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A B S T R A C T   

In this study, a two-step optimisation process for the estimation of the single crystal stiffness tensor from the 
indentation modulus is presented. This was accomplished by using a 2-dimensional data correlation method for 
nano-indentation, EBSD and ab initio data, as well as EDS for phase separation in a multi-phase material. Here, a 
single-phase Fe-24Ni-0.4C austenitic steel and a two-phase Fe-9.5Ni-0.5Co Seymchan meteorite were used as 
example materials. 

In a first step, the combination of high-speed nano-indentation mapping data with elemental and orientation 
distribution maps allowed the estimation of indentation moduli along specific crystal surface planes normal 
directions, (001), (011) and (111) using a least squares optimisation based on starting values from DFT or 
experimentally determined stiffness tensors. A second global optimisation step to estimate the single crystal 
stiffness tensor using pre-solved solution parameters of the Vlassak-Nix equations yielded reasonable corre
spondence between the experimentally determined stiffness tensors from correlative nano-indentation data and 
other methods. The presented method demonstrates generally the possibility to derive directionally sensitive 
elastic properties from high-speed nano-indentation for cubic materials statistically.   

1. Introduction 

The development of new materials, whether for structural or func
tional applications, increasingly focuses on smaller scales and includes 
the representation of all individual components making up advanced, 
multi-phase microstructures. For this, many conventional methods of 
material characterisation have been extended to provide data at small 
scales and efforts to achieve characterisation across large areas while 
combining different types of information [1,2]. For example, research 
methods such as orientation imaging and chemical analysis inside the 
scanning electron microscope (SEM), first-principle and atomistic sim
ulations as well as nano-indentation have provided new insights and 
enable multi-scale approaches to measure, predict and interrelate local 
properties [3–7]. 

The nano-indentation technique has become particularly effective in 
evaluating the mechanical properties of materials in combination with a 
variety of other methods, such as finite element simulations [8,9] or 

first-principle calculations [10] to correlate plastic and elastic properties 
or energy dispersive spectroscopy (EDS) to achieve phase mapping 
[11,12]. Efforts were also made to correlate not only with a single 
technique, but with two or more methods. Using the example of a 
Mn15Si26 compound, combined nano-indentation, electron backscatter 
diffraction (EBSD) and elastic moduli calculated from first principles 
were used to analyse the elastic properties across several grains [13]. 
Furthermore, correlative nano-indentations were conducted to elucidate 
the orientation-dependent elastic modulus in conjunction with EBSD 
analysis. Commercially pure titanium was indented with different 
indenter geometries to obtain the reduced modulus represented in an 
inverse pole figure (IPF) [14]. Similarly, EBSD and nano-indentation 
measurements for lithium metal have been correlated and also used to 
extract directional variations of the indentation modulus visualised by 
plotting in an IPF [15]. 

Although high-speed nano-indentation (NIT) is steadily gaining 
popularity, correlative research using NIT is still limited due to a lack of 
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easily accessible tools and the challenges in error-correction. Especially 
the correction of spatial sampling errors can be a tedious process for data 
from independent measurements for correlative analysis, as distortions 
in property maps, EBSD and a NIT grid, are considered independently. 
Even though the measurement of the EBSD data itself is convenient, the 
associated distortions caused by thermal drift, electromagnetic field and 
sample tilt often lead to spatial discrepancies between NIT- and EBSD- 
results [16]. In a previous study, the XPCorrelate library was devel
oped based on the MATLAB® environment to solve some of these cor
relation and correction issues [17]. 

Once spatial correlation is achieved, the next objectives often involve 
making predictions or comparisons of the identified correlations with 
theory. 

The main objective of this study is therefore to develop a versatile 
and extendable open-source Python-based point-to-point correlation li
brary for orientation/phase analysis from EBSD/EDS with nano- 
indentation data. Ultimately, the goal is to enable the estimation of a 
directional indentation modulus for specific crystal orientations and the 
single-crystal stiffness tensor from further analysis. 

Therefore, the analysis will expand beyond the visualisation of 
directional elastic properties in IPFs to quantitative estimates of direc
tional and single crystal elastic properties. Nano-indentation is very well 
suited to acquire the sub-grain mechanical data required for this. 
However, it is limited in resolving orientation-dependent properties, as 
the three-dimensional stress field includes contributions from many 
crystallographic directions. On the other hand, the stiffness tensor is 
perhaps the mechanical property with the largest theoretical data 
available or most straightforwardly obtainable from ab initio pre
dictions. Therefore, the main focus is not only to achieve spatial corre
lation but also use the correlative orientation and indentation modulus 
data to extract the experimental stiffness tensor from large high-speed 
NIT data sets and compare it with first principles calculations. 

There have been several attempts to estimate the stiffness tensor of a 
single crystal based on indentation tests [13,15,18]. Most of these ap
proaches are based on the Vlassak-Nix model [19] (V-N), but a major 
disadvantage of the complex V-N model is that the evaluation of the 
equation is computationally intensive. One way to overcome this com
plex evaluation of the constituting equations of the V-N model is using a 
pre-compiled solution for cubic materials. In this case, the precise 
evaluation of the indentation modulus for specific low-index planes is 
required, which is not always convenient. 

In order to work around this limitation, a two-step optimisation 
process is proposed in this study. In the first optimisation step, the 
indentation stiffness tensor is constructed to determine the indentation 
moduli along specific (001), (011), and (111) planes normal directions 
and in a second optimisation step, the elastic constants C11, C12 and C44 
are predicted by applying sets of correction factors proposed by Vlassak 
and Nix [19]. 

