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ARTICLE INFO ABSTRACT
Keywords: High silicon alloyed ductile cast iron (Si-DCI) can show unpredictable brittle fracture which
Cast iron currently prevents a widespread application of this material. The brittleness is associated with

Silicon microsegregation
RVE

Trace analysis

Crystal plasticity

local superstructure formation due to silicon segregation which influences the deformation
mechanisms of the matrix phase. In order to understand the effect of silicon segregation on the
mechanical properties of Si-DCI under monotonous loading, three alloys with different cooling
conditions were examined and micromechanical simulations were carried out by using the
phenomenological crystal plasticity model. Here, the segregation profiles were determined
through multi phase field simulations. The influence of segregation on the mechanical properties
was only evident from the model but not from the experimental results. The simulated results
show that the toughness of Si-DCI decreases with stronger silicon segregation when ductile
damage is considered.

1. Introduction

Due to the increasing demand for renewable energy, castings in wind turbines are becoming larger in size [1]. In order to limit their
mass, these components need to endure higher stresses. Ductile cast iron (DCI) is a widely used structural material in this sector, as it
offers excellent mechanical properties, good castability and low costs. Its potential can be further enhanced by solid solution
strengthening with silicon. Silicon shifts the eutectoid transformation in DCI to higher temperatures, which allows a longer time for the
transformation of austenite to ferrite and in turn favors the formation of ferrite instead of pearlite [2]. Several authors have shown that
for alloys with silicon content between 3.2 wt% and 4.3 wt%, an increase in Si-content leads to an increase in yield limit, tensile
strength and hardness [3-5]. In addition, the ratio of yield limit to tensile strength increases in this range [4]. Gonzalez et al. [6,7]
observed that for cast iron specimens with high Si content around 5.2 wt% to 5.4 wt%, the yield strength and tensile strength are
almost identical. However, Si-DCI can show brittle fracture depending on temperature and loading [8]. The elongation at fracture
shows an inverse trend to both yield limit and tensile strength, dropping rapidly when the silicon content is above 4.3 wt% [3-7].
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This effect can be understood based on the principles of metal physics. Silicon atoms segregate during the solidification of Si-DCI
[9]. Since the diffusion time is too short to homogenize the segregation profile, high Si contents remain in the vicinity of the graphite
and decrease towards the interstices of the graphite. The silicon segregation profile is strongly dependent on the cooling rate and the
density of the graphite nodules [10]. Silicon occupies lattice sites in iron and increases strength through the effect of solid solution
strengthening, i.e., dislocation slip is impeded by silicon. As a result, the critical resolved shear stress (CRSS) acting on the slip system is
increased. Several authors [11,12] have investigated the influence of varying silicon contents on the deformation of ferrite single
crystals. Thereby, the CRSS increases linearly with increasing silicon content in the crystal, which naturally reduces its deformability. If
the silicon content increases strongly locally due to the segregations, B2- and DO3 superstructures may form. According to Wittig et al.
[8], these are the primary cause of hardening and embrittlement in iron-silicon alloys, because they strongly restrict dislocation
cross-slip. This strengthening effect that occurs due to the superlattice dislocations is particularly noticeable in the case of
body-centered cubic metals, since they usually have a high tendency to dislocation cross-slip [13]. The effect of suppressing dislocation
cross-slip was reported by Wittig et al. [8] in iron-silicon alloys at silicon contents above 4 wt%. They found that the resulting slip
traces in alloys with Si content below 4 wt% were wavy, indicating the existence of dislocation cross-slip, while the slip traces found in
alloys with above 4 wt% silicon were almost perfectly straight, i.e., planar slip [8].

Promising approaches exist to manipulate the segregation profile, as indicated by Franzen et al. [9], and thereby tailoring the
mechanical properties of Si-DCI. However, only little in-depth experimental studies of the influence of the Si-segregation profile on the
mechanical properties of Si-DCI were published in the literature [14]. This is probably related to the strong heterogeneity of the
microstructure which leads to the interplay of multiple factors that influence the mechanical properties [15,16].

By using model-based analysis on the basis of the representative volume elements (RVE), the influences of different factors could be
separated, so that a more in-depth investigation of the Si-segregation profile would be possible. Micromechanical models have been
reported in 2D and 3D for DCI, often modeling the metallic matrix of the GJS microstructure as homogeneous and isotropic. Micro-
segregations based on Scheil calculations in ferrite have been used in the model by Andriollo et al. [17]. In which different material
properties were assigned to individual integration points, depending on the local Si-contents present in the microstructure. However,
in the work of Andriollo et al. [17] only small strains and no damage were taken into account, therefore ultimately little influence of
the microsegregation on the mechanical properties of Si-DCI was found.

