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Parameterization of a Non-local
Crystal Plasticity Model for Tempered
Lath Martensite Using
Nanoindentation and Inverse Method

Jenni K. Engels*, Napat Vajragupta and Alexander Hartmaier

Interdiisciplinary Centre for Advanced Materials Simulation, Ruhr-Universitdt Bochum, Bochum, Germany

Crystal plasticity (CP) models have proven to accurately describe elasto-plastic behavior
on micro- and nanometer length scales in numerous applications. However, their
parameterization requires a series of experiments and inverse analysis of the results.
In this regard, nanoindentation promises to be a well-suited tool for realizing a
parameterization approach to determine all model parameters. The objective of this
work is to develop a parameterization technique for a non-local CP model by means
of an accessible and reproducible workflow. To determine its feasibility, tempered lath
martensite with two different carbon contents is used as testing material. The workflow
combines nanoindentation tests with finite element simulations. First, indentation into
single packets of tempered lath martensitic specimen is yielding the load-displacement
curves and the residual imprint topology on the surface with the help of atomic force
microscopy. In a second step, a finite element simulation of the indentation using
non-local crystal plasticity as constitutive model is performed with estimated model
parameters. In the next step, non-local CP parameters are systematically adapted
in an optimization scheme to reach optimal agreement with experiments. As a final
validation step, it is successfully demonstrated that the CP model parameterized
by nanoindentation is able to determine the macroscopic stress-strain response of
polycrystals. Two observations are made: on the one hand, the material properties locally
scatter very strongly, which is caused by fluctuations in microstructure and chemistry. On
the other hand, a novel method has been demonstrated, were an inverse analysis is used
to parameterize a non-local CP model for highly complex microstructures as those of
tempered lath martensite. The novelty of this study is the application of nanoindentation
and optimization scheme to parameterize a higher-order CP model of oligocrystals with
a complex microstructure like the tempered lath martensite as well as the topology
identification method developed and employed for both experiment and numerics.

Keywords: inverse analysis method, nanoindentation, lath martensite steel, non-local crystal plasticity,
micromechanical modeling
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1. INTRODUCTION

The ever-increasing industrial demands on alloys in terms of
strength, fracture toughness, ductility and hardness make it
necessary to consider the microstructural evolution and features
from the very beginning of their design. Of particular technical
importance are martensitic steels, which have outstanding
properties due to their hierarchical, finely resolved texture,
but at the same time present special challenges to their
production and modeling. To understand the relationship
of their complex microstructure and their properties, several
experimental techniques and simulations methods must be
incorporated, one of which is nanoindentation test, which
allows us to quantify the hardness at the small dimension of
martensitic microstructures. Furthermore, nanoindentation is
of such importance because it reveals so-called size effects,
which are defined as an increase in the apparent hardness
with either decreasing indenter size or smaller indentation
depth. The indentation size effect was observed in several
experimental studies (Swadener et al., 2002; Durst et al., 2008;
Engels et al., 2018) and stems from the formation of geometrically
necessary dislocations (GNDs), the theoretical concepts of which
originate in the 1950s (Nye, 1953; Kroner, 1958; Ashby, 1970).
For nanoindentation, various phenomenological models were
designed to calculate the hardness as a function of material
parameters and tip size: Fleck and Hutchinson (Fleck and
Hutchinson, 1993, 1997) developed a model introducing a
material length scale into a phenomenological model. Ashby
(1970) introduced GNDs for indentation with a flat punch. Nix
and Gao (1998) extended the model for conical indenters, and
Swadener for spherical indenter tips (Swadener et al., 2002).

All these models have in common, that the assume
indentation in an (infinite) single crystal. To simulate indentation
in a complex microstructure, a full-field finite element simulation
of both tip and substrate is required. The numerical modeling
of the elasto-plastic behavior of metals on the micro-scale is
typically done by means of a crystal plasticity model. It has
shown its practical use for single- or polycrystals and has
been implemented in commercial and non-commercial finite
element codes (Becker, 1998; Sachtleber et al., 2002; Zhao et al.,
2004; Roters et al., 2010). Results can be directly compared to
experimental findings for in-depth studies of various quantities,
including, strain, strain rates, shear rates, local stresses, forces,
texture evolution and various size effects (Huber and Tsakmalkis,
1999; Durst et al., 2008). The difficulty is that, in order to realize
size effects, first- or even second-order strain gradients (hence
the term “non-local”) must be implemented and translated to
densities of geometrically necessary dislocations (Arsenlis and
Parks, 1999; Arsenlis et al., 2004; Evers et al., 2004), whereas
conventional FE codes obviously need to calculate the first-order
gradients from the displacement field only. CPFEM simulations
of nanoindentation were performed by several authors, who used
either local (Liu et al, 2015; Petryk et al,, 2017) or non-local
formulations (Reuber et al., 2014; Liu et al., 2015; Han et al,,
2016), and many of them investigate the behavior of single crystal.
In this context, a study on the indentation size effect in single-
crystalline ARMCO-iron has recently been published (Engels

et al.,, 2018), in which a special focus is given to the pile-up
formation and the non-local behavior.

Tempered lath martensite can be considered to be highly
technically relevant due its beneficial engineering properties,
which stem from their remarkable hierarchical microstructure,
which evolves during its rapid transformation from high-
temperature austenite to non-equilibrium, metastable martensite
(Kitahara et al., 2005, 2006; Bhadeshia and Honeycombe, 2006;
Hutchinson et al., 2011). A detailed characterization of the
hierarchical structure of lath martensite was given by Morito
etal. (2003, 2006). The hierarchical structure consists of the prior
austenite grain, which itself consists of so-called packets, blocks
and sub-blocks. Its understanding will help to guide alloy design
toward desired mechanical properties, although the calibration
of a multi-parameter crystal plasticity model is difficult, in
particular, if it is done by means of nanoindentation for the
fine and complex martensitic microstructure. The plasticity of
tempered lath martensite has not yet been fully understood
(Morsdorf et al., 2016). The familiar crystallographic slip by
dislocations is strongly influenced by the question whether in-
lath- or out-of-lath dislocation movement occurs. Galindo-Nava
and del Castillo (2015) suggested a model that incorporates
the quantities of block and packet boundaries to describe the
macroscopic mechanical properties of lath martensite. Recently,
the mechanism of grain boundary sliding has been shown
experimentally and has numerically been supported in the work
of Mine et al. (2013), Maresca et al. (2014), and Du et al.
(2016). As a possible origin of this sliding, fine retained austenite
layers between laths are suggested. Though these layers might
transform to martensite during ongoing deformation, the glide
systems of the austenite allow a simple slip through the boundary
and hence promote plastic deformation. Our contribution of the
latter effects has not been considered in our study in order to limit
the complexity of the developed model.

