1

2

�P
P
−

�H
H

� �
≈

�S
S
≈

1
2

�P
p

ð4Þ

with indentation depth h, applied load P and hardness H. The stiffness
signal S can be determined continuously. Thus, it is possible to calculate
the hardness and Young's modulus as a function of indentation depth.
The hardness is defined by the ratio of the applied load and depth de-
pendent projected contact area [5,38]:

H ¼ P
Ac

¼ P � 4β2 � E2R
π � S2

ð5Þ
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with the reduced modulus ER and the constant β. The Young's modulus
E of the sample can be calculated with Eq. (6) [38]:

Esample ¼
1−ν2
� �

sample

1
Er

−
1−ν2

E

� �
indenter

ð6Þ

assuming a known modulus of the indenter material, as well as the
Poisson's ratio ν of the tip and sample material.

The SRJ method, developed by Maier et al. [3], is based on the CSM
method mentioned above. In contrast to a CSM test is the strain rate
changed within a single test (see Fig. 1). This allows to determine the
strain rate sensitivitym in a “constant” volume/microstructure element.
The strain rate sensitivity m of a material can be computed by compar-
ing the strain rate dependent hardness values of the material:

m ¼ 1
n
¼ d lnHð Þ

d ln �εð Þ ð7Þ

with n being the stress exponent.
The correct analysis of strain rate dependencies of softmaterials or at

high temperatures can be rather difficult as the hardness changes only
slightlywith strain rate. The analysis becomes easier if the applied strain
rate can be varied over several orders of magnitude. However, this is

typically limited by about three orders of magnitude (e.g. �ε ¼ 10−1−

10−41�
s) with the SRJ method described above [18,26,40]. Therefore,

the load and hold creep tests with an initial step load (SLH) according
to Sudharshan Phani et al. [21,41] were performed (see Fig. 1) on single
crystalline nickel. The big advantage of the SLH test is, that the strain
rate can be varied by seven orders of magnitude within a single test
[41]. Furthermore, the test duration is only 40 s, reducing the tip and
sample interaction as well as thermal drift effects.

The test SLH protocol consists of two different test segments. In the
first segment, the tip is slowly approaching the sample surface (no im-
pact) and after contact, a step load is appliedwith a defined loading rate
which results in very high strain rates in the beginning of the experi-
ment. Afterwards, the load is kept constant for a short time e.g. 1.5 s,
while the hardness is calculated by the applied load and the projected

contact area, the strain rate is determined by
�h.

h
.

After 1.5 s the dynamics/sinusoidal oscillation was switched on. This
marks the start of the second test segment, which is similar to a stan-
dard CSM test. Also here the load is kept constant, the strain rate is de-

scribed by
�S.

S
. Thermal drift is a big issue in indentation creep testing,

therefore the stiffness based hardness was calculated in this test seg-
ment (Eq. (5)).

Hardness and strain rate determined by indentation testing has to be
converted into uniaxial stress σ and strain rate �ε using Eqs. (8) and (9)
[21,25] in order to compare the results with literature data determined
by macroscopic testing:

σ ¼ 1
Fc2

� �
L

π h tan θð Þð Þ2
 !

ð8Þ

�ε ¼ 1
c tanθ

� �
1
h

� �
dh
dt

� �
ð9Þ

with reduced contact pressure F, pile-up/sink-in parameter c, equiva-
lent cone angle θ, Load L and indentation depth h. The activation energy
for creep can be calculated with Eq. (10) [19]:

H
E
¼ G � exp

Qc

nRT

� �
ð10Þ

with pre-exponential coefficient G, activation energyQc in kJ/mol, stress
exponent n, gas constant R and absolute temperature T.

2. New high temperature indentation system

The newly developed ultra-high temperature nanoindentation sys-
tem is equipped with an actively cooled high load actuator with a max-
imum load of 1 N. Thereby the system is able to perform indents from
small scale all the way up to large indentation depths in order to mini-
mize the impact of tip blunting and surface oxidation on the test results.
The indenter was designed for high machine stiffness, which is neces-
sary for accurate data analyzation at large indentation depths. The
actuator can be driven at a high frequency, allowing a continuous deter-
mination of the contact stiffness. This is essential for determining the
depth dependent material properties, like hardness and modulus. Fur-
thermore, the contact stiffness can be used to determine pile-up and
drift independent hardness values [5]. The active cooling of the actuator
ensures that machine calibration during high temperature or long term
testing remains constant and comparable to the RT properties. An accu-
rate sample positioning is achieved by using a piezo-driven x-y stage
(SmarAct GmbH) with a resolution of 20 nm.

