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ABSTRACT

To improve component design, the fundamental understanding of the fatigue

behaviour of gas turbine materials is essential. Since Ni-alloys exhibit pro-

nounced elastic anisotropy, the local grain orientation strongly affects the stress

and strain distribution in the material under mechanical loadings. This work

addresses the characterisation of anisotropic elastic–plastic deformation and its

consequences for crack initiation of nickel-base superalloy IN617 under tensile

loading. Samples were loaded in situ in a scanning electron microscope (SEM) to

correlate the deformation behaviour with the grain structure and the grain

orientation determined by electron backscatter diffraction (EBSD) measure-

ments. To calculate the resulting stresses and strains, the EBSD data were used

to develop a model by finite element method (FEM) considering the grain

structure and orientation. The results of the elastic–plastic finite element (FE)

simulation were compared with the theories of the E�m model based on the

Schmidt factor (m) and anisotropic Young’s modulus (E). A mathematical image

registration method called ‘‘optical flow method’’ (OFM), which is capable to

calculate the transformation of EBSD measuring points during deformation, was

applied to the EBSD data. The strains calculated by the optical flow method and

by FE simulation were compared for two samples. The findings revealed large

strains in the later crack initiation area found in both the OFM and FEM. The

developed FEM model was verified by the successful correlation of hypotheses

of the E�m model with the simulated mechanical behaviour. Furthermore, the

impact of the microstructural neighbourhood on the mechanical behaviour was

emphasised.
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GRAPHICAL ABSTRACT

Introduction

High-temperature materials such as nickel-based

superalloys provide long-term stability and adequate

mechanical properties at temperatures permanently

exceeding 500 �C [1, 2]. The applications include aero

engine or power plant turbine blades and discs for

cast alloys. Sheet material such as the here investi-

gated alloy IN 617 is used for high-temperature

ducting, combustion cans or hot gas transition liners

[3]. Cast components, e.g. turbine blades, are manu-

factured by three different routes resulting in single

crystals, directionally solidified structures or ran-

domly oriented polycrystals [4]. A subsequent ther-

mal treatment is often used to increase mechanical

strength by coherent Ni3(Al,Ti) c0 precipitation

hardening [5]. Regardless of the individual

microstructure or application, all nickel-based

superalloys have a crystal anisotropy factor of more

than 2.5. Depending on the texture, Young’s modulus

(E) can vary from 130 to 330 GPa [6], which affects

the resulting shear stresses in the slip systems [7], and

causes an inhomogeneous stress distribution, local

stress peaks and potentially early fatigue failure [8].

The deformation behaviour of nickel-based superal-

loys has been investigated considering various

parameters and observing phenomena on the macro-,

micro- and nanoscale [6, 7, 9–15]. Many investiga-

tions show a relation of strain and slip band or twin

formation that is always linked to a local plastic

deformation in static or cyclic loadings, observed and

quantified for example by digital image correlation in

combination with electron backscatter diffraction

(EBSD) [12, 16, 17]. Simulations of artificially created

grain structures subjected to uniaxial loading, con-

sidering the local stiffness tensors and Schmid factors

(m) were conducted using finite element method

(FEM). In previous research, the consideration of

local stiffness tensors and local Schmid factors

(m) was described as the E�m model [7, 9, 15, 18, 19].

The simulated response of the material to loading

was analysed considering the E�m model.

Schmid’s law describes the resulting shear stress

sres under a uniaxial tensile load r considering the

slip systems of crystalline material given by the angle

of the slip plane normal k and the angle of the slip

direction j with respect to the tensile axis which are

combined to the Schmid factor m [19].

sres ¼ r � cos kð Þ � cos jð Þ ¼ r �m ð1Þ

As a background for the subject of this work, the

general theories with respect to E and m can be
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summarized as follows: grains with low E show

elevated elastic deformation after initiation of defor-

mation [20, 21] and large elongation before plasticity

[22]. High shear stress [18, 19], plastic deformation

and formation of slip bands [7, 15] have been

observed for grains with high E�m. Moreover,

strongly dissimilar E�m of adjacent grains leads to

stress concentrations [8, 18] that are potential fatigue

crack initiation sites [7, 9].