The general definition of an inverse analysis is to identify
unknown parameters of a system by means of an appropriate
modeling approach using reference data, which are usually
measured experimentally. In mathematical terms, inverse
problems are poorly set, since a unique solution of a problem,
depending on the number of unknown parameters, does not
always exist. This makes it difficult to combine them with model
inaccuracies and natural deviations from the reference data.

In the present work, experimental nanoindentation tests were
numerically replicated. A well-known problem with inverse
analysis is the ambiguity or the uniqueness of the parameter
space for a given problem (Chen et al.,, 2007; Heinrich et al.,
2009; Phadikar et al, 2013). The inverse analysis approach
assumes one suitable set of materials parameters, which is able
to reproduce the experimentally observed mechanical response
of a material in case for another single crystal or martensitic
packet. If this case is not valid, it is not possible to uniquely
identify the material behavior of indented samples by inverse
analysis. The uniqueness of the optimized parameter set can
be validated with the tensile response of the indented material.
Several publications reported about the inverse method and three
main techniques in this research field. To extract, for example,
tensile properties of materials from instrumented indentation
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tests, the inverse analysis technique was used in Chollacoop
et al. (2003), Bucaille et al. (2003), Ogasawara et al. (2005),
Lee et al. (2009), Lee et al. (2010), Ogasawara et al. (2006),
Moussa et al. (2014), and Wu and Guan (2014) by considering
the representative stress-strain method. Further, Jiang et al.
(2009) and Khan et al. (2010) solved this inverse problem with
an iterative FE approach and (Muliana et al., 2002; Haj-Ali
et al., 2008) under use of artificial neural networks (ANN).
Bolzon et al. (2004) also considered the advantage of measuring
three-dimensional surface topologies of residual imprints and
used these as reference values and estimated constitutive model
parameters with an isotropic elasto-plastic material model.
Zambaldi et al. (2012) carried out an inverse analysis to identify
CP parameters for pure titanium under consideration of surface
topology. Bertin et al. (2016) used digital image correlation of in-
plane surface deformations instead, whereas Acar et al. (2017)
used the results of tension/compression tests and orientation
distribution functions.

Using load-displacement information within parameter
optimization can be considered as the minimal requirement, but
surface topology is also recognized as a valuable input (Rauchs
and Bardon, 2011; Meng et al., 2015). An inverse indentation
analysis, incorporating the load-displacement data next to
the surface topology information in single crystalline FCC
materials was performed by Chakraborty and Eisenlohr (2017).
The authors identify two most important parameters of their
phenomenological constitutive plasticity model, independently
from crystal orientations.

This work is intended to further investigate the influence
of the pile-up topology and addresses related challenges with
an automated optimization procedure, in the following denoted
as inverse analysis, considering the pile-up formation, load-
displacement behavior and size effect used on the martensite-
substructure level. The non-local crystal plasticity model
modified by Ma and Hartmaier (2014) is parameterized to
mimic the experimental findings of low-alloyed tempered lath
martensite with a varied carbon concentration.

2. EXPERIMENTAL SETUP AND RESULTS
2.1. Tempered Lath Martensite

Conscientious and  accurate characterization of the
microstructure is a key factor for a successful optimization of the
crystal plasticity parameters. After the austenite to martensite
phase transformation, which ensures pure lath martensite,
boundaries of a prior austenite grain (PAG) can still be identified.
A PAG is divided into several packets, and the packet size
depends on the former parental austenite grain and the carbon
content. Martensite packets are again divided into groups of
blocks, and the blocks in each group belong to the same habit
plane. Each martensite block includes a group of laths, which are
all of close orientations and form in alternating arrangement.
In the present study two martensitic alloys were investigated,
both with similar chemical compositions, but different carbon
content, precisely 10MnCr8-4 and 30MnCr8-4. A similar
systematical study on the influence of the carbon content and
the orientation relationship was performed experimentally

(Hutchinson et al., 2011). The detailed composition can be found
in Table 1. The raw materials were produced as hot rolled steel
sheets, and tests samples were taken from the core of each steel
sheet to avoid decarbonization of the edge layer. The samples
were grinded and polished up to 1 pum and prepared for EBSD
investigations of indented areas by means of vibropolishing
with a fine non-crystallizing 0.02um amorphous colloidal
silica suspension.

EBSD images of both alloys are shown in Figure 1. A direct
comparison of both inverse pole figure maps demonstrated
the influence of the increasing carbon content. For a higher
C-content, the martensitic microstructure is refined and the
packet- and block size decreased. The martensite packet sizes
ranged from 6 um to 65pum for 10MnCr8-4 and from 4 pm to
50 um for 30MnCr8-4. The measured block width in the current
study had a thickness between 0.7 um and 7 um and served as
important information for the design of a simplified microscopic
nanoindentation model, with which the parameter identification
was performed. Residual imprints of interest which are valid
for an inverse analysis were chosen according to the following
conditions: The residual imprints were placed in the center of
a single martensite packet to avoid interactions with a packet-
or prior austenite grain boundary. Furthermore, the block
structure of these imprints were similar, but the crystallographic
features varied.

2.2. Nanoindentation and AFM

Nanoindentation tests were performed using a MTS Nano
Indenter XP (MTS Systems Corp., USA), which was kept in
a thermally and acoustically insulated room at a constant
temperature of 20°C. During nanoindentation tests, load-
displacement curves were recorded as shown in Figure 3.
Nanoindentation experiments were performed with a sphero-
conical tip of 5 um radius in two different samples of 10MnCr8-4
and 30MnCr8-4.

The indentation tip was calibrated by fused silica indentation.
In these nanoindentation tests, a maximum indentation load of
50 mN with a loading rate of 1mN/s was chosen. Unloading
started immediately after a holding period of 10s. In total,
48 imprints were placed into each sample surface to reach as
many residual imprints positioned in a single martensite packet
as possible.