The system is equippedwith independent tip and sample heaters. K-
type thermocouples are used tomeasure and control the temperature of
the sample, tip and actuator housings. The temperature control is car-
ried out via PID loops which allows an independently adjustment of

Fig. 1. Schematic illustration of the time dependent load, indentation depth and strain rate during SRJ and SLH tests.
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the sample and tip temperature. Thus, low drift rates can be achieved
after temperaturematchingbetween tip and sample. A detailed descrip-
tion of the system will be given in the subsequent sections.

2.1. Tip holder, shaft design and actuator

A schematic drawing of the indenter system is shown in Fig. 2. The
centerpiece of the system is the 1 N actuator, the surrounding actuator
housing can be actively cooled via a Peltier heat pump and the cool
block on top of the housing. It is thermally insulated from the two Cu
blocks on the side of the actuator housing. These lateral Cu blocks are
connected with the base of the column via cooling springs. The temper-
ature of these blocks is also controlled via Peltier elements located be-
tween the Cu blocks and the outer cooling blocks.

The magnetic driven and load controlled actuator is able to perform
frequency specific loading experiments to determine the elastic stiff-
ness of the sample continuously with a dynamic frequency of up to
1000 Hz. The maximum displacement range is 80 μmwith a resolution
of 0.04 nm and a noise floor below 0.1 nm. The load is applied with a
load resolution of 6 nN, the load noise floor of the system is 0.9 μN.
These specifications do not change while heating the system due to
the active cooling of the actuator housing which keeps the actuator at
room temperature. Thus, the optimal force and displacement resolution,
as well as the low noise level will be maintained even at a temperature
of 1100 °C (Appendix A.1). Active cooling also offers an advantage in
long-term creep testing at RT, by continuously dissipating the heat gen-
erated in the actuator during holding periods.

A high frame stiffness is achieved by separating the resistive tip
heater from the loading axis. This results in a frame stiffness higher

than 1 � 106 N�
m even at maximum operation temperature.

2.2. Sample holder with integrated heating and cooling option

In contrast to standard RT systems, the specimen cannot be glued to
the specimen holder as conventional adhesives cannot withstand these
extreme temperatures. It is therefore clamped onto the sample heater
using four 0.5mmthick tungstenwires (see Fig. 2). Only a small amount
of heat is transferred from the sample to the sample holder due to the
small contact areas between the wires and the sample, reducing the re-
quired heating and cooling capacities. An additional molybdenum sheet
is placed between the sample and sample heater to protect the heating
element and prevents the sample from being welded to the heating el-
ement. A trench was etched into the molybdenum sheet in which the

sample thermocouple can be placed. Alternatively, the sample thermo-
couple can be inserted directly into the sample using a lateral drill hole,
if available. This offers the possibility to measure the sample tempera-
ture close to the sample surface.

2.3. Cooling system

Cooling is provided by a closed loop cooling system consisting of a
high-pressure pump, a water chiller and Peltier heat pump elements.
The water is first pumped with a pressure of about 586 kPa (5.86 bar)
through the cooling block on the sample side and afterwards through
the three cooling blocks on the actuator housing. The water cooled
block on the sample side of the system is in direct contact with the cop-
per block surrounding the sample heater. The temperature of that block
is kept close to RT by varying the water temperature via the water
chiller in the delivery system.

The heat from the indenter tip is extracted at the base of the column.
This is accomplished through cooling springs that provide a thermal
path from the base of the column to the cooling system. Two of the
water cooled blocks on the actuator side of the system are attached to
the end of the heat extraction springs via two Peltier heat pumps.
These pumps are controlled so that the base of the column that attaches
to the actuator shaft remains at RT. The additional mechanical stiffness
due to the cooling springs is reduced by using multiple thin springs in-
stead of two thick springs at the same thermal cross section. The final
water cooled block on the actuator side of the system is attached to
the copper block surrounding the actuator through an additional Peltier
heat pump that is controlled to maintain the actuator at room temper-
ature at all times. A nickel plated heat shield between the tip heater
and the actuator housing reduce the heating of the actuator caused by
radiation.