In contrast to conservative deterministic methods

that imply high safety factors in component design, a

probabilistic model for lifetime prediction was

developed based on experimental data and finite

element (FE) simulations of artificial samples

[7, 11, 14]. All these investigations considered local

Young’s moduli and Schmid factors with respect to

the phenomena outlined above.

The study presented in this paper focuses on the

deformation behaviour of nickel-based superalloy

Inconel 617 under tensile load and experimentally

analysed by in situ loadings in the SEM and accom-

panying EBSD measurements. The results of two

samples (sample 1 and sample 2) were discussed and

referred to a sample of a previous study [23]. To

calculate the local strain, two methods were used and

compared. First, the EBSD data were used for an

image registration method, that uses the orientation

information to identify and to transfer each measur-

ing point from the initial to loaded state, called

optical flow method (OFM). Second, the EBSD data

were used to develop a virtual model for FE simu-

lations of the same loading scenario. Finally, the

results of both methods were compared, verified and

correlated with the E�m model described above.

Materials and methods

Inconel 617

The NiCr23Co12Mo alloy IN 617 is widely used in

turbine components [3] and was chosen for this

investigations due to its grain structure which can be

approximated by Voronoi tessellation [24]. This

enables a comparatively simple identification of

grains and straight-forward interpretation of the

results due to sharp and straight grain boundaries.

Because the in situ SEM/EBSD measurements were

only taken at one side of the sample, and to justify the

quasi-two-dimensional approach used in the

simulations, thin samples with a thickness of 0.5 mm

were investigated. The average grain sizes after

thermal treatment of 0.585 mm (sample 1) and

0.507 mm (sample 2) were determined by the line

intercept method. As these values are larger than the

thickness of the samples, it can be inferred that there

is largely only one grain in the thickness direction of

the samples, legitimating the quasi-two-dimensional

approach. Sample 1 was investigated for large elastic

and plastic deformation until rupture accompanied

by EBSD measurements. Due to the large grain size,

the small sample thickness and the highly anisotropic

elastic properties, the samples may not necessarily

rupture in the gauge, but in the tapered gauge-shaft

transition. To increase the probability of failure in the

observed area, a comparatively big gauge length of

15 mm was manufactured for sample 1. Sample 2

was loaded until smaller elastic deformation accom-

panied by EBSD measurements with a high resolu-

tion to complement the findings gained from sample

1. Since the EBSD measurements are very time-con-

suming, the length of the measurement gauge was

reduced, so that one measurement is sufficient to

cover almost the whole gauge in a reasonable time.

The chemical composition provided by the dis-

tributor is listed in Table 1. The low Al and Ti con-

tents compared to cast alloys, e.g. René80 (* 3 wt%

Al and * 5 wt% Ti) [25], indicate that Ni3(Al,Ti) c0

precipitation hardening is rather limited, which

simplifies plastic deformation.

The steps of manufacturing the samples and the

respective microstructure of exemplary sections are

depicted in Fig. 1. First, an Inconel 617 sheet was

divided into smaller pieces by water cutting, showing

the initial grain structure with an average size of *
100 lm (Fig. 1a). Thermal treatment was performed

at 1200 �C for 170 h in air to coarsen the

microstructure. Preliminary tests revealed that tem-

peratures equal or higher than 1200 �C are suffi-

ciently high to activate grain growth which,

nevertheless, takes considerable time, as shown in the

literature, e.g. [27]. However, higher temperatures

lead to a more pronounced oxidation and the for-

mation of pores. Considering temperature, time, the

resulting grain size as well as oxide and pore for-

mation, a heat treatment at 1200 �C for 170 h showed

the most promising results (Fig. 1b). The heating and

cooling rates of the thermal treatment are listed in

Table 2.
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An oxide layer of * 100 lm and an increased

porosity up to of 500 lm below the oxide layer are

nevertheless apparent after the thermal treatment.