After completing all nanoindentation tests, residual imprints
were characterized using Electron Backscatter Diffraction
(EBSD) to identify the crystallographic orientations of the
indented blocks with a high-resolution Scanning Electron
Microscope (SEM) of type Quanta FEI 650. This step to
identify the imprints within the given microstructure and to
determine the position of each residual imprint with respect to
the martensitic hierarchy, represents one of the most important
points in our study. The crystallographic properties of the
surrounding area of each imprint of interest were analyzed
and later used as input parameters for the crystal plasticity
nanoindentation simulations. The residual imprints identified for
the inverse analysis are shown in Figure 2A for 10MnCr8-4 and
in Figure 2B for 30MnCr8-4. In addition, Table 2 summarizes
the experimentally determined Euler angles used as input values
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TABLE 1 | Chemical compositions and tensile test results for both compositions used in the present studly.

Alloy Cc Mn Cr Rpo,2 Rm Asg t
wt.-% wt.-% wt.-% MPa MPa % 5

10MnCr8-4 0.106 1.971 1.001 582 757 18.4 250

30MnCr8-4 0.305 1.958 0.993 1,184 1,651 10.0 194

Chemical compositions were determined with optical emission spectroscopy (OES), and OES and tensile test results are averaged over a minimum of three specimens each.

(B) 30MnCr8-4.

FIGURE 1 | Inverse pole figure maps of tempered lath martensitic microstructures for both alloys with lower and higher carbon content. (A) 10MnCr8-4.

for the numerical part. Residual imprints of indents located
in a single martensite packet were characterized using the
Atomic Force Microscope (AFM) of CSM Instruments to measure
and analyze a high-resolution surface topography up to the
nanometer scale (see section 3.2).

2.3. Tensile Tests

For the same materials, tensile tests were performed. The
representative stress-strain curves providing more information
about the material behavior, especially in the context of validation
for the optimized crystal plasticity values, are introduced in the
following. For each composition, three specimens were cut with
the loading axis along rolling direction and taken out from the
core of each uncoated hot-rolled steel sheet. Tensile specimens
with a gauge diameter of 2mm and a length of 15mm were
prepared. Tests were performed with a Zwick/Roell tensile testing
machine of type Z100 at room temperature with an initial strain
rate of 0.5min"! and a preload of 25N. The proof stress Rp0.25
the ultimate tensile strength R, and the elongation at fracture As
as well as the total time to fracture are summarized in Table 1.
Figure 4 compares two true stress—true strain curves from the
mentioned index of materials. The true stress, i.e., the current
force acting on the current cross section, was determined for a
reference specimen by measuring the remaining gauge diameter
with a caliper once the necking occurred. It is apparent that

both samples, subjected to the same heat treatment, show far
different mechanical characteristics, caused in their individual
carbon content. Note that with increasing carbon content, both
proof stress Ry 0, and ultimate tensile strength R, increase.

2.4. A Non-local Crystal Plasticity Model

In this work, the crystal plasticity (CP) model proposed by
Ma and Hartmaier (2014), which extend established CP models
(Rice, 1971; Pierce et al., 1982; Kalidindi, 1998) by non-local
contributions, was applied and is introduced in the following.
One starts with the principle assumption of a multiplicatively
decomposed deformation gradient in an elastic and plastic part,

F = F.F,. 1)

The plastic velocity gradient L;, considers dislocation slip on N
slip systems as sole origin of plastic deformations

N
L, =FF' =) 7M,, ©)
a=1

where yy is the plastic shear rate, and M, = d,®n, is the Schmid
tensor for the slip system «, which is defined by the slip direction
d, and the slip plane normal n,. The symbol ® denotes the
dyadic product of two vectors resulting in a second rank tensor.
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FIGURE 2 | EBSD maps including imprints. (A) Three valid indents in 10MnCr8-4. In addition to the residual imprints, the surrounding microstructure was examined
for crystallography and geometry. The residual imprints used for the following inverse analysis are referred to as followed: (left) imprint no. 1., (middle) imprint no. 2 and
(right) imprint no. 3. (B) Two valid indents in 30MnCr8-4. In addition to the residual imprints, the surrounding microstructure was examined for crystallography and
geometry. The residual imprints used for the following inverse analysis are referred to as followed: (left) imprint no. 1 and (right) imprint no. 2.

TABLE 2 | Euler angles, experimentally determined and used as crystallographic input values for nanoindentation simulations.

Alloy (indent) o1 (°) @ (°) 92 (°)

#1 199.5 215 202.7
10MnCr8-4 no.1

#2 126.8 52.5 210.1

#1 198.6 41.2 154.3
10MnCr8-4 no.2

#2 348.3 4.7 334.5

#1 251.9 5.0 137.2
10MnCr8-4 no.3

#2 160.2 45.7 200.1

#1 320.2 47.2 10.01
30MnCr8-4 no.1

#2 47.0 20.2 324.6

#1 218.0 35.1 99.5
30MnCr8-4 no.2

#2 307.2 40.2 80.6

Knowing total and plastic deformation gradient, the stress canbe ~ The model suggests the flow rule and the hardening law in the

calculated using the tensorial form of Hooke’s law following forms
2
T, + .EGNDk
! =70 | ¢ GNDk
S= EC: (FeTFe - I). (3) Ya = Y0 2 + 2GNDI sgn(ty + 7,0, (4)
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(B) 30MnCr8-4.

FIGURE 3 | Overview of nanoindentation load-displacement results placed in single lath martensitic packets for both investigated compositions. (A) 10MnCr8-4.
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FIGURE 4 | Averages of three stress—strain curves of tensile tests for
10MnCr8-4 and 30MnCr8-4. Note, the necking starts at strain of 2.5% and
failure typically at 10%.

and

X al 7y \F?
Ta = § hOthﬁ (1 - = ) |yﬁ| > (5)
p=1 Tsat

where yy is the reference shear rate, p; is the inverse value of the
strain rate sensitivity, hg is the reference hardening parameter,
and xqg is the cross hardening matrix, which is assigned as 1.0
for coplanar slip systems and 1.4 otherwise. T is the saturation
slip resistance, and p; is a fitting parameter. The initial value of
the slip resistance 7, is defined as 7. The sign function extracts
the sign of a real number. The resolved shear stress 7, for each
slip system can be calculated from the stress S in the intermediate
configuration as

Tqg = SIMO{. (6)

As can be seen from the flow rule, Equation (4), two additional
terms are added to account for GND hardening. The isotropic
term tSNP1in the denominator considers the hardening effect by
additional dislocations, whereas the kinematic term £5NPX in the
nominator can be considered as a back stress term altering the
shear stress required to move the dislocations.