2.4. Temperature control and adjustment

Numerous publications are dealing with the cause and effect of ther-
mal drift on indentation test results [1,33,42–45]. In order to reduce the
influence of thermal drift a temperature adjustment between tip and
sample has to be carried out before testing at elevated temperatures to
achieve a thermal equilibrium. Changes in displacement signal are caused
by thermal drift. Thermal drift can be caused by a temperaturemismatch
between tip and sample (contact drift) and/or by a change in tempera-
ture of thewhole gantry (systemdrift). The adjustment of tip and sample
temperature is done by using a standardized, semi-automated tempera-
ture matching procedure developed by Nanomechanics Inc./KLA. A

Fig. 2. Indenter set-up. The heat shield is not shown for illustration reasons.
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detailed description of the temperature adjustment procedure is given in
the Appendix A.2.

2.5. Test environment

The indenter is installed inside a Tescan Vega 3 scanning electron
microscope (SEM) equipped with a secondary electron (SE) detector
and awater cooled backscattered electron (BSE) detector. In-situ exper-
iments, sample positioning and imaging even at the maximum operat-
ing temperature can be carried out using the integrated water-cooled
BSE detector. Fig. 3 is taken with the water cooled backscattered elec-
tron detector at 1100 °C to demonstrate the imaging capability of the
SEM at maximum operating temperature of 1100 °C. The high vacuum
environment (~10−3 − 10−4 Pa) reduces oxidation effects during test-
ing. Low noise levels are achieved by an active vibration damping of the
vacuum chamber.

3. Results and discussion

3.1. Testing of different materials for system validation

Nanoindentation experiments at elevated temperatures were per-
formed using the continuous stiffness measurement (CSM) technique,
strain rate jump (SRJ) and the step load and hold (SLH) test protocols.
All tests were performed in batch mode. Fused silica was tested as it is
widely used as a referencematerial due to its isotropicmechanical prop-
erties. Tip shape and frame stiffness calibration at room temperature
were performed according to Oliver and Pharr [36]. Additional tests on
fused silica were performed after testing at high temperatures in order
to investigate changes in tip geometry. The results are presented in in
the Appendix A.3.

For the CSM tests, amaximum load of 1 N and a constant input strain

rate
� �P.

P

	
of 0.2 1/s were applied, followed by a peak load hold time of

5 s and an unloading by 90% of Pmax. The unloading has been performed
in 1 s. Thermal drift was measured for 40 s after a settle time of 40 s at

0.1 Pmax. For the superimposed CSM loading a target frequency of
100Hz anda harmonic amplitude of 4 nmwere used. SRJ testswere per-

formed according to Maier et al. [3] with a change in strain rate
� �P.

P

	
from 0.2 1/s to 0.05 1/s. Creep test with an initial step load were per-
formed according to Sudharshan Phani et al. [21,41]. A step load of
95 mN was applied with a loading rate of 200 mN/s and hold constant
for 1.5 s before switching on the dynamics (CSM) for 40 s.

Molybdenumwas chosen as a referencematerial due to its high tem-
perature mechanical properties which make it an interesting construc-
tion material for HT applications. The high thermal conductivity of Mo,
compared to fused silica, causes higher drift rates if there is a tempera-
ture mismatch between tip and sample. An advantage compared to
other materials is that Mo does not cause excessive tip wear due to
chemical reactions with the sapphire tip used [27]. The sample thermo-
couple was placed into a lateral drill hole of the Mo sample. Thus, the
temperature could be measured very close to the test locations.

Nickel is the base metal for a variety of high temperature alloys, the
so called Ni-based superalloys and therefore an attractive material for
future research. Furthermore, there is a good data set on the creep be-
havior, which can be used for comparison. The strain rate sensitivity of
a Ni single crystal in 〈100〉 orientation was determined using SRJ and
creep tests with an initial step load. Further information about the pro-
duction and processing of the Ni single crystal can be found in [46,47].

3.2. 3.2 Fused silica

Constant strain rate tests were performed as stated above, using a
standard Berkovich diamond tip (MicroStar). Fused silica was tested at
room temperature, 200 °C and 300 °C. The sample temperature was
the set value, while the tip temperature was adjusted to achieve an iso-
thermal contact. Temperature matching was carried out with the semi-
automatic procedure described in the Appendix A.2, using a maximum
force of 30 mN and cycle load on/load off time of 30 s/90 s, until drift
rates below 0.16 nm/s were achieved. The sample thermocouple was
placed in theMo sheet between sample and sample heater. A difference
in tip and sample temperature of about 0.8 °C was determined during
temperature matching at 200 °C.