The developed library presented in this paper enables a self- 
documenting correlation procedure between experimental and simula
tive methods, e.g., EBSD, high-speed NIT, SEM, optical microscopy, first- 
principle calculations and other scientific techniques, using a single 
phase Fe-24Ni-0.4C austenitic steel and a two-phase Fe-9.5Ni-0.5Co 
Seymchan meteorite as example materials. The latter was chosen as an 
intentionally challenging material for the alignments and it contains 
microstructural features on length scales of the order of interaction 
volumes of the measurement methods used. 

2. Experimental procedure 

Two different types of specimens were investigated in this study, an 
austenitic FeNiC (Fe-24Ni-0.4C) steel and a Seymchan meteorite (Fe- 
9.5Ni-0.5Co). The FeNiC steel represents a single-phase material, 
whereas the meteorite specimen was selected to represent a dual-phase 
material to demonstrate various correlation limitations. 

The FeNiC steel and the meteorite samples were extracted with a size 

of about 1x1x0.5 cm3, respectively, by electrical discharge machining or 
with a diamond saw. A metallographic preparation was then carried out 
to ensure an appropriately flat and deformation-free surface suitable for 
both, combined EBSD-EDS and nano-indentation experiments. Initially, 
the samples were mechanically ground and then polished using a water- 
based diamond suspension to a final 1 µm particle size. In order to 
minimise the surface relief which can affect the nano-indentation ex
periments, a short mechanical polishing was performed with 0.25 μm 
colloidal silica (OP-S, Struers, Denmark) on a neoprene polishing cloth 
(OP-Chem, Struers). 

Microstructural analyses were performed by means of SEM, back
scattered electron (BSE) imaging and combined EBSD-EDS mapping in a 
dual-beam focused ion beam (FIB)-SEM Helios Nanolab 600i (FEI) 
(Hikari, EDAX Inc.) and a Hitachi SU-5000 in ETHZ ScopeM (Oxford 
UltimMax 100 EDS) at 20 kV. They were recorded with a step size of 1.3 
μm across an area of 702x525 μm2 for the steel and 1 μm step size across 
an 1280 × 769 μm2 area for the Seymchan meteorite and were analysed 
using the EDAX OIM 7.3.1 software as well as the free MTEX 5.7.0 
toolbox based on MATLAB® [20]. The EDS-mapping results were later 
quantified by the EDAX TEAM software using the e-ZAF method with 
binning option. The compositions of the austenitic FeNiC steel and the 
Seymchan meteorite based on preliminary studies and EDS in
vestigations are shown in Table 1. 

Nano-indentation experiments were performed on a FT-I04 Femto- 
Indenter (FemtoTools AG, Switzerland) equipped with an FT-S20,000 
sensor and a diamond Berkovich tip. The indentation tests were per
formed in native displacement control to ensure a uniform maximum 
indentation depth for all indents. This also helps to control the inter- 
indent spacing to prevent strain field interactions and minimise the 
variations in elastic recovery between indents. The elastic portion of the 
recovery is determined through fast oscillation (150 Hz) of the indenter 
tip with a proportionally scaled oscillation amplitude. This continuous 
stiffness measurement (CSM) allows a stiffness measurement as a func
tion of depth. For the two samples, the indentation depth and spacing 
were scaled relative to the microstructure of the samples. For the 
Seymchan meteorite fragment, a map of 384 by 216 indentations was 
performed with a maximum depth of 190 nm and a 2 µm spacing. For the 
austenitic FeNiC sample, a map of 250 by 200 indentations was carried 
out with a maximum depth of 95 nm and a 1 µm spacing. Representative 
values for each indentation were determined from the mean of values 
measured at contact depths above 50% of the target depth for elastic 
modulus and 80% for hardness to minimize errors from indentation size 
effects. By taking representative values at these relatively larger depths, 
influences from initial intermittent flow and indenter tip imperfection 
(observed at contact depths < 25 nm in this case) are avoided. 

By NIT, the reduced modulus Er is obtained and used to calculate the 
indentation modulus of the specimen ENI considering the Poisson’s ratio 
νS of the sample (Eq. (1)). 

1
Er

=
1 − ν0

2

E0
+

1 − νS,isotropic
2

ENI
(1) 

Eq. (1) is derived from the unloading stiffness in elastic deformation 
by a flat cylindrical punch of elastic materials [23,24], with the Young’s 
modulus and Poisson’s ratio for the diamond indenter, taken as E0 =

Table 1 
Reported and measured compositions in [wt.-%] of the austenitic steel and the 
Seymchan meteorite by means of EDS.  

Specimen Fe Ni Co C  

FeNiC Bal. 22.74  0.93 ± 0.2  
[21] 

Present 
study 

Seymchan 
meteorite 

Bal. 11.41 ±
0.24 

0.48 ±
0.06  

Present 
study 

Seymchan 
meteorite 

Bal. 9.5 0.5  [22]  
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1140 GPa and ν0 = 0.07, respectively. 
The such measured indentation modulus is a weighted average of the 

material’s single crystal elastic constants, where the weights depend on 
the crystal orientation, and are not necessarily the same for every 
indenter shape [19]. Later, it was shown that small deviations from a 
general axisymmetric indenter shape do not affect the obtained values of 
the indentation modulus, so that it is also applicable to Berkovich in
denters [25] and elastic–plastic contact [26]. 

2.1. Point-to-point correlation 

To achieve point-to-point correlations between nano-indentation, 
EBSD and EDS measurements, a dedicated Python library ‘PyXC’ was 
developed [57]. The library ‘PyXC’ corrects systematic distortions that 
occur with various measurement methods, aligns the data layers to a 
reference image and queries the data by an arbitrary x-/y-coordinate. In 
Fig. 1 the data query and the associated correlation procedure is 
depicted schematically. 

Due to the flexibility of the library, almost any 2-dimensionally 
sampled data with or without x/y-coordinates can be correlated. How
ever, to achieve the correlation without x/y-coordinate information (e.g. 
an image from an optical microscope or a scanning electron microscope) 
an assignment of missing x/y-coordinates based on respective pixel 
indices is required. Any data with x/y-coordinates can directly be loaded 
into the library. 