The quantitative calculation of the GND terms follows the
concept of so-called “super GNDs” densities and requires the
evaluation of plastic strain gradients. The second rank dislocation
density tensor G in the reference configuration is computed from
the curl of F;, as introduced by Nye (1953)

Gjj = —(Fp X V)tj- (7)

Note that a reconstruction of meaningful crystallographic
dislocation populations in a unique way is not possible since
the dislocation density tensor only contains information about
averages of dislocations and residual Burgers vectors. However,
a unique definition of super GNDs can be achieved by
projecting the dislocation density tensor to the global Cartesian
coordinates of the system. Consequently, the stress fields of the
crystallographic GNDs can be described with good accuracy
(Ma and Hartmaier, 2014), and the GND density tensor can be
separated into nine independent parts p, by evaluating

1
-G,

9

Zﬁada ®Ea - b (8)
a=1
where d, and t, are permutations of the Cartesian unit vectors
and b is the Burgers vector length. The super GND densities
o 1,2,3 represent screw-type superdislocations, while the
remaining components represent edge-type superdislocations,
which are vital for the determination of internal stress fields as
a consequence of the super GNDs.

The isotropic hardening for dislocation slip contributed by
these super GNDs is expressed in a Taylor-type equation

9
$ONDI _ (i Z ol
p=1

; )
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TABLE 3 | Set of fixed crystal plasticity material model parameters not varied
during optimization.

Parameter Value

C11q 268.1 GPa
Cq2 111.2GPa
Cqa 79.06 GPa
P4 15

Y 0.001s™"
Cq 0.038

L 1nm
X&ND 1.0

Xap 1.4

The four material parameters, o, sar, ho, @nd pz, not mentioned in the table below, are
under consideration for optimization.

where ¢; is the Taylor hardening coefficient or a geometrical
factor and p is the shear modulus. XSND is the cross
hardening matrix between crystallographic mobile dislocations
and super GNDs.

The internal stresses caused by GNDs pile-ups at grain
boundaries contributes to another hardening effect. This part is
calculated by evaluating the second order gradient of F,,, which

results in a super GND gradient p, 1 in the form of

_ 1 - -
Po,l = Eij,Idotjtak (10)

By evaluating these gradients within a small volume of dimension

L3, the internal stresses S°° in the intermediate configuration
caused by dislocation pile-ups at grain boundaries can be
calculated. Thus, the kinematic hardening reads

SGND
[ONDk _GOND g

(11)

Within the scope of this study, the aforementioned constitutive
laws were directly implemented for the BCC structure. As the
crystal structure of the investigated material is BCC, dislocation
slip on the common crystallographic (111){110} slip systems
was considered. Although in very recent work (Du et al., 2018)
dislocation glide on (111){112} systems has been observed, the
discussion of this research question is still ongoing. In recent
work of our group (Engels et al., 2018), we found that considering
only slip on (111){110} systems is completely sufficient to
describe the pile-up symmetry of nanoindentations in BCC iron.

To determine the non-local crystal plasticity parameters,
the nanoindentation model employed the non-local crystal
plasticity model through a user-defined material subroutine
(UMAT). The parameters were adapted to fit both load-
displacement curves and residual surface topologies. A set of
crystal plasticity parameters which were predefined and not part
of the optimization space are summarized in Table 3. The values
are discussed in detail in section 3.1.

3. SIMULATION SETUP

3.1. Three-Dimensional Nanoindentation
Model

A nanoindentation model was created and solved using the
finite element software ABAQUS 2017 by Dassault Systémes
(Systemes, 2017). The nanoindentation model was created with
the sphero-conical indenter defined as rigid body to exclude tip
deformation during nanoindentation simulation. Since the CP
model is numerically demanding, a three zone substrate model
was built as follows: the inner CP core, which represents the
tempered lath martensite, an intermediate frame around this
core with a J2-plasticity model (using the stress-strain curves
obtained from tensile tests), and an elastic outer shell. The
core geometry has the dimensions I, = [, = 25um to be
comparable to the experimental AFM results of the residual
imprints. From the experimental nanoindentation tests it is
known that the maximum displacement depth is approximately
700 nm; hence, the core is dimensioned sufficiently large with
I, = 13pum to avoid plastic deformation at the bottom and
side interfaces of the core geometry. The maximum number
of elements for the representative nanoindentation model of
10MnCr8-4 and 30MnCr8-4 alloy is 58,913, and the core was
discretized with brick elements with quadratic shape functions
(C3D20). The exact tip radius was determined in SEM at low
vacuum to R = 4.95um. Block thicknesses were measured
to create the core material geometry. The core uses the non-
local crystal plasticity formulation with Euler angles assigned
to the corresponding block orientations, so that numerical
crystallography is implemented as close to the experimental
sample conditions as possible. For 10MnCr8-4, a block pattern
with (2.5 um/2.5 um), for 30MnCr8-4, a pattern of (1 um/5 pm)
was used.

The non-local CPFEM nanoindentation simulations mimic
the boundary conditions of the experimental nanoindentation
experiments, i.e., loading to a maximum force of 50 mN followed
by a short holding segment and the subsequent unloading.
Loading and unloading were realized with a constant rate of
1 mN/s. Elastic constants were taken from Kim and Johnson
(2006), c11 = 268.10MPa, ¢c; = 111.20MPa and cyy =
79.06 MPa. The non-local CPFE nanoindentation model for BCC
metals considers shear contributions of 24 slip systems. The
cross-hardening matrix x,s was assumed to have a constant
value of 1.4 and describes both coplanar and non-coplanar
deformation systems. For the sake of numerical stability in case
of the complex contact situation in the nanoindentation model
and without loss of generality, the inverse value of the strain rate
sensitivity parameter of the flow rule p; was defined at a rather
low value. With a low exponent, the elasto-plastic transition is
less pronounced, and hence the numerical solution algorithm
for stress and hardening (see Equation 4) becomes more robust,
which allows us to cover a wider range of design parameters.
Since the loading rates of all considered nanoindentation tests
are constant and relatively slow, we do not consider rate effects
in experiment or model, which should be valid for small strain
rates in general. However, for higher strain rates or varying rates,
the CP parameters must be adapted accordingly. For this reason,
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p1 was assumed to be a constant value of 15, and the reference
shear rate yy is set to 0.001s~!. With the exception of p;, these
choices correspond to the default values described in Ma and
Hartmaier (2014). The non-local constitutive model parameter L
is chosen according to the average dislocation spacing. The non-
local parameter c;, describing the Taylor hardening coeflicient,
was fitted in a separate work and found to be close to the values
we obtained for Armco iron (Engels et al., 2018).