The temperature change during testing was well below 0.01 °C
(Fig. 4) which results in drift rates of 0.158 nm/s. The slight change in
temperature at the end of the test segment is caused by a changing ther-
mal contact between tip and sample due to partial unloading for ther-
mal drift measurement. The measured temperature of the actuator
was 22.5 °C respectively 23.8 °C during testing at 200 °C and 300 °C.

Fig. 3. Backscattered electron contrast image of a sapphire tip above a nickel sample at
1100 °C.

Fig. 4. Tip temperature during the indentation of fused silica at 200 °C. Temperatures are
plotted for the test segment as well as the subsequent drift measurement segment.
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The good temperature stability even at low temperatures like 200 °C
demonstrates the capability of the system to control the heating power
very well even at low current outputs.

The corresponding load-displacement data, as well as the dynamic
contact stiffness are plotted in Fig. 5a and b. Hardness and modulus
are shown in Fig. 5c and d. The indentation depth as well as the contact
stiffness values are increasing with temperature. This leads to the well
observed phenomena in literature, that the hardness of fused silica is

decreasing with temperature, while at the same time the Young's mod-
ulus is slightly increasing [2,33,43,44,48,49].

The measured hardness and modulus data in this study fit very
well with literature (Fig. 5e–f). Higher drift rates have only a minor
effect on the data due to the large contact depths achieved by the
high load applied. The changing system stiffness during heating
was compensated in order to get a depth independent, constant
modulus of the sample. The frame stiffness is slightly decreasing

Fig. 5. a) Temperature dependent load displacement curve, b) contact stiffness vs. depth, c) Young's modulus vs. depth, d) hardness vs. depth, e) Young's modulus vs. temperature and
d) hardness vs. temperature of fused silica. Literature data taken from [2,33,43,44,48,49].
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from 1:276 � 106 N�
m at RT to 1:136 � 106 N�

m at 300 °C and as such
nearly independent of temperature.

3.3. Molybdenum

Ultra-high temperature nanoindentation experiments on a mirror
finished, commercially pure (99,95%, ASTM-B-387 Type 361), polycrys-
talline Mo sample were carried out using an ultra-high temperature
sapphire Berkovich tip (Synton MDP). More detailed information on

the tips used is given in the Appendix A.3. All tests were carried out in
batch mode applying the CSM test protocol as described above. Addi-
tional RT tests on fused silicawere done between each test temperature
to calibrate the tip area function according to the procedure developed
by Oliver and Pharr [36]. The influence of thermal expansion of the tip
on the tip area function can be neglected as it is already discussed in lit-
erature [2,27].

A temperature dependent Young's modulus of sapphire as well as a
temperature dependent Poisson's ratio of molybdenum was used for
the analysis [27,50]. The Poisson's ration of Sapphire (νSap = 0.24)

Fig. 6. a) Temperature dependent load displacement curve, b) contact stiffness vs. depth, c) Young's modulus vs. depth, d) hardness vs. depth, e) Young's modulus vs. temperature and
d) hardness vs. temperature of molybdenum [51–53].
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was assumed to be constant and T independent [27]. The frame stiffness
was adjusted in order to get a depth independent Young's modulus.

Therefore, the frame stiffness was reduced by about 6.6% from 1:246 �
106 N�

m at RT to 1:164 � 106 N�
m at 1100 °C (Fig. 8b). The actuator tem-

perature was decreasing to 15.4 °C by testing at 1100 °C.
Representative, temperature dependent load-displacement

curves as well as the temperature dependent stiffness data are
plotted in Fig. 6a and b. The contact stiffness is slightly decreasing
with increasing temperature. The stiffness follows a linear rela-
tionship for all T and depth ranges, except for the measurements
at 1100 °C.

For this reason, were only data up to an indentation depth of max.
1500nmanalyzed. At this indentation depth the contact stiffness is sim-
ilar to the frame stiffness of the system. At higher indentation depths,
the frame compliance is larger than the contact compliance, which
leads to increasing inaccuracy when determining Young's modulus,
penetration depth and thus hardness. The modulus and hardness data
as a function of indentation depth is plotted for several temperatures
in Fig. 6c and d.