In order to perform a point-to-point correlation, each layer must be 
accurately aligned. In general, this operation is difficult to automate 
since the representation of the data differs considerably between the 
various measurements, such that manual alignment is unavoidable. In 
some cases, the distortion of the collected data is of such complexity that 
the correction procedure cannot be achieved with simple translation and 
rotation operations due to the spatial distortion as demonstrated in 
Fig. 2. To deal with these distortions, either an affine transformation or 
homography is required. The transformation matrices for the 2-dimen
sional affine transformation and homography are given in Eq. (2) and 
Eq. (3), respectively [27]. 
⎡

⎣
x′

y′

1

⎤

⎦ =

⎡

⎣
m11 m12 xt
m21 m22 yt
0 0 1

⎤

⎦

⎡

⎣
x
y
1

⎤

⎦ (2)  

⎡

⎣
x′

y′

1

⎤

⎦ =

⎡

⎣
h11 h12 h13
h21 h22 h23
h31 h32 1

⎤

⎦

⎡

⎣
x
y
1

⎤

⎦ (3) 

Here, x/y are an original point coordinate and x’/y’ represent a new 
point coordinate after the transformation. The matrix components mij 

and hij denote the elements of the respective transformation matrix. 
The correlation process is based on the evaluation of the Euclidean 

distance pairs. A schematic diagram that illustrates the point-to-point 
correlation process is given in Fig. 3. First, the distance between an 
arbitrary point x/y (e.g. from the nano-indentation layer) and all co
ordinates in the target layer (e.g. EBSD) is evaluated. Then, a calculated 
set of distance pairs is filtered out by a cut-off radius as well as the 
maximum nearest neighbour number. Values that are outside a certain 
cut-off radius around the query centre point (x,y) are not included in the 
correlation which reduces the computational costs to determine the 
Euclidean distance pair. Optionally, any statistical analysis (e. g. mean, 
standard deviation) can be performed for the experimental data points 

Fig. 1. (a) Schematic representation of the data query process on the example of the Seymchan meteorite data and (b) the methodological correlation procedure.  

Fig. 2. Example of a spatially distorted EBSD map of the Seymchan meteorite 
calibrated using the 2-dimensional homography and aligned on top of an op
tical microscope image. 
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that fulfil the cut-off condition (e.g. the 4 data points inside the red cut- 
off circle in Fig. 3). This correlation procedure is not only limited to 
nano-indentation and EBSD analysis, but also applicable for any 2- 
dimensionally sampled data. 

Reading of the required scientific data such as EBSD, EDS, and nano- 
indentation was performed by a custom-developed in-house library and 
the IPF colouring was achieved by using the orix library [28]. Further 
analysis after the correlation step was realised with SciPy (least-squares 
and differential evolution minimisation) and the Scikit-learn (DBSCAN 
clustering) libraries, respectively [29,30]. 

2.2. Correlation with experimentally or DFT-based elastic moduli 

A two-step procedure for predicting the single crystal stiffness tensor 
by correlated high-speed NIT, EBSD and EDS data is proposed. This 
approach begins with DFT-based (here using pure iron [31] to 

demonstrate the practicability, even if simplified initial data are used) 
interpolation of the optimised indentation moduli along (001), (011) 
and (111) planes normal directions. These indentation moduli are then 
applied in a second step to the mathematical relationship described by 
Vlassak and Nix to estimate the correct C11, C12 and C44 values. A 
schematic representation of this procedure is shown in Fig. 4. 

The estimation of the orientation-dependent indentation moduli 
begins with a point-to-point correlation of the EBSD, EDS and nano- 
indentation data, which relates crystallographic orientation to me
chanical properties, resulting in sets of Euler angles, composition and 
indentation moduli. Here, the elastic modulus can be calculated in two 
ways. On the one hand, the nano-indentation based indentation 
modulus ENI(Er, ν) can be derived from Er using Eq. (1) with the con
dition of ν = 0 (according to V-N). On the other hand, the orientation- 
dependent elastic modulus EOD(C11, C12, C44, ϕ1, Φ, ϕ2) for the inves
tigated cubic material can be calculated from the Euler angles (ϕ1,Φ,ϕ2) 

Fig. 3. Schematic diagram illustrating the point-to-point correlation process. Data points from the data layer can be obtained based on the Euclidean distance 
between the desired point locations. 

Fig. 4. Concept of the two-step estimation scheme.  
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and the stiffness tensor C in Voigt notation (in cubic crystal systems 
dependent on the elastic constants C11, C12, C44) with Eq. (4). 

1
EOD

= S11 − 2
(

S11 − S12 −
S44

2

)

•(l1
2l2

2 + l2
2l3

2 + l1
2l3

2
)

(4) 

Sij denote the independent entries of the elastic compliance matrix 
obtained from the stiffness tensor, while l1, l2 and l3 represent the di
rection cosines for an arbitrary crystallographic direction l which can be 
calculated from the rotation matrix RZXZ (according to Bunge) that is 
described in Eq. (5). 

RZXZ = RZ(θ) • RX(θ) • RZ(θ) with RZ(θ) =

⎡

⎣
cosθ − sinθ 0
sinθ cosθ 0

0 0 1

⎤

⎦ and RX(θ)

=

⎡

⎣
1 0 0
0 cos(θ) − sin(θ)
0 sin(θ) cos(θ)

⎤

⎦

(5) 

With the given EOD and ENI values, it is possible to perform a least- 
squares optimisation to find out the best C11, C12, and C44 values 
which describe the optimised indentation-based stiffness tensor CNIopt . 
For this purpose, the least-squares optimiser minimises the cost function 
given in Eq. (6). The cost function F equals the sum of absolute differ
ences between EOD and ENI. 