The nanoindentation model is shown in Figure 5A, with a
detailed view of the formation of the isotropic GND hardening
below the indenter tip in Figure 5B. The crystal plasticity core
below the indenter tip including the alternating block structure
for both alloys is shown in Figures 5C,D.

3.2. Quantitative Analysis of Residual

Imprints
To consistently compare experiments and numerical results
in the course of parameter optimization, a topology analysis
procedure was developed. Figure 6A shows a residual imprint
topology, where colors indicate the vertical displacement u(x, y)
of the material.

Here, only positive values u(x,y) >
color, where

up are shown in

N, N,
1 Y Y

uy = ————— u(xmin) )+ u(xmaxa )
O B Ry | 2 ) D iy

Ny N
+ )l ymin) + Y ulx, )’max)) (12)

is defined as reference topology level measured along the N
and N, edge nodes of the core geometry surface. For the actual
characterization, topology lines were created as lines passing
through the center (maximum negative displacement) as well
as specific local maxima (at pile-ups); see sketch topology
in Figure 6B. Because of various different grain orientation
symmetries, different types of pile-up patterns may occur.
Hence, to obtain a robust algorithm, the following additional
requirements for pile-ups were made: (a) pile-ups were ordered
by their height, (b) a pile-up must posses a circumferential
prominence, i.e., within a section of 30° no other pile-up could
be detected, (c) pile-ups were searched within a domain between
Tinner = 0.9 - ryp and rourer = 2.5 - r4p measured from the
center of the indent, min(u(x,y)). Using this procedure, we
observed a robust and reproducible maxima-detection for both
numerics and experiments. Then, topology data were extracted
along lines through identified maximum and minimum. The
code was implemented in Python.

4. OPTIMIZATION PROCEDURE

In this work, the general idea of optimization is to mimic
nanoindentation response of tempered lath martensitic samples
containing two different carbon contents, namely 0.1 and 0.3
wt.-%. Therefore, four adjustable crystal plasticity parameters
were chosen. From our previous study Engels et al. (2018) and

from literature Chakraborty and Eisenlohr (2017) we learned that
0, Tsat> Mo and p, are sensitive parameters for nanoindentation
and chose them for the present optimization task. The Nelder-
Mead method was selected as the optimization algorithm (Nelder
and Mead, 1965) because of its robustness of topology fitting.
Furthermore as an objective function, a root mean square
error was defined for nanoindentation results, load-displacement
curves and surface topology data to represent the deviation
between simulated and experimentally achieved results.

The general CP parameter optimization procedure can be
explained as follows with the help of Figure 7: At the beginning,
residual imprints of interest must be identified from the pattern
created by automatized indentation. The EBSD data serve this
purpose. Only remaining indents located in the middle of a
martensite packet are considered as useful. For these indents,
Euler angles of the surrounding area of residual imprints
using OIM software are determined. Following the non-local
crystal plasticity nanoindentation simulations of the respective
alloying system and crystallography, the numerical results of the
surface topology are evaluated using the algorithm discussed
in the previous section. Load-displacement data are obtained
from the nodal forces at the tip. The experimental results are
then used as reference data to calculate a combined objective
function (details in section 4.2), from the individual errors of
the surface topology and the load-displacement curve. Based
on this, the optimization algorithm is able to adapt a new and
more suitable set of CP parameters to start a new optimization
loop and minimize the global error. For a global analysis of the
adjustable parameter set and their suitable order of magnitude to
mimic the microstructural features of tempered lath martensitic
samples, a systematic parameter study following a Design of
Experiments (DoE) is performed for each residual imprint of
optimization. The main purpose for using a parameter study
according to a DoE is to define the initial set of CP parameters
for the optimization algorithm. In this context, large design
spaces are defined for all indents, and for each case the best
set of CP parameters with the lowest error obtained from the
DoE is selected. In this way, simulation time and number
of iterations required to achieve convergence are significantly
reduced. Furthermore, the results of this DoE also provide
an estimate of the sensitivity of the CP parameters on the
surface topology as well as the load-displacement curve of
nanoindentation simulations. Detailed information of the DoE
is given in the Appendix.

4.1. Optimization Algorithm

Owing to the severe numerical effort to parameterize CP
parameters from nanoindentation simulations and the limited
number of variables, the Nelder-Mead (N-M) algorithm, also
known as Downbhill Simplex Method, was chosen. The algorithm
was originally proposed in Nelder and Mead (1965) and is
geometrically intuitive: a space is taken across a subregion and
moves from the worst point toward the opposite side of the
simplex for better solutions. Within this method, a simplex is
created, which is defined as a body in n dimensions, consisting of
n—+1 vertices. The position of each vertex is defined and describes
the simplex completely. An iterative relocation of the worst vertex
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FIGURE 5 | Numerical nanoindentation model with CP material in inner core, embedded by material described by a J2 plasticity model: (A) cut view of the
nanoindentation model including the chosen mesh. The mesh becomes coarser from the core to the outside. The visualized alternating block structure in the core of
the model is shown. Experimentally determined Euler angles serve as input values. (B) Cut view of crystal plasticity domain in the center, the isotropic part of
hardening of geometrically necessary dislocations (in MPa) below the indenter tip is highlighted; (C) simplified alternating block structure for 10MnCr8-4. The block
width is 2.5 um according to experimental observations. (D) Simplified alternating block structure for 30MnCr8-4. The block width alternates from 1 to 5 pm.

will take place until the simplex has moved and finally shrunk
to the global minimum in the n-dimensional design room. Note,
that the Nelder-Mead algorithm is robust for fitting topologies,
but requires a lot of iterations to find the global minimum. In the
present work, emphasis was put on the robustness of the method
rather than on numerical efficiency.