The comparison of measured hardness and Young's modulus data
with literature data shown in Fig. 6e and f. Literature data for hard-
ness were measured with a micro hardness tester, while the Young's
modulus was determined by pulse-echo methods. Additionally, the
Young's modulus was calculated according to the following model
[54]:

E Tð Þ ¼ E 0 Kð Þ � 1−0:5
T
Tm

� �
ð11Þ

with E (0 K), Young's modulus at 0 K and melting temperature Tm.
The fit is normalized to a room temperature modulus of 325 GPa
[55].

Young'smodulus data are fitting verywell to the data determined by
pulse-echo methods and the model, even at a temperature of 1100 °C.
The good consistency of measured and literature Young's modulus
data indicates the correct determination of the projected contact area
and thus of the measured hardness values. The temperature depen-
dence of H matches nicely the literature data.

3.4. Single crystalline nickel

SRJ and SLH tests were performed on SX Ni as described above. All
tests were performed with UHT sapphire Berkovich tips (Synton
MDP). A temperature dependent tip modulus was used for the anal-
ysis, the Poisson's ratio of Ni was assumed to be constant [27]. The
sample thermocouple was placed into the Mo sheet.

In SRJ tests, hardness values immediately before and after the
strain rate jump were analyzed. An overview of test statistics and
SRSs are given in Table 1. The frame stiffness of the nanoindenter

was adjusted from 1:166 � 106 N�
m , at RT to 1:001 � 106 N�

m at
1100 °C. An actuator temperature of 14.4 °C was measured at the
maximum test temperature.

The depth dependent hardness of the SRJ tests is plotted in Fig. 7a for
different temperatures. Ni is strongly softening with temperature and
mainly deforms plastic. The hardness data below 1000 nm are not rep-
resentative of the material response, since strong tip rounding prevents
ameasurement of indentation size effects at low temperature. However,
for larger depths, the hardness is nearly depth independent and only an
influence of T and strain rate on the hardness is found. In Fig. 7b is the

Table 1
Strain rate sensitivity of nickel determined with SRJ and step-load creep tests.

T in
°C

SRJ tests Creep tests

Number of
tests

Max. drift rate
in nm/s

m Number of
tests

Max. drift rate
in nm/s

m

RT 6 0.065 0.001 4 0.037 0.001
499 6 0.072 0.013 4 0.095 0.010
835 5 0.069 0.027 3 0.108 0.028
1009 4 0.042 0.051 5 0.136 0.060
1100 4 0.180 0.055 2 0.767 0.098

Fig. 7. a) Depth dependent hardness and b) temperature dependentmodulus of SXNi. Tip
and sample temperature as a function of time during SRJ test on nickel at 1100 °C with a
drift rate of 0.069 nm/s are shown in (c) [46,56,57].
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temperature dependent Young's modulus plotted and compared to cal-
culated data using Eqs. (12) and (13) [56]:

G Tð Þ ¼ 78:9 1−0:64 T−300 Kð Þ=Tmð Þ GPa Tm ¼ 1726 Kð Þ ð12Þ

E Tð Þ ¼ G Tð Þ � 2 1þ νð Þ ð13Þ

with temperature T and melting temperature Tm and Poisson's ratio ν.
The nanoindentation data are shifted to slightly lower values, but the
temperature dependent related decrease described by the slope of the
fitting lines is very similar. The temperature stability at 1100 °C (sample
temperature is set temperature) is shown in Fig. 7c. The scattering is a
bit higher than at lower temperatures (Fig. 4) but still good.

Fig. 8a shows the temperature dependent depth-time relationship
during the performed step load and hold creep tests. The indentation
strain rate as a function of hardness in Fig. 8b. High strain rates in the
initial part of the tests can be achieved by applying a step load and
hold the load for 1.5 s. In this first test segment is the hardness calcu-
lated by indentation depth whereas the hardness in the second part of
the experiment is determined by the stiffness signal (Sneddon's hard-
ness) using the CSM technique. The hardness values of the two test seg-
ments match very well, as can be seen from the linear relationship with
the strain rate (Fig. 8b). Thus the influence of the thermal drift is low.
This test protocol allows to vary the strain rate over five orders of mag-
nitude within a single test.

The results of the SRSs determined by SRJ and creep tests are com-
pared in Table 1. It could be demonstrated that m values determined
via creep tests are in good accordance with SRJ tests. The relatively
high drift rates during creep testing have a negligible influence on the
results, since hardness is calculated based on the stiffness signal of the
CSMmeasurement.