Hence, the sheets were milled from both sides until

0.7-mm-thick samples were extracted from the

undamaged material volume, as highlighted in

Fig. 1b. Finally, the samples were grinded to a

thickness of 0.5 mm, polished and etched (Adler-

etchant) for investigation.

Tensile loading and EBSD measurements

The tensile load was applied by a Kammrath & Weis

tension–compression-module mounted in the vac-

uum chamber of an FEI Quanta 600 SEM. The load

frame with mounted specimen is shown in Fig. 2. The

areas I–V mark the sections that were measured

consecutively by EBSD for each applied load level.

The EBSD measurements were taken using a hkl

Channel 5 EBSD system with a working distance of

18 mm and a 20-kV beam. The EBSD measurements

were accompanied by secondary electron (SE) images

for further documentation of the deformation. Two

samples were investigated in this work. The param-

eters of the EBSD measurements are listed in Table 3.

Table 1 Chemical

composition of Inconel 617 in

wt% [26]

Ni Cr Co Mo Fe Al Ti C Mn S Si Cu

Min 44.50 20.00 10.00 8.00 0.80 0.05

Max 24.00 15.00 10.00 3.00 1.50 0.60 0.15 1.00 0.015 1.00 0.50

Figure 1 Sample geometries and the respective microstructure at

each manufacturing step for a water cut IN617 sheet in initial state

and microstructure, in viewing direction to the sheet edge b IN617

sheet after thermal treatment, showing an oxide layer and

enhanced pores close to the surface, in viewing direction to the

sheet edge c finally milled sample geometry with polished and

etched surface for the investigations.

Table 2 Heating and cooling rates of the thermal treatment

RT to 1200 �C 1200–800 �C 800–200 �C 200 �C-RT

5 �C/s 1.5 �C/s 0.25 �C 0.04 �C

Figure 2 Tensile-compression module for in situ SEM/EBSD

measurements in the areas I-V.
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Optical flow method

Considering two imagesIi : Xi !; i ¼ 1; 2, where Xi �
R2 is the image domain of image Ii and M � Rd is the

range of measured data, say M ¼ 0; 1½ � for grey-val-

ued images. Then any transformation u : X1 ! X2

which maps image I1 onto image I2 must satisfy the

transport equation

I1 xð Þ ¼ I2 u xð Þð Þ; x ¼ x1; x2ð Þ 2 X1 ð2Þ

The computation of a transformation u satisfying

Eq. 2 is a classical problem in image processing and

usually referred to as image registration, see [28, 29]

for an overview. Given a transformation u then the

displacement field u : X1 ! R2 and the displacement

gradient ru : X1 ! R2�2 are defined by Eq. 3.

u xð Þ ¼ u xð Þ � x; x 2 X; ru ¼

ou1

ox1

ou1

ox2
ou2

ox1

ou2

ox2

0
BB@

1
CCA ð3Þ

From the displacement gradient we can compute

the strain tensor E : X1 ! R2�2 given by

E ¼ 1

2
ruþruT þruTru
� �

¼ 1

2
ruþruT
� �

ð4Þ

For grey-valued images digital image correlation

methods (DIC) are used in state-of-the-art software

packages for strain analysis, e.g. [30–32]. Recently,

variational models have been shown more sensitive

to abrupt changes by using priors with higher-order

derivatives, cf. [33–35]. In what follows we consider

EBSD data, i.e. M ¼ SO 3ð Þ=S, where

SO 3ð Þ ¼ R 2 R3�3 : RRT ¼ I; det Rð Þ ¼ 1
� �

ð5Þ

is the rotation group, consisting of the three-dimen-

sional rotation matrices, and S � SO 3ð Þ is the sym-

metry group of the underlying crystalline structure.