4.2. Objective Function

The aim of the optimization is to determine the best possible
parameter set of the crystal plasticity formulation in relation to
the experimentally performed nanoindentation experiments on
tempered lath martensite. For this purpose, the experimentally
evaluated results are passed as reference data in the optimization,
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FIGURE 7 | Schematic illustration of iterative design of experiment and optimization setup to identify adjustable parameters from the used crystal plasticity
formulation. The tolerance describes the criterion for determining the optimized solution.

and the numerical data resulting from three-dimensional FE
nanoindentation experiments are evaluated in the same manner
for the sake of comparison.

Both surface topology data and load-displacement curves are
used in the objective function. Since the surface topology is a
final result that cannot provide direct information about the
course during nanoindentation, load-displacement data is also
considered. The objective function needs to be minimized

1 .
ot © = geTOPO + geLD — min. (13)
Here, the topology error e is weighted higher to emphasize the
importance of a correct approximation of the pile-up behavior.
The first term in Equation (13) reads

where x’ is the coordinate along the surface topology line, N is
the number of data points and émin,exp describes the maximum
displacement depth of the experimental topology line. The error
of the load-displacement curve, erp, is calculated as the difference
of displacement for the same indentation force F' < Fpx as

N

1
N Z (“num(F,{) - uexp(F,{))z,

i=0

1

elD = (15)

Uexp ’ Finax

where uexp} Fow 1S the experimental displacement at the
indentation force F; = Fiax.

Note that the prefactors in Equation (13) do not have any
physical meaning and are justified empirically because of the
best-obtained optimization results. With the selected objective
function and the implemented optimization algorithm, the

N
1 1 2 - o o .
eTopo = = Z (thnum () — uexp(x;)) ) (14)  tolerance criterion for exiting the optimization process is hence
Uminlexp | N Py defined. However, due to the necessary approximations of the
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model and unknown parameters of the true microstructure, it
cannot be expected that the absolute error converges to a value
close to zero, but a finite absolute error must be accepted. The
convergence criterion must consequently be based on the change
in the error function between two subsequent iteration steps.

The optimization process was conducted in this way: It
is initiated with the set of CP parameters obtained from the
parameter study according to a DoE and stopped if the absolute
difference in eor between two subsequent iterations | elf,! — el , |
becomes smaller than 10~%, and the solution is taken as the lowest
etot obtained in all iterations. For a complex microstructure like
tempered lath martensite combined with CPFE nanoindentation,
there is no unambiguous solution to the current state of CP
formulation and applied experimental techniques that can map
a perfect fit topology as well as load-displacement curves.

Note, that the load-displacement curves alone do not provide
any information about the surrounding area, which is also
influenced by nanoindentation. Here, above all, the emergence
of the pile-up depending on the microstructure, the indentation
tip and -force is in focus together with the quality of the used
crystal plasticity formulation and its applicability to this very
complex microstructure.

5. OPTIMIZATION RESULTS

The results of the optimizations are presented in Figure 8
(10MnCr8-4) and Figure 9 (30MnCr8-4) and in Table 4. In total,
three residual imprints were identified in the lath martensitic
microstructure of 10MnCr8-4, which is located in the middle of
a single martensite packet. In the simulation, the three imprints
were placed in an alternating block structure with a thickness of
2.5 um each. The block orientations were evaluated with the help
of EBSD data and assigned to the nanoindentation model. For the
tempered lath martensite 10MnCr8-4, the criteria for terminating
the optimization of indent no. 1, 2, and 3 were met at the iteration
step 50, 52, and 54, respectively. For the tempered lath martensite
30MnCr8-4, the optimizations of the indent no. 1 and 2 were
stopped at the iteration step 44 and 42, respectively.

On the left side of Figure8, three individual results are
shown in terms of load-displacement curves and on the right
side in terms of surface topology lines. Figures 8A,B represent
the results of the first residual imprint, Figures 8C,D show
the second, and Figures 8E,F the third residual imprint. While
a good agreement can be observed for the comparison of
the surface topology lines of all three indents, the simulated
load-displacement curves of indent number two and three
differ slightly in the residual displacement. For this reason,
the total error ey is higher, namely between 6.3% and
14.9% for 10MnCr8-4. We relate the significant total error to
necessary approximations and unknown parameters that have
to be accepted when describing a complex microstructure like
tempered lath martensite. Hence, even with a sophisticated non-
local crystal plasticity model one cannot expect an absolute
accuracy of the description of the plastic deformation on
the microstructural level. Compared to previous studies on
single crystalline areas, see e.g., Engels et al. (2018), which

is a much simpler case, typically a better absolute error can
be achieved. However, even in such relatively simple cases
numerical modeling cannot be expected to match the experiment
with absolute precision. As described before, this algorithm is
not fast, but robust and reliable in topology fitting. For this
example, 27 iterations (on average) were required to minimize
the objective function.

Figure9 represents the final fitting results for two
residual imprints of 30MnCr8-4 for which the crystal
plasticity parameters were optimized. Therefore, numerical
nanoindentation tests were performed in a block structure,
having an alternating width of 1um and 5pm. As for
10MnCr8-4, a small difference in total displacement depth
between load-displacement data and surface topology lines can
be observed.

6. VALIDATION

To bridge the scale from the single crystalline material to
the technically relevant dimension, one has to taken into
account the heterogeneous properties of a polycrystal, which
can be represented by the locally optimized CP parameters. A
numerical volume to mimic the polycrystalline microstructure
is denoted as the representative volume element (RVE). Here,
RVEs were used to validate the optimized parameter sets of
the two martensitic steels. In the present work, this RVE does
not attempt to geometrically map the complex martensitic
microstructure, but only represents the volume fractions of the
particular orientations.

The presented RVE comprises 729 grains in total, each
representing a martensite packet. The volume is discretized by
19,683 linear C3D8 elements with a total size of 202.5 x 202.5 x
202.5um and 9 x 9 x 9 cubic grains. Each of these cubic grains
consists of 3 x 3 x 3 elements. This RVE size corresponds to the
averaged calculated packet size of 22.5 pm of the used martensitic
alloys. Random crystallographic orientation is chosen. Again,
Abaqus and the in-house crystal plasticity UMAT were used.

The RVE of the investigated tempered lath martensitic
microstructures is shown in Figure 10.