Themeasured hardness and strain ratewere converted into uniaxial
stress and strain rate using Eqs. (8) and (9) for comparison with litera-
ture data. The resulting temperature compensated uniaxial strain rate
and normalized uniaxial stress data are compared with creep data
from literature. This is shown in Fig. 8c. The results form SRJ und step
load and hold tests show a similar behavior. Tests at 1100 °C show a
small deviation, this can be attributed to the fact that a new tip was
used for these tests.

The activation energy for creep can be calculatedwith Eq. (10) using
two different strain rates. The activation energy for �ε ¼ 0:3 s−1 is 140 kJ/
mol, whereas the activation energy in the low strain rate regime ð �ε ¼ 0
:002 s−1Þ 216 kJ/mol is. In literature activation energies in the range of
243–285 kJ/mol are determined. The difference to literature data can
be explained by the fact that the steady state condition in the strain
rate has not yet been reached, furthermore the complex stress state
below the indenter.

4. Conclusion

The results of the very first nanoindentation tests using the load con-
trolled PrometheusUHTnanoindentermanufactured byNanomechanics/
KLA has been presented. Tests with diamond and sapphire Berkovich tips
at temperatures between 20 °C and 1100 °Cwere performed on fused sil-
ica, molybdenum and SX nickel in 〈100〉 orientation. The improved
nanoindentation system offers for the first time the possibility to de-
termine reliable Young's modulus and hardness data at tempera-
tures up to 1100 °C using dynamic methods like the continuous
stiffness measurement (CSM). Low drift rates even at ultra-high
temperatures could be achieved by a sophisticated temperature
management including multiple independent heating and cooling
options. Additionally, a semi-automated temperature matching pro-
cedure has been presented.

The combination of the 1 N high load actuator and the high frame

stiffness ð≥1 � 106 N�
mÞ allows experiments to be carried out at higher

indentation depths, which are less sensitive to tip wear and thermal
drift. Tip and tip braze materials for operating at high temperature are
still a pending issue which needs to be solved in future. Nevertheless,
it could be shown that sapphire is a good tip material for testingmolyb-
denum even at 1100 °C. Testing in nickel at high temperatures cause
massive tip wear as already reported in literature [27]. The set up inside

Fig. 8. A) Depth-time behavior of Ni at different temperatures using a step-load and hold
test. B) Temperature dependent Indentation strain-rate as a function of hardness for
nickel. C) Temperature compensated uniaxial strain rates vs. normalized uniaxial stress
data [14,46,58–60].
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a SEM allows in situ observations while the vacuum atmosphere mini-
mize oxidation. It could be shown that imaging is possible up to the
maximum temperature. A further improvement of the image quality
will allow a good positioning or even in-situ experiments at 1100 °C
in future. The temperature dependent hardness and Young's modulus
data of fused silica are consistent with previous tests. The temperature
control at low temperatures like 200 °C is challenging due to the low
current output. Nevertheless, the excellent temperature stability at
low temperature could be demonstrated. Tests at higher temperatures
were performed on molybdenum and nickel. Young's modulus and
hardness data correspond well with literature data. Also the tempera-
ture compensated uniaxial strain rates and normalized uniaxial
stress data, as well as the determined activation energy for creep in
Ni fit with literature data at least in the low strain rate regime. This
demonstrated that nanoindentation experiments even under these
extreme conditions give similar results as conventional uniaxial
experiments.
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Appendix A

A.1. Influence of temperature on the actuator calibration

Asmentioned above is the actuator temperature is slightly changing
during testing at non ambient temperatures. The maximum tempera-
ture of the actuator is controlled by an active cooling of the actuator
housing. Whereas the lowest actuator temperature is controlled by
the coolingwater temperature which has to be reducedwith increasing
test temperature. In consequence, the actuator temperature was de-
creasing with increasing test temperature from RT to 14.4 °C, the max-
imum actuator temperature was 23.8 °C.

In order to investigate the influence of temperature on the cali-
bration, the actuator was cooled down to 12 °C and heated up to
25 °C using the water circuit described above. In Fig. 9, the temper-
ature dependent phase angle (Fig. 9a), compliance (Fig. 9b) and
damping (Fig. 9c) are plotted. The data are nearly constant, only
for the damping a small deviation could be observed, which is how-
ever in the range of the scattering [61–64].