F =
∑

i
|EOD,i − ENI,i| (6) 

However, since there are several local minima, a proper initial guess 

is crucial to ensure a reliable solution. The initial values for the elastic 
constants C11, C12, and C44 can be set by either available experimental 
(Cexpinitial ) or DFT-based (CDFTinitial) data. In this study data for pure iron 
from DFT was used [31]. 

Before, it was necessary to accurately determine the indentation 
moduli along the (001), (011), (111) planes normal directions exper

imentally for this solution, which is not always possible, particularly if 
the exact crystal orientations are not contained in a polycrystalline 
sample of interest. However, based on the proposed approach, the 
indentation moduli along the (001), (011), and (111) planes normal 
directions, respectively ENI(001), ENI(011), and ENI(111), were interpolated 

from the optimised CNIopt . Subsequently, these specific indentation 
moduli could be applied to the V-N solution for cubic materials (Eq. (7) 
[19]), eliminating the need for indentation tests in these specific low- 
index planes. 

ENI (hkl) = β(hkl)

(
E

1 − ν2
VRH

)

isotropic
(7) 

The correction factor β is given by Eq. (8) [19]. 

β = a+ c(A − A0)
B
= a+ c

(
2C44

C11 − C12
− A0

)B

(8) 

The terms a, c, A0 and B denote fitting parameters which are valid for 
a fixed Poisson’s ratio ν<001> in the 〈001〉 direction (Eq. (9)) given in the 
V-N model [19] and the term A reflects the Zener ratio (often referred to 
as anisotropy factor) according to Eq. (10) [32]. 

ν<001> = −
S12

S11
(9)  

A =
2C44

C11 − C12
(10) 

The elastic modulus can be calculated from the stiffness tensor Cij 

and its compliance tensor Sij using the Voigt-Reuss-Hill (VRH) average 
[33], where the respective Voigt [34] and Reuss [35] arithmetic aver
ages of the bulk and shear moduli are taken into account. The VRH- 
average of the elastic modulus is given by Eq. (11).   

From isotropic elasticity theory, the Poisson’s ratio of a given crystal 
can be calculated from the respective averaged shear and bulk moduli 
according to Eq. (12).   

In order to estimate the single crystal stiffness tensor, a global min
imisation [30] was performed based on Eq. (13) as well as Eq. (14) and 
the relating cost function Eq. (15). 

EVRH =
9KVRHGVRH

3KVRH + GVRH
=

3(c11 + 2c12)
⏞̅̅̅̅̅̅̅̅̅ ⏟⏟̅̅̅̅̅̅̅̅̅⏞

9KVRH (
3 c2

11 − 6 c11c12 + 3 c2
12 + 38 (c11 − c12)c44 + 12 c2

44

10 (3 c11 − 3 c12 + 4 c44)

)⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞
GVRH

(c11 + 2c12)
⏟̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅⏟

3KVRH

+

(
3 c2

11 − 6 c11c12 + 3 c2
12 + 38 (c11 − c12)c44 + 12 c2

44

10 (3 c11 − 3 c12 + 4 c44)

)

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
GVRH

(11)   

ν VRH =
3KVRH − 2GVRH

2(3KVRH + GVRH)
=

c11 + 2 c12

⏞̅̅̅̅̅̅̅⏟⏟̅̅̅̅̅̅̅⏞
3KVRH

−
3 c2

11 − 6 c11c12 + 3 c2
12 + 38 (c11 − c12)c44 + 12 c2

44

5(3 c11 − 3 c12 + 4 c44)

⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞
2GVRH

2 c11 + 4 c12⏟̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅⏟
6KVRH

+
3 c2

11 − 6 c11c12 + 3 c2
12 + 38 (c11 − c12)c44 + 12 c2

44

5(3 c11 − 3 c12 + 4 c44)
⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟

2GVRH

(12)   
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F(hkl)(C11,C12,C44) = β(hkl)

(
EVRH

1 − ν2
VRH

)

isotropic
− ENI(hkl)

⏞̅̅̅⏟⏟̅̅̅⏞
from 1. Step

for hkl

= 001, 011 and 111 (13)  

Fν = ν<001>proposed − ν<001> (14)  

Fc =
⃒
⃒F(001)

⃒
⃒+

⃒
⃒F(011)

⃒
⃒+

⃒
⃒F(111)

⃒
⃒+ |Fν| (15) 

Using this approach with these preconditions and solely being 
dependent on the elastic constants C11, C12 and C44, a global minimum 
could be estimated and predict the stiffness tensor taking into account 
the pre-compiled fitting parameter sets for a proposed Poisson’s ratio in 
〈001〉 direction ν<001>proposed (FeNiC = 0.35 / Seymchan meteorite = 0.3) 
based on the V-N method. 

3. Results 

3.1. Single phase material - FeNiC steel 

3.1.1. Alignment between EBSD/nano-indentation data and first 
assessment of the single crystal stiffness tensor by the two-step approach 

The crystallographic orientation significantly affects the local elastic 

response. Correlative nano-indentation and EBSD measurements were 
applied to reveal the orientation-dependent elastic properties. High- 
speed NIT maps on the FeNiC steel are presented in Fig. 5 for the 
measured indentation modulus and hardness. These clearly display the 
underlying grain structure beneath the sample surface, which correlates 
well with the EBSD results, as shown in Fig. 6a). Some scatter can be 
observed in the indentation modulus map, which can be a function of 
either subsurface damage from imperfect surface preparation, remnant 
roughness [36] or local variations in dislocation density in cold-worked 
materials. The former is more likely in this case, as illustrated by the 
subsurface deformation zones or ‘scratches’ noticeable in the hardness 
map in Fig. 5b). Due to the larger size of the elastic strain field from 
which the indentation modulus is measured, relative to the plastic strain 
field measured by hardness, the effect of subsurface damage on the data 
is significantly less pronounced in the indentation modulus map than the 
hardness map. 