Since ESBD data are sensitive to spatial rotations

induced by the deformation, the consistency

assumption (see Eq. 2) of the measurement values

must be adapted. This behaviour is seen by

measuring one specimen using two reference systems

which differ by a spatial rotation. More precisely, let

u be a rigid transformation of the form

u xð Þ ¼ cos að Þ � sin að Þ
sin að Þ cos að Þ

� �
x1

x2

� �
þ v1

v2

� �
; x 2 X1

ð6Þ

where a 2 0; 2p½ � is a rotation angle and v 2 R2 is a

translation vector. If the surface normal of the speci-

men points into the x3-direction, then the orientation

measurements of image I1 must be rotated by

Ru ¼
cos að Þ � sin að Þ 0
sin að Þ cos að Þ 0

0 0 1

0
@

1
A � SO 3ð Þ ð7Þ

Hence, taking this change of the orientation mea-

surements into account we arrive at the adapted

transport equation.

I1 xð Þ ¼ RT
uI2 u xð Þð Þ; x 2 R2 ð8Þ

For that reason, new variation models which are

aware of such orientation changes have been pro-

posed in [23], where the numerical results show that

these models are able to reconstruct displacement

fields with small and large displacements for syn-

thetic and real data.

Transformation of EBSD data to finite
element models

To simulate the deformation according to the exper-

imental setup, the EBSD data were transferred to an

FE model in several steps using the MATLAB toolbox

MTEX 5.8.1, the finite element mesh generator gmsh

3.0.6, the programming language Python 3.6.0 and

the software suite Dassault Simulia Abaqus 2021. The

flow chart given in Fig. 3 illustrates the procedure.

The measured EBSD data (see Fig. 3a) were first

edited in the MATLAB toolbox MTEX following the

documentation [36] to index the data according to the

measured orientations, recalculate and identify the

grain geometries, fill the grains to eliminate non-

Table 3 Parameters of EBSD measurements

Resolution: measured points per mm2 Indexing rate in % Step size in relation to 100 lm displacement in %

Sample 1 6:66 � 103 75 10

Sample 2 8:24 � 105 94 2

Reference sample [23] 1:75 � 107 91 10
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indicated areas and smoothen the grain boundaries to

remove sharp edges that disturb the FE simulation

(see Fig. 3b). Finally, the orientations were trans-

ferred to Euler angles with respect to the grain ID and

the recalculated grain geometries were exported to a

geometry file (*geo) to be meshed in the next step

using gmsh (see Fig. 3c). The tetrahedral mesh

(C3D6) is relatively coarse in the centre of the grains

but refined at grain boundaries according to the gmsh

algorithm. Gmsh allows to export an input file suit-

able for Dassault Simulia Abaqus 2021 that is used for

the simulations. A Python script was used to assign

the measured orientations to the individual grains. In

the last step the model is finally prepared for the

simulation in Abaqus by implementing directional

material properties (see Table 4) and boundary con-

ditions (see model in Fig. 3d). Values for density and

stiffness were taken from the literature, whereas the

plastic stress–strain relation was taken from the ten-

sile test data of sample 1 (Fig. 4).

Figure 3 Flow chart of FE model generation with a measured EBSD data; b recalculated microstructure; c meshing; and

d implementation of texture, material properties and boundary conditions.

Table 4 Material properties

used in the FE model Density [26] 8.5 t/m3

Stiffness matrix in GPa [37] 280 191 191
191 280 191
191 191 280

127
127

127

2
6666664

3
7777775

Relation between stress and plastic strain Yield stress in MPa Plastic strain in %

200 0

400 0.53

470 2.0

500 3.3

Figure 4 Stress–strain behaviour of sample 1 and points a-

d referred to Fig. 5.
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Results

Sample 1

The first sample was deformed until rupture while

measuring the whole gauge length by EBSD (see

Fig. 4, all steps between the points a and b) up to a

total longitudinal strain of exx ¼ 2:74%. At higher

levels of deformation, EBSD did not provide usable

data, but the observation by SE imaging was contin-

ued. Different stages during the tensile test of sample

1 until rupture are marked in the stress–strain dia-

gram in Fig. 4.