A.2. Semi-automated temperature matching procedure

Before starting the temperature matching process, the sample and
tip are heated to the same temperature and hold there for a couple of
minutes until temperatures are settled and thermal gradients caused

Fig. 9. Influence of temperature on calibration. A) Phase angle vs. Dynamic frequency,
b) Compliance vs. Dynamic frequency and c) Damping vs. Displacement.
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by fast heating (10 K/min) areminimized. During the T matching pro-
cedure, the tip is brought into contact with the sample for a few sec-
onds using a predefined constant force e.g. 25 mN and then
removed from the sample surface again (see Fig. 10a–b). This
loading- unloading procedure is automatically repeated several
times. The raw displacement (Fig. 10b) and the temperatures of
the tip and sample are continuously recorded (Fig. 10c–d). Now, ei-
ther the tip or the sample temperature has to be varied manually
until the drift rate is steadily decreasing. The corresponding contact
and system drift are calculated independently by the software
(Fig. 10e–f).

The system drift is related to the displacement change between
the individual loading cycles. This change is caused by thermal
expansion or contraction of the system/gantry which affects
the spacing between the tip and the sample surface. The system
drift can therefore be calculated by the slope between the individ-
ual segments (overall slope) where the positive load is applied
(see Fig. 10b and e). This overall displacement change will be
superimposed with a displacement change due to the temperature
mismatch of the contact. The tip side is more sensitive to tempera-
ture mismatches compared to the sample side due to the lower
heat capacity (Fig. 10c–d). A changing tip temperature leads to a
thermal expansion or contraction and thus to a change in displace-
ment signal. The curvature of the displacement signal depends on
the relative temperatures of tip and sample. Low thermal drift
values result in a linear changing displacement. The change in dis-
placement within a loading cycle (positive load applied) is related
to the contact drift (Fig. 10b, f). It goes towards zero as soon as the
system is in thermal equilibrium. The Influence of creep on the dis-
placement signal will be reduced by continuously indenting at the
same position.

The independent determination of system drift and contact drift al-
lows to start the temperature setting of tip and sample already before
the system/gantry is in thermal equilibrium which reduces the time
for temperature adjustment significantly. In the example shown above
(Fig. 10), the temperature of the sample was increased (Fig. 10d) until
drift rates close to zero were reached. The difference in tip and sample
temperature, here about 35 K, is mainly caused by a temperature gradi-
ent between the top and bottom side of the sample. The thermocouple

formeasuring the sample temperature is placed in theMo sheet close to
the heater and is therefore notmeasuring the exact surface temperature
of the sample. The surface temperature of the sample is lower due to
radiation and heat transfer through the tungsten wires used for sam-
ple clamping. The small change in tip temperature (Fig. 10c) while
loading and unloading is also effected by the relatively large alter-
ations in displacement which causes different conditions in terms
of heat transfer.

A.3. Indenter tips

In this work a standard diamond Berkovich tip from MicroStar
as well as three ultra-high temperature sapphire Berkovich tips
manufactured by Synton MDP were used. All tests from RT to
300 °C, on fused silica were performed with the diamond tip. The
maximum operational temperature of this tip is limited by the
epoxy glue used to fix the tip in the holder. Molybdenum and
Nickel were tested with the UHT sapphire tips. These tips were
brazed at temperatures of 1500–1600 °C in a high vacuum envi-
ronment and can therefore be operated up to 1100 °C.

The contact areas of the sapphire tips are plotted as a function
of depth and temperature in Fig. 11. All tip area functions were de-
termined at RT using fused silica as reference material. The sap-
phire tip show no excessive tip wear during testing Mo (see
Fig. 11a) which is consistent with previous tests reported in liter-
ature [27].

Testing nickel at temperatures above 500 °C leads to a signifi-
cantly changing tip area function (Fig. 11b). After testing at
1009 °C a huge change in the area function was observed, caused
by tip wear or material adhesion to the tip. Therefore, two differ-
ent tips were used in this study for testing Ni. The sapphire tips
were sticking in the nickel sample at these extreme temperatures,
high forces have to be applied to retract the tip from the sample
surface.

It could also be demonstrated that the high temperature tips are able
to withstand these ultra-high temperatures. The necessity for new tip
materials for future long term creep experiments on nickel and nickel
based alloys has been demonstrated.

Fig. 10. Semi-automated procedure for temperature adjustment, shown exemplarily for Ni at 800 °C. A) Applied force, b) displacement, c) tip temperature, d) sample temperature, e) sys-
tem drift and f) contact drift as a function of time.
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