EOD was calculated assuming a samplés Poisson’s ratio of 0, resulting 
in sets of correlated indentation modulus, hardness and orientation in
formation. The orientation-dependent hardness and indentation 
modulus (ENI) distribution of the indented area from Fig. 6a) as well as 
the predicted specific indentation moduli along the (001), (011) and 
(111) planes normal directions (Table 2) are presented in Fig. 6b). 

As a first step, a least-squares optimisation technique (Sec 2.2) was 
applied to find the optimal C11, C12 and C44 values that best predict the 
orientation-dependent indentation modulus. An initial stiffness tensor C 
was optimised, here taking into account CDFTinitial(Fe) of pure iron [31] 
and ENI (Sec 2.2). By applying the resulting optimised CNIopt entries, the 
directional indentation moduli at each data point were predicted using 
the related Euler angles with Eq. (4). The visualisation of the predicted, 
direction-dependent indentation modulus following the optimisation 

Fig. 5. (a) Indentation modulus map and (b) hardness map of the austenitic FeNiC steel. The lines indicate locally work-hardened sub-surface deformation zones 
caused by initial scratches resulting from metallographic preparation. 

Fig. 6. (a) EBSD with the indentation mapped area indicated and (b) orientation-dependent hardness vs. indentation modulus plot of the austenitic FeNiC steel 
sample coloured with respect to crystal orientation and predicted indentation moduli along the (001), (011) and (111) planes normal directions. 

Table 2 
Least-squares fitted indentation moduli for the (001), (011) and (111) planes, 
respectively.  

ENI001 ENI011 ENI111 

189.3 GPa 200.6 GPa 204.7 GPa  
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procedure is illustrated in Fig. 7. In the first optimisation step the 
indentation modulus could be reproduced with good accuracy (average 
deviation = ±6 GPa), as shown in Fig. 7a) and Fig. 7b). 

A second global minimisation step allowed further refinement of the 
obtained indentation modulus for low index planes in order to predict 
the single crystal stiffness tensor. For this purpose, the indentation 
moduli of the specific planes were determined on the basis of the first 
optimisation step using Eq. (7) and are presented in Table 2. 

The values of the resulting indentation moduli and stiffness tensors 
CNIopt and CNIopt2

, respectively, are given in Table 3. 
The tensor-based approach is particularly useful when the mea

surements ideally involve high-speed NIT, as it provides good statistics. 
However, it can also be useful in cases where there is no possibility to 
specifically measure different crystallographic planes or different sized 
data sets are to be correlated. As demonstrated using a subset of the steel 
sample in Fig. 8, the converged value of the CNIsubset exhibited similar 
values compared to the full dataset refinement if a good grain orienta
tion distribution is ensured, as shown in Table 4. 

3.2. Multi-phase material - Seymchan meteorite 

3.2.1. Layer alignment for optical microscopy, EBSD, EDS and hardness 
data 

The Seymchan meteorite sample was used in order to demonstrate 
the combined capabilities and limitations of the correlation procedure. 
In the present investigation, a plessite region that comprises a fine 
mixture of body-centered-cubic kamacite (referred to hereafter as αm) 
and thin seams of taenite/ tetrataenite (referred to hereafter as γm) 
around the αm grains was studied [27]. In addition, fine-grained inter
mediate domains of αm and γm are visible. The mechanical properties 
within the plessite region were investigated using high-speed NIT and 
are also discussed in terms of the multimodal alignment of the correlated 
methods in Sec. 4.2. In Fig. 9 the indentation area of the analysed 
microstructure is shown using optical microscopy (Fig. 9a)) with aligned 
EBSD, EDS and hardness data given in Fig. 9b). 

The mechanical properties of the corresponding region of the 
meteorite sample were plotted in the hardness-indentation modulus 
space (Fig. 10). The αm and the γm clusters were visually determined by a 
correlation with EBSD/EDS phase information, which are indicated in 
Fig. 10a) and Fig. 10b) exhibiting the respective mechanical properties. 
In between these clusters, an intermediate zone is revealed and a clear 
orientation dependence can be observed for the αm region. However, the 
orientation dependence of the other regions is not clearly visible. 
Furthermore, the cross-contamination between αm and γm due to resid
ual misalignment of the data should also be removed as far as possible 
(which will be discussed in detail in Sec. 4). 

In order to facilitate the consecutive investigation of the orientation- 
dependent elastic response data on the meteorite sample, it is necessary 
to appropriately filter the correlated nano-indentation data based on the 
aligned microstructural information to isolate the αm cluster. 

The application of filtering techniques based on the confidence 
index, EBSD phase information, and DBSCAN clustering enable the 
exclusion of phases such as γm and the intermediate zone. Thereby, a 
further analysis solely on the αm phase can be performed using the least- 

Fig. 7. First optimisation step using the austenitic FeNiC steel data showing (a) 
the experimentally obtained indentation modulus, (b) the predicted directional 
indentation moduli and the underlying spatial representation of CNIopt visualised 
as inset in cartesian coordinates aligned with the [001] axes of the unit cell; (c) 
the differences between the predicted indentation modulus and the experi
mentally obtained indentation modulus. 

Table 3 
Initial and optimised DFT/indentation-based elastic constants as well as Zener ratio with varying Poisson’s ratios and experimental data from the literature.  