The stress–strain diagram shows a linear elastic

deformation until exx ¼ 0:41% at 200 MPa. The tensile

tests were performed with a strain rate of 0.4%/min

Figure 6 EBSD data at a exx ¼ 0%, b exx ¼ 2:75% and c reconstructed grain structure of sample 1.

Figure 7 Average misorientation in the grains at a exx ¼ 0%, b exx ¼ 2:74% and c plastic deformation simulated by FEM at exx ¼ 0:4%.

Figure 5 Microstructure of IN617 sample 1 during tensile loading selected total strain levels ðexxÞ a exx ¼ 0%; b exx ¼ 2:74%; c

exx ¼ 26:74%; and d ruptured at exx ¼ 69:85%, see supplementary material S1.
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in the elastic range and 2%/min in the plastic range.

After the onset of plastic deformation, the sample

shows a large elongation until rupture. SEM images

of the specimen surface close to the position of rup-

ture (area II in Fig. 2) taken at the strains highlighted

in Fig. 4 are shown in Fig. 5.

Figure 5 shows the microstructure in the initial

state, at exx ¼ 2:74%, exx ¼ 26:74% and after rupture.

The increasing plastic strain results in distinct chan-

ges of the surface topography (Fig. 5b and c): All

grains in Fig. 5b show more or less pronounced slip

bands in all grains. The arrow indicates a group of

very pronounced slip bands in one grain. In Fig. 5c,

all grains clearly show a high density of slip bands

and a three-dimensional deformation of the surface

due to anisotropic deformation. Moreover, in the

encircled areas of Fig. 5c, pronounced local defor-

mation caused by the deformation mismatch at and

close to the grain boundaries can be observed, which

is finally followed by rupture (see Fig. 5d).

The EBSD data obtained in the deformation states

shown in Fig. 5a and b were used for the strain

determination by OFM. Furthermore, the determi-

nation of E, m and E�m as well as the recalculated

grain structure based on EBSD data later used for FE

simulations is shown in Fig. 6. For both states

(exx ¼ 0% and exx ¼ 2:74%) 75% of the measured

points were indexed correctly. Despite lower index-

ing quality in some grains, the grain structure was

successfully reconstructed by the MTEX algorithm

(Sect. 2.4).

The average misorientation of each grain in the

undeformed and elasto-plastically deformed state at

exx ¼ 2:74% is shown in Fig. 7a and b and the calcu-

lated beginning plastic deformation by FE simulation

at exx ¼ 0:4% (Fig. 7c), because the FE model is only

valid for onsetting plastic deformation, which is

explained later in the text. As expected, the plastic

deformation results in a global increase of the aver-

age misorientation. The most distinct changes are

observed the grains undergoing the highest plastic

deformation according to the FE simulation shown in

Fig. 7c.

Figure 8 shows the calculated E, m and E�m
(Fig. 8a–c), the stress, strain and shear stresses

obtained by FE simulation (Fig. 8d–j) for character-

istic total strains exx, slip bands in the microstructure

(Fig. 8k) and the strain field calculated by the OFM

(Fig. 8l). The tensile test results (Fig. 2) indicate the

onset of macroscopic plastic deformation at exx ¼
0:4% The simulated deformation starts at a total

strain of exx ¼ 0:02%, i.e. in the fully elastic regime.

The OFM was applied for EBSD data in the initial

state exx ¼ 0% and at exx ¼ 2:74%, i.e. in the fully

plastic regime. Figure 8j shows the resulting shear

stress in the active slip system calculated by multi-

plication of the stress tensor and the modified Schmid

factor of the most favourable slip system according to

previous work [8].