Compared to isotropic continuum mechanical models, crystal plasticity (CP) models consider the underlying physics of crystal
deformation. The classical CP-models are based on the multiplicative decomposition of the deformation gradient [18]. The tensor
formulation allows to account for the deformation mechanisms of the single crystal in the constitutive law which connects the stress
and deformation tensor. Recently, most physically based CP-models also account for microscopic quantities such as dislocation
densities, which require the implementation of scale transition like parameters or fitting parameters [19]. This makes them not
strongly distinguished from the phenomenological models any more. And the latter have also proven themselves in the efficient
modeling of polycrystal deformation. CP-models have often been used for steels [20,21]. However, only little preliminary work was
reported on cast iron [22], which may be attributed to their high microstructural heterogeneity and casting defects, which render
consideration of crystal deformation irrelevant. However, if microsegregation is to be investigated, the CRSS acting on the individual
slip system change [11,12] and thus crystal plasticity models are expected to incorporate these effects.

Multiphase field simulations offer a powerful method to locally determine the evolution of microstructure based on different
cooling conditions and alloying compositions. Eiken et al. [10] have already proven their capability of phase field simulations to
accurately predict silicon and manganese segregation in the microstructure of Si-GJS by comparing simulated segregation profiles
calculated by using Micress Software [23,24] with ones obtained by means of experimental segregation analysis. Chen et al. [25] were
able to accurately predict niobium segregation in an Inconel 718 alloy produced by laser powder bed fusion using the same software.

A coupled approach of CP calculations with phase field simulations could significantly contribute to an overall understanding of the
connection between process control, alloy composition, and resulting mechanical properties. Several works have already successfully
integrated this approach to achieve direct linkage between the microstructure prediction and the determination of the resulting
mechanical properties. Agius et al. [26] combined both methods to generate a digital twin of the process chain of additively manu-
factured microstructures of Ti-5553 alloys. Thereby, the phase field simulation results may be directly transferred to the local model
parameters of the CP simulation if the same mesh is utilized [26]. Pinomaa et al. [27] simulated the microstructural evolution of the
316 L stainless steel produced by selective laser melting using phase field simulation explicitly accounting for microsegregation of the
solute atoms. Subsequent CP simulations were then used to predict the homogenized mechanical properties based on the simulated
microstructure. Furthermore, this approach was also used for the prediction of damage. For instance, the open-source CP framework
DAMASK [19], which was also used for the CP-FEM calculations in this study, provides pre-implemented conservation laws to account
for phase field damage.

The major challenge in employing CP-models lies in providing the model parameters that change locally in the micromechanical
model. A wide variety of possible methods to calibrate the model parameters in general were reported in the literature. Inverse
methods compare either the results of experiments, such as nanoindentation [28,29] and tensile tests [30], or, in the case of full-field
methods, strain fields measured by means of digital image correlation [3]. Since inverse methods are often based on some form of
mathematical optimization, opening the parameter space in the present application prevents its solution. However, model parameters
can also be determined directly, for example, by testing model alloys or carrying out micromechanical experiments, such as micropillar
compression tests [31]. The disadvantage herein results from the high experimental effort for a continuous modeling of segregation. In
an alternative approach, the required model parameters, i.e., the CRSS [11], can be determined semi-analytically using empirical data.
These data are often based on fundamental studies on single crystals with different contents of the solid solution strengthening alloying
element of interest. The accuracy of the simulation may then evaluated by the comparison with the experiment [20] or full-field data
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[28]. Due to these challenges in deriving continuous model parameters that depend on local silicon concentration, no attempt has yet
been undertaken to study the effect of silicon microsegregation on the mechanical properties of Si-DCI under monotonous loading.
However, in contrast to an experimental approach the influencing factors may clearly be separated on the model level. Therefore, this
paper addresses the issues by studying 3D micromechanical models that consider silicon microsegregation, which is derived from multi
phase field simulations. The phenomenological crystal plasticity model was employed and its parameters, which are calibrated ac-
cording to fundamental empirical research from the literature, vary locally depending on the silicon contents. The results were then
compared to experimental results from tensile tests.