Ni C C11 C12 C44 EVRH Zener ratio νVRH ν<001> Reference 

[wt%] [GPa] 

0 0  266.63  122.63  104.5  229.7  1.45  0.28  0.32 Pure Fe [31] 
(Initial values from DFT) 

24 0.4  246.3  99.2  80.6  198.4  1.10  0.28  0.29 1st optimisation 
(CNIopt tensor) 

24 0.4  199.8  107.5  87.7  174.7  1.90  0.29  0.35 2nd optimisation 
(CNIopt2 tensor)  
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squares method described in Sec 2.2. 
The consequence of the used filtering operations is illustrated in 

Fig. 11. In the present study, the contributions from the intermediate 
zone (depicted in Fig. 10a)) and the γm phase were removed by applying 
a sequence of filtering. This procedure is covered and discussed in more 
detail in Sec. 4.2. 

Using this approach, it is possible to estimate the angular dependent 
indentation modulus ENI by the optimised CNIopt based on a stiffness 
tensor CDFTinitial(Fe) as shown in Fig. 12. The predicted ENI (Fig. 12b)) 
was found to reproduce ENI (Fig. 12a)) accurately. 

4. Discussion 

In this study, a method for the estimation of the orientation- 
dependent indentation modulus and the subsequent estimation of the 
single crystal stiffness tensor using correlative multi-modal in
vestigations is described. For this purpose, measurement modalities 
including EBSD, EDS, nano-indentation and first-principle investigations 
were correlated in order to combine orientation, composition and 
indentation information using a newly developed Python library 
“PyXC”. Based on a least squares minimisation, by using either initial 
experiment- or DFT-based stiffness tensors, the best fitting values for the 
orientation-dependent indentation modulus tensor CNIopt could be esti
mated. Further, CNIopt was used to obtain predictions of the indentation 
moduli along the (001), (011) and (111) planes normal directions in 
order to estimate the complete stiffness tensor of the single crystal from 
these indentation moduli determined on the basis of the V-N solution for 
cubic materials. 

Previously, the evaluation of the constitutive equations could be 
performed using the V-N model to achieve accurate results for most 
indentation experiments. However, a solution of these constitutive 
equations from the V-N model is not available analytically. Conse
quently, computationally intensive numerical simulations are often 
required and their evaluation is difficult for many researchers using 
nano-indentation experiments. 

The method proposed in this study enables an estimation of the 
single-crystal stiffness tensor without solving the V-N model by using 
pre-compiled solutions for cubic materials. Using the examples of a 
single phase austenitic FeNiC steel and a two-phase nickel-bearing 
Seymchan meteorite, the capabilities, limitations and methods for 
overcoming the deficiencies of the newly developed combinatorial 
analysis are demonstrated. 

4.1. FeNiC steel 

Qualitatively, the mechanical properties that are revealed by the 
indentation maps are consistent with earlier observations by Vlassak and 
Nix as well as other observations [11,19]. Here, the indentation modulus 
of the (100) plane is the lowest, while for the (111) plane it is the 
highest. Furthermore, the measured hardness values of the sample 
showed a different degree of variation over the varying orientations. 
However, most importantly, the indentation moduli were predicted 
reasonably from the indentation modulus tensor as shown in Table 2 and 
illustrated in Fig. 6b). 

In the second optimisation step, the C11, C12, C44 values of the single 
crystal stiffness tensor were estimated by applying the pre-compiled 
solutions of the V-N model. The optimised CNIopt2 entries resulting from 
the second optimisation is compared with other experimental results 
[37] in Fig. 13 revealing a good agreement. 

Overall, the tensor-based two-step approach yielded good results and 
it is particularly useful when high-speed NIT is involved, as it provides 
good statistics for applying the least-squares optimisation. 

4.2. Seymchan meteorite 

In general, correlation is particularly difficult if there is insufficient 
statistical data or if it is performed on multi-phase materials. The diffi
culties are demonstrated here using a dual phase meteorite as an 
example. The correlation of the meteorite sample was challenging for 
the following reasons: (i) the contribution from regions of no interest 
must be properly filtered out to avoid cross-contamination, (ii) the 
relatively coarse grain size did not provide a good grain orientation 
distribution, (iii) the grain size difference and complex grain boundary 
regions between the αm and γm made alignment difficult, (iv) the 
indentation spacing was similar-sized to the fine-scale features in the 
microstructure, (v) indentations placed on lateral or subsurface in
terfaces between phases yield mixed results. Hereinafter these limita
tions will be referred to as filtering, statistics or alignment problem, 
respectively. 

The combination of nano-indentation and microscopy-based analysis 
provides the possibility of a complex filtering process to exclude any 

Fig. 8. (a) Location and (b) data distribution of a selected subset region of the austenitic steel data highlighting the predicted indentation moduli for the specific 
(001), (011) and (111) planes as vertical lines. The dashed lines represent the predicted indentation moduli of the entire map for comparison. 

Table 4 
Total (grain size filtered > 20) data set compared to a subset used for optimi
sation. The estimated single crystal stiffness tensor components exhibit similar 
values when the subset contains sufficient grains with orientations spanning the 
full orientation range.  

Sample No. of points No. of grains C11opt2 C12opt2 C44opt2 

FeNiC (full) 49,800 approx. 400  199.8  107.5  87.7 
FeNiC (subset) 2369 approx. 25  186.0  100.1  92.7  
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Fig. 9. (a) Optical microscopy of the region of interest in the plessite region of the Seymchan meteorite and (b) alignment result for the optical micrograph, EBSD, 
EDS and hardness data. 
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undesired phase, but it depends strongly on the material system and is 
therefore very individual. As the Seymchan meteorite consists of a 
complex microstructure, it requires appropriate filtering for further 
correlation. By combining several filtering conditions, the contribution 
from γm and the fine-grained mixture region were removed. First, the 
EBSD-based phase filter (phase = kamacite) was applied to extract the 
γm, but due to misalignment, covered later in this section, the γm could 
not be fully filtered out. Therefore, by applying a composition based (Ni 
wt% < 10 wt%) and a confidence index filter (CI > 0.5), almost all 
contributions from the γm phase were successfully removed. As a final 
processing step, a DBSCAN clustering with a minimum cluster size of 50 

data points and a maximum distance of 0.08 between the data points 
was applied to eliminate data points with a large predefined distance to 
the cluster. This series of filtering operations as depicted in Fig. 14 was 
used to determine the mechanical responses of the correlated pure αm 
phase. 