To calculate the effective material properties of the RVE, a
common homogenization technique is applied. Therefore, it is
assumed that the stress of the entire RVE is an arithmetic average
over the entire volume. With equally sized sub-volumes, the
stress becomes

1

VRVE

ORVE = (16)

/ o(y)dVv.
yev

The question, whether stress- or strain-based boundary
conditions are more appropriate for the experimentally
measured setup is circumvented by using periodic boundary
conditions (PBCs) on the boundaries of the RVE. PBCs are
able to constrain the relative displacement between opposing
nodes to be the same by coupling. Therefore, reference vertex
points, located at each corner of the current RVE, are imposed
to the global boundary conditions and strain. Precisely, we
use the three-dimensional extension of the concept of Smit
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FIGURE 8 | Experimental materials’ response to nanoindentation (dashed profile lines, p1 — p4 (exp)) and the numerical fit result (solid lines, p1 — p4 (num)) for three
representative residual imprints of alloy 10MnCr8-4. (A,C,E) load-displacement curves and (B,D,F) surface topology lines through each maximum pile-up
characteristic. The first row, (A,B), represents the final result of parameterization of indent no. 1, the second row, (C,D), of indent no. 2 and the last row, (E,F), indent
no. 3. Please note that Error LD is 1/3 e p and Error Topo is 2/3 e1gpo.
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TABLE 4 | Identified constitutive crystal plasticity material model parameters of three residual imprints for 10MnCr8-4 alloy and of two residual imprints for 30MnCr8-4

alloy.
Parameter Indent 1 Indent 2 Indent 3 Ave.
70 87 MPa 338 MPa 301 MPa 242 MPa
Tsat 425 MPa 429 MPa 462 MPa 439 MPa
10MnCr8-4
ho 1,076 MPa 1,062 MPa 1,078 MPa 1,072 MPa
po 8.1 7.8 8.0 7.7
70 530 MPa 532 MPa 531 MPa
Tsat 752 MPa 758 MPa 755 MPa
30MnCr8-4
ho 900 MPa 870 MPa 885MPa
po 7.0 7.4 7.2

Further averaged values for both parameterization results are given.

et al. (1998); a detailed description of this extension can be
found in the work of Boeff (2016). Displacements on one side
of the volume are coupled to a corresponding node on the
other side.

Figure 11 shows the stress-strain curves of the numerical
tensile tests of the polycrystalline RVE for 10MnCr8-4 and
30MnCr8-4. Both simulations were employed with CP model
parameters of 7o, Tst, ho, p2 from the optimization. The fixed
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FIGURE 10 | Representative volume element of tempered lath martensitic
microstructure. The grain size is chosen according to the microstructural
features of parameterized alloys. RVE contains 729 grains with random grain
orientation.

set of crystal plasticity parameters is summarized in Table 3. The
black dashed line corresponds to the experimentally measured
stress-strain curve of both alloys. In contrast, the colored solid
lines represents the numerical stress-strain curve of both RVEs.

For validation of 10MnCr8-4, the optimized CP values of the
residual imprints were averaged, such that the fitted parameters’
ability to represent the polycrystalline material behavior can be
tested. The representative CP parameters 7y, Tsat, ho and p;
were optimized for a total of three residual imprints and the
underlying block structure. These three residual imprints had
different crystal properties and a large scatter in their local
nanoindentation as well as tensile test results. If these three
fitted parameter sets were averaged to reflect the polycrystalline
materials’ response of 10MnCr8-4, they would represent the
polycrystalline material behavior of the used material which is
shown as a red solid line in Figure 11A. In the case of 30MnCr8-
4, the crystal plasticity parameters for two different residual
imprints in different crystallographic regions were optimized.
The final sets of parameters are summarized in Table 4. Here, an
average of the two optimized sets of parameters is obsolete, since
the two parameterized sets, and especially 7y, are very close to
each other.

7. DISCUSSION

In the following, individual aspects of the tasks required
to perform an inverse analysis for such a complex
microstructure are discussed together with the specific results of
this investigation.

In total, 96 nanoindentations were carried out on two
tempered lath martensite samples of differing carbon contents.

Here, a sphero-conical tip with a nominal radius of 5um was
chosen for two reasons: to be able to recover the imprints in the
final SEM and AFM measurements and to have an indent size
related to the packet dimensions. Only five (three for 10MnCr8-
4 and two for 30MnCr8-4) residual imprints were identified
as valid for further inverse analysis in terms of the position
of the imprint (i.e, no contact to prior austenite grain- or
packet boundaries), block structure (i.e., similar block width) and
varying crystallographic orientation sets. The load-displacement
curves shown in Figure 3 reveal two prominent results: hardness
increases with increasing carbon content (and hence a finer
microstructure), and the distribution of the resulting hardness
narrows for the same reason. With decreasing average grain
size and constant tip size, the dominant effect of the individual
block behavior is reduced; instead, a heterogeneous response of
multiple, finer blocks results. This can be seen by comparing the
indented area of the EBSD images in Figures 2A,B.

But not only the pure number of blocks below the indenter is
relevant, also the presence of geometrically necessary dislocation
accumulation close to grain boundaries must be considered. This
has been shown experimentally by Yang and Vehoff (2007) and,
very recently, by discrete dislocation dynamic simulations of Lu
etal. (2019). Figure 12 shows a view through the indented model
in our simulations. Colors represent the isotropic hardening part
of GND’s. As can be seen, the magnitude is correlated to the
block width, and strong gradients can be seen close to block
boundaries. Consequently, the calibration of a crystal plasticity
model for lath martensite on the packet scale must not omit
these effects. In this work, a nanoindentation model of a packet
structure was created, mimicking width and crystal orientations
of adjacent blocks obtained from EBSD measurements. For both
alloys, the numerical optimization led to a minimum error with
a dominating parameter 7p; the other three free parameters
converged to common values. In the case of 10MnCr8-4, the
variance in parameter 7 (residual imprint no. 1 is softer than the
two others) can be explained by an extraordinary large domain
without block boundaries (see Figure 2A, left). This scatter in 7y
is accounted for in the polycrystalline simulation by averaging the
optimized CP parameters. In the case of 30MnCr8-4, for multiple
imprints very similar CP parameters have been found through
optimization. Even more, this set directly led to good agreements
in terms of the macroscopic stress-strain response as shown in
Figure 11. In the work of Chakraborty and Eisenlohr (2017), the
robustness of parameter identification against the orientation of
indented single (cubic) crystals has been demonstrated, which
eases the entire inverse analysis process. In view of our results
for lath martensite, we recognize that this observation cannot be
directly transferred to heterogeneous microstructures. For our
microstructure, we note that a scatter in 7o values exists, but
is not caused by differences in the crystallographic orientation,
which are implicitly covered by the CP model. The recently
identified grain boundary sliding mechanisms in lath martensite,
see e.g., Du et al. (2016), have not been considered in this
work. In spite of their contribution in tensile tests with well-
defined boundary and tensile orientation, their contribution to
bulk material is not yet understood. In our numerical setup,
the vertical arrangement of the block boundaries parallel to the
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FIGURE 12 | Distribution of isotropic GND hardening (MPa) below the indenter tip after numerical nanoindentation. The red dashed line represents the block

principle loading direction leads to a low resolved shear stress
and hence does not promote this effect. In the nanoindentation
experiment, we must assume this parallelism since the EBSD
information is two-dimensional.