2. Material and methods
2.1. Material

Raw materials to produce melt include recirculation material, pure iron and ferrosilicon (FeSi). These raw materials were prepared
and melted in a 50 kg medium-frequency induction furnace using a graphite crucible. After melting all raw materials at 1450 °C, the
melt was overheated to 1550 °C and held at this temperature for about 5 min in order to remove impurities. After deslagging of the
melt, magnesium treatment with a cerium-free magnesium master alloy at about 1430 °C was performed using a plunger. Afterwards
inoculation was carried out with 0.3 wt% of an inoculant based on bismuth and cerium as nucleating agents. Samples for thermal
analysis as well as spectrometric analyses were produced and the melt was cast at 1350 °C. Castings were done in Furan based sand
mould with each mould containing Y2 (module: 10 mm), Y4 (module: 17 mm) standard test blocks and an insulated cylindrical sample
with a diameter of 13 cm (module: 30 cm) as illustrated in Fig. 1. The mould geometry has a significant influence on the cooling rate of
the casted components. The highest cooling rate was reached for the Y2 geometry, and the lowest cooling rate for the cylindrical
shaped mould. In addition to the different mould geometries, the chemical compositions of the casted components were also varied. In
total nine groups of materials were investigated, each group was a certain combination of a chemical composition and a cooling rate.
Detailed information about the chemical compositions of the investigated materials are given in Table 1.

2.2. Experimental methods

2.2.1. Optical microscopy

In order to be able to interpret the influence of the segregations correctly, the microstructure of each casted component was
analyzed. To this end, metallographic samples were taken from the geometrical center of the casted components, as elucidated for Y2,
Y4 and Cyl in Fig. 1. The metallographic samples were ground and polished according to the preparation steps listed in Table 6. For
each sample, more than ten images were recorded at 100x magnification with a resolution of 2600x 2060 pixels with an optical
microscope. According to DIN EN ISO 945-4 [32] at least 500 graphite nodules were captured and analyzed to determine the nod-
ularity, the Feret diameter, the circularity as well as the nodule density. The nodularity is defined as the percentage of spheroidal
graphite and was determined according to the standard ASTM E2567 [33].

2.2.2. Macroscopic tensile tests and hardness measurements

In order to characterize the mechanical properties, tensile tests and Brinell hardness measurements were carried out. For each alloy
and cooling rate three specimen of type B with a diameter of 10 mm were prepared according to the standard DIN-50125 [34]. The
tensile tests were loaded strain rate controlled under quasi-static conditions with an overall strain rate of 0.002 1/s and the ultimate
tensile strength (UTS), the 0.2 % offset yield limit (6yg.2), as well as the elongation at fracture (A) were calculated. The Brinell hardness
was determined according to DIN EN ISO 6506 [35] with a ball diameter of 2.5 mm and a load of 187.5 N.

Fig. 1. Visualization of the different moulding geometries and casting of Y2, Y4 and Cyl samples. (green: metallographic samples, red: tensile
samples). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Table 1

Chemical composition of the investigated alloys.
Alloy C [wt.%] Si [wt.%] Sc [wt.%] Mn [wt. %] Mg [wt.%]
HighSi 3.08 4.30 1.05 0.15 0.04-0.06
MediumSi 3.25 3.80 1.05 0.15 0.04-0.06
LowsSi 3.58 2.80 1.05 0.15 0.04-0.06

2.2.3. Scanning electron microscopy

SEM analysis was performed on an EDAX/TSL system (AMETEK GmbH, Weiterstadt, Germany) equipped with a Hikari camera in a
FEI Helios Nanolab G3 CX DualBeam (Thermofisher GmbH, Dreieich, Germany). The metallographic samples were analyzed by
electron backscatter diffraction (EBSD) in order to measure the grain size distribution of the metallic matrix. Large area EBSD scans
over 1000 pm x 500 pm in size that could provide sufficient statistics on the ferritic grains were conducted at 20 kV and 5.5 nA with a
step size of 500 nm. The obtained data include location parameter x4 and shape parameter ¢ of a logarithmic normal distribution
describing the grain size distribution (cf. Eqn. (9)), as well as the average grain sizes and the standard deviations. Additional energy
dispersive x-ray spectroscopy (EDS) mappings were carried out at 20 kV and 2.8 nA in order to determine the silicon distribution on the
sample surface of the investigated samples.

2.2.4. EBSD-assisted trace analysis and in-situ tensile tests

The samples for the combined in-situ and trace analysis were also machined out of the geometrical center of each mould (Y2, Y4
and Cyl). The technical drawing of the sample geometry used is given in Fig. 2. All samples were ground manually in several steps with
SiC papers, with a successively finer granulation from 80 to 1200. After grinding, the samples were polished (see preparation plan in
Table 6 in the appendix). All in-situ tensile tests were performed on a Kammrath and Weiss in situ tensile tester, with an overall strain
rate of 0.002 1/s. The in-situ observation was performed on a Tescan Clara FE-SEM, all tests were interrupted during the micro-
structural analysis. In order to compare the deformation and damage mechanisms under tensile loading between samples of different
silicon content, electron microscopy analyses were carried out at different loading points during the tensile test. EBSD scans of the
region of interest (ROI) were then used to carry out the slip trace analysis.