4.2.1. Grain orientation statistics 
A challenge resulting from a lack of grain orientation statistics is that 

a frequent occurrence of the specific crystallographic orientations can 
bias the least squares minimisation. For example, in Fig. 15, the pre
dicted indentation moduli along the (001) and (111) planes normal 

Fig. 10. Hardness vs. indentation modulus plots of the Seymchan meteorite sample showing (a) phase separation, (b) nickel content from aligned EDS data, (c) IPF 
coloring from aligned EBSD data (the green [011] orientations are intentionally plotted in the foreground for better visualization) and (d) confidence index values 
from aligned EBSD data. 

Fig. 11. Filtering procedure applied for the Seymchan meteorite to enable separate analysis of the αm phase. EBSD data filled by nearest-neighbour approach (a) 
before combination with a (b) phase map and (c) after filtering. (d) Unfiltered and (e) filtered intensity plots for the Seymchan meteorite. 
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directions are well identified, as they are represented well by mea
surements on grains oriented accordingly, but the indentation modulus 
of the (011) plane could not be verified easily. 

In this case for the Seymchan meteorite, the validation of the pre
dicted indentation modulus of the (011) plane is not well achievable 
due to the relatively small number of orientations near the (011) plane, 
as shown in Fig. 11c). As a result, it is not possible to determine or 
confirm the indentation modulus of the (011) plane with certainty, 
which could be improved by a more homogeneous orientation distri
bution, e.g. by measuring across several areas or generally a larger area 
if the overall texture is not too strong. Most measurements were taken on 
grains with a surface plane near (001) and (111). Greater deviations 
from the predicted modulus are present in the near (001) orientations, 
as indicated by the purple colouring in Fig. 12c) as a result of a mix of 
larger deviations from the predicted value towards the red and blue ends 
of the colour scheme. This is related to the wider distribution around the 
average value in these grains visible in Fig. 15. It occurs with a 

Fig. 12. (a) ENI calculated from experimental Er using a Poissońs ratio ofν = 0, (b) predicted ENI from CNIopt for the αm phase of the Seymchan meteorite and (c) 
deviation between (a) and (b). 

Fig. 13. Single crystal elastic constants from different pulse-echo-overlap 
measurements (Fe-Ni) [37–52] compared with the predicted values for the 
FeNiC derived from the two-step method presented in this study. 
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systematic relationship between hardness and modulus in the sense of a 
constant H/E and this phenomenon does not appear to be related to a 
local gradient in Ni concentration as shown in Fig. 10b). It is, however, 
correlated with a stronger variation in surface height as extracted from 
the contact height measurements during indentation. It is therefore 
assumed that the increased scatter of the modulus mapping at constant 
ratio H/E originates from an orientation dependent etching topography 
encountered in this meteorite phase during the last metallographic 
preparation steps. Clarification of the origin of the orientation depen
dent etching and its exact nano-scale morphology are beyond the scope 
of this work, but are in principle well documented in the literature for 

different materials [53] and also used for crystal orientation mapping 
[54]. 

4.2.2. Alignment and interpretation of data sets with small features 
For the microstructure of the meteorite sample, the most difficult 

part is the alignment. In Fig. 10 it can be seen that the γm region does not 
only consist of γm points. It also contains a certain amount of αm points. 
This is due to the challenges anticipated and indeed presented by this 
microstructure. The existence of two phases and small single phase re
gions makes alignment much more challenging than in a single phase 
polycrystal, as long as the grain size is significantly larger than the 
minimum indentation spacing. In addition, near the interphase bound
ary, even small misalignments can make the correlated data inaccurate. 
Furthermore, the orientation, chemical and mechanical analyses suffer 
from averaging effects related to their respective interaction volumes 
(visualised indirectly in terms of the EBSD confidence index (CI) in 
Fig. 10d)) as well as possible distortions in the signal due to surface 
topography originating from the metallographic preparation and me
chanical contrast between the phases. For the thin γm phase, in contrast 
to the bulky αm phase, the major part of the data is visibly contaminated 
by αm due to the misalignment. 

Although the two-dimensional correlation technique has proven to 
be quite serviceable, correlative nano-indentation is challenging under 
special circumstances. Several of these issues for single phase materials 
have already been discussed in detail by Magazzeni et al. for the 
XPCorrelate tool which provides similar capabilities within the MAT
LAB® environment [17]. The limitations were divided into two cate
gories, alignment and interpolation, where the alignment limitation 
originated from misalignment of the different measurements, while the 
interpolation limitation resulted from interpolation between the data
sets with different data characteristics. 

The correlation between the different datasets requires consideration 
of the limitations of the respective measurement methods. For example, 
high-speed NIT can be less precise than classical nano-indentation due 

Fig. 14. (a) Raw data set without filtering and (b)-(f) sequential filtering steps to reveal respective filter effects. (b) Phase (here Kamacite), (c) CI (here > 0.5), (d) 
composition (here Ni < 10 wt%), (e) combined (here Phase + CI + composition) and (f) refined clustering (here DBSCAN) + combined filter methods. 

Fig. 15. Hardness vs. indentation modulus plot for the Seymchan meteorite, 
colourised according to the corresponding orientations (IPF colour code) and 
highlighted predicted indentation moduli for the three specific crystallographic 
planes (001), (011) and (111), respectively. 
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the general speed of the measurement, the sampling rate or due to the 
high strain rate and closer spacing between the indents [17,55,56]. 
Consequently, potential sources of error include alignment, interpola
tion and methodological limitations, whereby alignment could be crit
ical for multi-phase materials if the grain size distribution of the given 
sample is multi-modal or the aspect ratio of the grains is high. The de
gree of misalignment was quantified to demonstrate the alignment 
problems by calculating the proportion of a well aligned rectangular 
area. Therefore, two surfaces of different sizes but with the same shape 
are used for demonstration. Exemplary geometries for this calculation 
are given in Fig. 16 and the corresponding equation is presented in Eq. 
(16). 