The simulated stresses and strains (Fig. 8d–j) were

analysed under consideration of Hooke’s law and the

E�m model with respect to the tensile load in x

direction given in Fig. 8k. The interaction of differ-

ently oriented grains with anisotropic elasticity

complicates stress state. However, the E�m model is,

at least qualitatively, confirmed by the FE simula-

tions: In the purely elastic regime (exx ¼ 0:02%), most

of the grains with lower Young’s moduli show higher

local deformation than neighbouring grains with

higher Young’s moduli (see Fig. 8g). Also, at the

onset of plastic deformation (exx ¼ 0:4%), those grains

tend to higher longitudinal strain (see Fig. 8h). Grains

with higher E�m exhibit higher shear stresses with

respect to the slip system (see Fig. 8j) and correspond

to the areas of beginning plastic deformation (see

Fig. 7c). Moreover, high E�m is correlated with high

normal stresses (see Fig. 8e). Neighbouring grains

with dissimilar E�m led to large local differences and

stress peaks that under cyclic loading may cause

fatigue failure. The simulated stress and strain

behaviour of the specimen corresponds to the theo-

ries of the E�m model in the regime of onsetting

plastic deformation, which verifies the here devel-

oped FE model. Additionally, the actual crack initi-

ation occurs between two grains that differ in E�m
(Fig. 8c) and that show an increased local strain

(Fig. 8i). The approximately homogeneous stress

distribution at exx ¼ 2:74% indicates a full plastifica-

tion of the sample and reveals the limit of the applied

FE model, since the stress is calculated by continuum

mechanics only, but crystal plasticity would have to

be considered for correct simulation of local stresses

in case of high plastic strains (see Fig. 8f).

bFigure 8 Calculated E, m and E�m (a-c), the stress, strain and

shear stress simulation (d-j) for different total strains, slip bands in

the microstructure (k) and the strain calculated by optical flow

method (l).
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The second approach of characterization was the

determination of local strain by optical flow method.

Comparing the simulated strain distribution at a

nominal strain exx ¼ 2:74% (Fig. 8I) and the associ-

ated strain field determined by the OFM, the differ-

ences are obvious. Unlike the locally varying

simulated strain that strongly corresponds to the

materials grain structure, the resolution of strain,

calculated by OFM, is limited to three relatively large

zones with similar deformations (blue, green and red

areas in Fig. 8I). Nevertheless, the magnitude of the

determined strain (0–3%) is reasonable and the area

with the highest strain correlates to the area of later

crack initiation (Fig. 8i and l, circle 1). Additionally,

some other areas match in all cases. These areas

(Fig. 8i and l, circles 2–4), include grain boundaries

between grains with large differences in E�m. Since

the OFM compares information of measurement

points in the initial and deformed state, the accuracy

is depending on the resolution measurement points

per strain (see Table 3). The EBSD measurements

according to the results shown for sample 1 were

taken with a step size of 10% in relation to 100 lm

displacement. Therefore, the states of lower defor-

mation were not suitable for the analysis by optical

flow, because the differences were hardly detectable.

Moreover, the indexing rate was only 75%, which can

be balanced by reconstruction of the grain structure

for the simulations. For the OFM this means that 25%

of the measurement cannot be considered for the

strain calculations, but since the failed indexing

occurred mainly in one large grain, the data were still

considered as reliable. However, since the principal

of the OFM has been proven in previous works [23] it

was assumed that the accuracy and the resolution of

the EBSD data were insufficient to resolve the local

deformations in detail.

Sample 2

The second sample 2 was solely elastically deformed

for EBSD measurements and OFM since the FE model

does not consider crystal plasticity model (see Fig. 8f)

and therefore is only valid until the onset of plastic

deformation. However, sample states at larger strains

have been observed by SEM for the detection of slip

bands. Additionally, a better index rate was achieved

in the EBSD and hence, a more accurate determina-

tion of strain by the OFM was expected. However,

despite a much larger number of measurement points

per area, the smaller deformation leads to a lower

transformation of single measurement points and the

proportion of change between the initial and

deformed state is much smaller. The main differences

between the EBSD measurements of sample 1 and 2

are listed in Table 3.