Recently, Archie et al. (2018) experimentally determined
considerable residual stresses in a lath martensite microstructure
by using a micro ring-core milling technique. It could be
shown that anisotropically distributed residual micro-stresses
correlate with the morphology and lath crystallography. As the
optimization of parameter 7y, describing the critical resolved
shear stress before work hardening takes place, shows certain
scatter after optimization, it can be assumed that this is caused by
residual stresses which could not be considered in the numerical
model. Depending on the different martensite packet sizes and
crystallographic orientations, the residual micro-stresses are
different due to their complex and rapid phase transformation
from the parental phase austenite to lath martensite.

A typical challenge for optimization tasks is the proper
choice of the objective function. The topology evaluation method

proposed in this study has the advantage, that all maxima with a
certain prominence are captured, which could not be guaranteed
with alternative, e.g., circular evaluation with fixed radii around
the indent. Another advantage of this choice is that no in-
plane rotation operation must be performed to align numerical
and experimental data. The topology evaluation method of
the present study is a further development of Schmaling and
Hartmaier (2012). We noted, that the topology error was
dominated by the correct match of the indentation depth, which
could be enhanced by a weighting of positive and negative
displacements in the error determination or by a limitation to
positive displacement information. Further, we noted that once
the overall indentation depth was met by the optimizer, some of
the pile-up error was not within the degrees of freedom of the
numerical problem due to varying effects close to the indenter or
symmetry deviations in the experiment.

For less-pronounced pile-ups, the numerical modeling error
due to the finite element mesh, friction or other effects
might inhibit a numerical evaluation with the goal to identify
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parameters. Further, the effect of an imperfect indenter shape
(deviation from the perfect sphere used in the finite element
analysis) has shown to be responsible for deviations of the
load-displacement curve in inverse analysis (Tyulyukovskiy and
Huber, 2007). The authors suggest a correction by means of
a neural network approach which is applicable for this study
as well. Note that consideration of the load-displacement curve
is necessary to capture strain rate effects. In this work, the
indentation velocity has been chosen to be slow enough to allow
the material to relax entirely.

8. CONCLUSION

The micromechanical modeling of a technically relevant, highly
complex microstructure, here tempered lath martensite, is
tackled with an inverse method to parameterize a non-local
crystal plasticity (CP) model. The strong heterogeneity
on the important length scales is not only the key to
beneficial material properties, but also a challenge for
quantitative modeling.

In this work, individual aspects for the calibration of a
material model by means of nanoindentation were discussed
and existing literature was reviewed. Full-field, 3D finite element
simulations of nanoindentation were performed. Despite the
huge numerical effort required to solve the sensitive contact
problem, the overall required computation time remained
applicable. A crystal-plasticity model was used, which takes into
account isotropic and kinematic hardening from geometrically
necessary dislocations (GNDs), which we consider significant
for plasticity in tempered lath-martensite. A simple block
structure was modeled to enforce the presence of GND pile-up
perpendicular to the indentation direction. The width of blocks
was obtained from EBSD statistics. The main insight gained by
this work includes:

e An alternative evaluation method of the pile-up pattern to be
robust for both numerical and experimental data, also in view
of different symmetries or artifacts.

An inverse analysis for the determination of constitutive
parameters in martensitic steels from nanoindentation. We
also found that the initial resolved shear stress 7o is a
dominating parameter.

An inhomogeneous residual micro-stress distribution in
martensite packets occurred during the phase transition
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FIGURE 13 | Exemplary total error eyt evolution, as a function of number of
iterations and the initial resolved shear stress 7 of DoE run for indent no. 1 of
10MnCr8-4. The black triangles represent the numerical error according to
Equation (13), whereas the red solid line is a quadratic fit through these
numerical results.

APPENDIX
Design of Experiments
The constitutive parameters saturation slip resistance,

Teat» the initial value of the critical resolved shear stress,
79, the hardening exponent, p,, and the hardening rate

experimental and numerical nanoindentation results in tempered
lath martensite.

Parameter sampling is done via Latin Hypercube Sampling
(LHS). The LHS allows a broad investigation of the parameter
space and an understanding of the influence of the n = 4 CP
parameters T, Tsat, Mo, p2 on load-displacement curves and the
surface topology for different carbon conditions. The minimum
number of an successful design of experiments (DoE) requires
2" simulations. For the respective DoEs, relatively large design
spaces were defined. For the residual imprints of alloy 10MnCr8-
4, the chosen ranges of CP parameters introduced in section 2.4
are 7, € [40,380] MPa, 7 € [120,750] MPa, hy € [300,1200]
MPa, and p, € [2.5,12]. In case of 30MnCr8-4, the design space
increases and rises significantly for the values of critical resolved
shear stress. In detail, the chosen values are 7y € [400,680] MPa,
Zeat € [545,900] MPa, hg € [600,1200] MPa, and p; € [2.5,12].

During the design of runs within the DoEs, especially for
the different carbon contents in the tempered lath martensite,
it quickly became clear that the initial resolved shear stress
7o has the largest influence on the nanoindentation results,
load-displacement curves, and surface topology. Exemplarily,
Figure 13 shows the error for multiple parameter sets over the
single parameter 7o for I0MnCr8-4, indent no. 1.

This is also consistent with recent studies by Chakraborty and
Eisenlohr (2017), who conducted a sensitivity study of crystal
plasticity parameters using the elementary effects method of
Morris. For further optimization loops the best fit of DoE was
taken as start parameters.
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