Here, lx and ly are the lengths of the statistically homogeneous 
rectangular area along the x- and y-directions, respectively. Ra repre
sents the aspect ratio of the rectangular area, where Δ ly and Δ lx denote 

the displacement of the geometry along the x- and y-directions, 
respectively. 

Assuming that the misalignment in x- and y- direction is equal (Δlx =

Δly), the proportion of the correctly aligned surface can be calculated by 
Eq. (16). 

Aaligned

Atotal
=

max(0, lx − |Δlx| ) • max
(
0, Ralx − |Δly

⃒
⃒
)

Ralx
2 (16) 

For a given misalignment Δl in either direction, the well-aligned area 
scales with the absolute difference between the area’s length l and the 
misalignment. This implies in particular, that the accurately aligned 
area of the phase with smaller grains or domains tends to decrease faster 
than that of the phase with larger grains or domains, as shown in 
Fig. 16b). In addition, the higher the aspect ratio, the faster the well- 
aligned area decreases for isotropic misalignment. For this reason, 

Fig. 16. (a) Assumed geometries with similar aspect ratio, but different sizes for (b) calculation results of the fraction of the correctly aligned area depending on the 
grain/area size. 

Fig. 17. (a) Hardness plot of the meteorite sample, superimposed with an indentation pattern coloured according to the γm phase; (b) indentation map overlayed 
with correlated EBSD spots revealing a thin γm band not indexed by the EBSD measurement highlighted in yellow. The region of this methodological limitation is 
depicted within the red rectangle. Spatial resolution discrepancy of (c) EBSD and (d) EDS with a detector area window of 60 mm2. In comparison (e) EBSD (where γm 
is indexed as tetrataenite) with correlated (f) higher precision EDS detected with two large area window detectors of 100 mm2 after indentation that allowed 
quantification without binning. 
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microstructures with a multi-modal grain size distribution or high aspect 
ratios are challenging to correlate. 

Methodological differences also need to be considered. Using the 
correlated EBSD and nano-indentation data of the meteorite in Fig. 17 as 
an example, it becomes apparent that a perfect correlation was not 
feasible, especially within the region containing thin γm seams, as some 
were partially not indexed by EBSD. 

Additionally, the incompatibility of different spatial resolutions af
fects the correlation and needs to be considered. For example, the 
quantified e-ZAF EDS data of the Seymchan meteorite exhibited a 
relatively high degree of blur compared to the EBSD data due to binning 
for better e-ZAF quantification, as shown in Fig. 17c) and d). However, 
this can be effectively corrected by using improved equipment or 
acquisition parameters, as shown in Fig. 17e) and f). In addition, it could 
be that the correlation is less accurate when the point-to-point correla
tion is performed for fine structures or grain boundary regions. It is also 
necessary to take into account the intrinsic spatial resolution limitation 
of the elemental analysis due to the larger interaction volume of the 
characteristic X-ray emission compared to the backscattered electron 
emission. 

In conclusion, the point-to-point correlation should ideally be per
formed either between data with similar spatial resolution or with 
appropriate data filtering methods to avoid erroneous correlations. In 
general, the observations and results of the two materials investigated in 
this study were analysed mainly to demonstrate the potential of the 
newly developed library rather than for scientifically accurate extrac
tion of unknown elastic constants. 

Despite the limitations encountered with respect to the fine, two- 
phase and textured meteorite microstructure, the combinatorial 
approach of the nano-indentation and the EBSD measurement can pro
vide valuable insights. It was demonstrated that the high-speed NIT can 
elucidate the single crystal stiffness tensor without the need to solve the 
complex constitutive equations of the V-N model. As a result of the 
statistical advantage of high-speed NIT, a reliable estimation of the 
indentation moduli of low-index planes was possible. Therefore, this 
study presents further possibilities, such as the use of pre-compiled 
equation databases for other crystal systems, even if the numerical so
lutions for other crystallographic systems are not yet fully established. 

5. Conclusions 

Using a specifically developed point-to-point correlation method 
between nanoindentation, EBSD and EDS, it was demonstrated that the 
elastic stiffness tensor can be extracted from indentation data with good 
agreement between measurement and estimation. For this, we used two 
different materials, a single phase polycrystal with weak texture and a 
two-phase material with a strong texture as well as small features 
compared with the spatial resolution of the correlated measurements. 
This highlighted both the potential and the limitations of the approach, 
which are summarised as follows:  

1. Using the correlation between the EBSD measurements and high- 
speed NIT experiments on a single phase austenitic steel demon
strated that the orientation-dependent indentation moduli could be 
fitted successfully using DFT data for pure iron as starting values.  

2. In a second step, this enabled the estimation of the single crystal 
stiffness tensor based on the pre-solved equation parameters of the V- 
N model that showed good correspondence with other experimen
tally obtained single crystal stiffness tensor estimates.  

3. Importantly, this analysis is possible without computationally 
expensive solving of constitutive equations underlying the V-N 
model.  

4. In multi-phase materials with complex microstructures, difficulties 
are encountered, particularly where the uncertainty in alignment 
approaches the spatial resolution of the least accurate correlated 
measurement. However, appropriate filtering allows the extraction 

of correlated data from suitable regions of interest even if embedded 
in a microstructure that is ill-suited for correlative analysis as a 
whole. 

Overall, the presented method therefore demonstrates great poten
tial to derive more directionally sensitive elastic properties from 
indentation with relative ease in the future. 
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