The measured EBSD data and the reconstructed

grain structure are shown in Fig. 9. Compared with

the data of sample 1 in Fig. 6, the higher resolution

and the more accurately reconstructed grain structure

Figure 9 EBSD data at a exx ¼ 0%, b exx ¼ 0:3% and c reconstructed grain structure of sample 2.

Figure 10 Stress–strain behaviour of sample 2 and points (a-

c) referred to \* MERGEFORMAT Fig. 11.
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are clearly visible. Additionally, the average grain

size is slightly lower (0.507 mm), and the

microstructure contains more twins.

Since sample 2 was investigated to complement the

findings of sample 1, the following analyses focus on

the influence of data resolution on the accuracy of the

optical flow method and the correlation between the

FE simulations and the E�m model. To detect the

initiation of slip band formation, the gauge length

was observed, while tensile loads were applied. The

load and deformation stages during the tensile test of

sample 2 are marked in the stress–strain diagram in

Fig. 10. For sample 2, the stress tends to be slightly

lower at the same strain levels, but in general the

results of both samples correspond to each other.

Figure 11 shows the surface microstructure in the

initial state (Fig. 11a), at ex ¼ 2% (Fig. 11b) and exx ¼
10% (Fig. 11c). Slip bands occurred at exx ¼ 2% in the

grains No. 1–11, marked by the dashed lines. In case

of grains No. 1 and 2 only the twins showed slip

bands and are therefore numbered as separate grains.

At a total deformation exx ¼ 10%, large elastic and

plastic deformation was observed. especially at the

triple points between the grains No. 3-4-5 and 7-8-9.

The formation of slip bands indicates the beginning

of local plastic deformation that occurs, according to

the E�m model, depending on the orientation of each

single grain and on the orientation differences

between neighbouring grains.

Figure 12 shows the grain specific E, m and E�m
(Fig. 12a–c). The simulated stresses and strains are

mapped in Fig. 12d–h whereby Fig. 12d shows the

maximum shear stress considering the most favour-

able slip system, analogous to Fig. 8j. The local strain,

determined at exx;total ¼ 0:3% by the optical flow

method, is shown in Fig. 12i. The areas with highest

strain, determined by the OFM, are highlighted by

coarsely dashed lines. Considering the E�m model

with respect to slip band formation, almost all affec-

ted grains show middle to high E�m, except grain No.

7 which however only partially shows slip bands.

Therefore, it is assumed that the slip band formation

was induced by the deformation of its neighbouring

grain No. 8. Grain No. 11 is almost equally divided

into two sections with similar orientation, Young’s

modulus, Schmid factor and E�m (see Fig. 12a–c).

However, an opposing shear strain direction (see

Fig. 12g) and remarkably, the majority of slip bands

occur in the right section with a slightly higher E�m
and shear strain. Grains 3, 4, 5, 8 and 10 also contain

twins, and, hence, regions of different crystal orien-

tations, but in these cases slip bands occur all over the

grains.

According to the E�m model, the slips systems in

grains with high E�m undergo higher resulting shear

stress and vice versa, which is confirmed for the

grains No. 3, 4, 5, 6, 7, 8, 9 and 10 (see Fig. 12a–d).

Grains No. 1, 2 and 11 show high E�m, but low

resolved shear stresses in their slip systems and high

normal stress (see Fig. 12e). Additionally, high shear

stress occurs in many other grains with high E�m,

which, however, do not show slip bands, emphasis-

ing the importance of the microstructural neigh-

bourhood rather than solely considering E�m for

single grains at, and close to, the onset of plastic

deformation.

Slip band formation is one effect associated with

beginning plastic deformation that is depicted in

Figure 11 Microstructure of sample 2 under tensile load a in initial state, b exx;total ¼ 2% and exx;total ¼ 10%, see supplementary material

S1.
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Fig. 12f at a simulated total strain of exx;total ¼ 0:4%.

Plastic deformation occurred in or directly near to all

grains (No. 1–11) that contained slip bands at

exx;total ¼ 2% (see Fig. 11b). Since slip bands were

visually detected by SEM observation of the surface,

there is a possible delay between the initiation of

plastic deformation and visibility of resulting slip

bands. However, all grains that include slip bands

show plastic stain in the simulation (see Fig. 12f).

Hence, the other few regions that show plastic

deformation in the simulation may have been also

plastically deformed in the experiment, but without

visible slip bands.

Figure 12 Calculated E, m and E�m (a-c) and materials reaction under tensile load in x-direction: shear stress (d), normal stress (e) and

plastic strain (f), shear strain (g), elastic strain (h) and the strain calculated by optical flow method (i).

J Mater Sci (2023) 58:8990–9005 9001



The strain determined by OFM based on EBSD

data between the initial state and at exx;total ¼ 0:3% is

shown in Fig. 12i. Three characteristic areas with the

highest values around 0.4% are clearly visible. In

contrast, Fig. 12h shows that the simulated strain is

more equally distributed in the whole area and

reaches the maximum of 0.3% at several places.

Nevertheless, the area of maximum strain deter-

mined by OFM (Fig. 12i) coincides with zones of

large simulated strains (Fig. 12h) and contains some

areas that reached the maximum deformation deter-

mined by FEM. However, the accordance between

strain determined by OFM and by finite element

simulation is even less than for sample 1 despite the

higher resolution and indexing rate, but the lower

transformation of measurement points in relation to

the investigated area size and the fact that less mea-

surement points were considered in relation to strain

or larger step size per displacement, respectively (see

Table 3), obviously limited the quality of the OFM

analyses.

Summary and conclusions

The mechanical behaviour of quasi two-dimensional

samples of the nickel-based superalloy IN 617 under

tensile loading has been investigated using SEM/

EBSD data. The behaviour was analysed using an

image registration method—the optical flow

method—that has been presented in a previous work

[23] and by a specially developed FE model. The

results of two samples were presented.

Sample 1 was deformed far into the plastic regime

up to 8% total strain accompanied by EBSD mea-

surements and then loaded until rupture. The large

deformation caused a large translation of the indi-

vidual measurement points, which facilitated the

strain determination by OFM. In contrast, sample 2

was only elastically deformed. Therefore, the dis-

placement of a single measurement point relative to

the size of the investigated area was much smaller,

making an accurate strain determination by OFM

more difficult.

The resulting simulated stresses and strains were

considered in relation to the established E�m model

and Hooke’s law. The results confirmed the validity

of the E�m model and of the FE model up to the onset

of plastic deformation. The FE simulations included

continuum mechanics-based plastic deformation, but

no explicit crystal plasticity model. Therefore, the

results are only valid up to the onset of plastic

deformation (see Fig. 12f).

The strain fields determined by OFM showed only

limited correlation with the FE simulations for both

samples. Nevertheless, for sample 1, the region of

later crack initiation and some effects of the

microstructure on the local deformation were detec-

ted in agreement with the FE simulations. Sample 2

showed a rather poor overall correlation between the

strains determined by OFM and FEM. However, the

method was confirmed by a reference sample in

previous work. Therefore, it is assumed that the

experimental parameters of both samples were

insufficient for the OFM.

The major findings of this work are:

• A continuum mechanics-based, elasto-plastic FE

model has been successfully developed for IN617,

considering the grain structure and elastic aniso-

tropy. The model was successfully validated up to

the onset of plastic deformation.

• The E�m model was confirmed by the FE simula-

tions and experimental observations regarding

resulting average stresses and strains in the

individual grains as well as the formation of slip

bands.

• However, the E�m model is not capable to

consider the complex interaction of adjacent

grains in elastically anisotropic polycrystalline

materials.

• The strain determined by OFM correctly indicated

area of maximum strain in the FE simulation

where also crack initiation took place at the end of

the tensile test performed at sample 1. However,

the general correlation between the results of

OFM and FEM was limited.

• The successful application of the OFM for the

determination of strain fields requires both a

sufficiently large shift, i.e. a large number of

measurement points in relation to the deformation

and a very high indexing rate.
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