The EBSD-assisted trace analysis is a widely used method to analyze the deformation mechanism and the activation of slip systems
due to an external loading [36,37]. Extensive studies were already carried out on the deformation mechanisms of pure ferrite, which
showed the possibility of activating various slip systems depending on loading conditions and temperature, such as {110}(111),
{112}(111), {123}(111), as well as slip on non-crystallographic orientations [13,38]. Recent studies of Caillard [39,40] showed, that
the elementary slip systems of pure ferrite at room-temperature are the {110}(111) systems accompanied by extensive cross-slip.
Based on the findings of Caillard [39,40], the slip trace analysis performed was intended to clarify whether the amount of silicon
soluted in the ferritic matrix affects the elementary slip systems.

In order to decrease the experimental effort, only three samples of the alloy HighSi with 4.3 wt% silicon were investigated, since the
influence of silicon content on the deformation mechanisms is expected to be most pronounced on samples of the highest silicon
content. The evaluation of activated slip systems under the investigated loading conditions was carried out as follows. Dislocations
glide on slip planes and form steps with the height of one Burgers vector on the sample surface, when they leave the sample. The visible
surface steps seen on micrographs, which are normally referred to as slip bands, are formed by a large number of dislocations. As the
dislocations only glide on the activated slip planes, they appear as parallel lines along the slip plane traces which are the intersecting
lines between the slip plane and the sample surface. Following this, the activated slip systems can be identified by finding the match
between the slip bands and the slip plane traces that are obtained from the orientation measurement by EBSD.

Based on the symmetry of the bee-lattice, the numbers of the slip plane traces which are detectable by 2D analyzing methods, are 6,
12 and 24 for the {110}-, {112}- and {123}-plane families. Due to the increasing possibility of finding a match between slip plane trace
and slip bands with increasing number of non-parallel slip planes in a slip system family, all slip bands found on the sample surfaces
were first checked for parallelism to the {110}-slip planes. In cases where parallelism could not be detected, local postmortem EBSD
measurements were performed to clarify the reason for the misorientation between slip bands and {110}-slip plane traces.
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Fig. 2. Technical drawing of the specimen for the slip trace analysis and the in-situ tensile tests.
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2.3. Simulation methods

In order to understand the influence of the segregation on the mechanical properties, a simulation chain was implemented. In a first
step, experimentally calibrated multi-phase field simulations were performed. The microstructure and the local silicon concentrations
were subsequently passed to the micromechanical simulation, where a phenomenological crystal plasticity law was used to determine
the homogenized stress-strain curve.

2.3.1. Multi-phase field simulation

The simulations of the solidification were performed by using Micress Software [23,24] and the thermodynamic data were carried
over through GES files developed from Thermocalc [41]. In Micress, multiple phases were defined in terms of different phase field
variables ¢, (x,t), where the indices o, f and y represents either the liquid phase (L), the austenite phase (y) or the graphite phase (G).
The simulations were carried out over 3D cubic domains with each side having a length of 100 pm and a grid spacing of 2 pm, which
was chosen based on the results of a preliminary sensitivity study revealing that an increase in spacing from 1 pm to 2 pm has no
significant effect on the results of the phase field simulation. The underlying phase field equation reads as follows

14

@u(x,1) = ZMg/’ ({V(paﬂ L‘;(l,/,a/;Aﬂa/x — 0opKap + ZJ,,,;,) , (€D)]
p

where M{; denotes the interfacial mobility based on diffusion-controlled limits, Ap,,; denotes the difference in chemical potential and
Vmol,p iS the mean molar volume for interacting phases « and f. The second term in the brackets of equation (1) corresponds to the
capillary forces, with 6, as the interfacial energy and K, as the pairwise curvature. Furthermore, the third term J,4, is a higher order
term denoting the junction forces at the triple junctions of a, f and y. Moreover, the spheroidal graphite was modeled by effective
anisotropy functions and 25 irregularly arranged facets [42]. The local concentration of the alloying elements carbon and silicon in
terms of mole fractions are given by composition vector fields represented by y(x,t). The diffusion of these alloying elements through
different phases were simulated based on phase specific diffusion matrices D,. The formulation of the diffusion equation follows as

K, =m0, 0 V- [Rar(x, 00DV, ], ©)

allowing for locally changing mole number densities nyo (X,t), which are not affected by substitutional diffusion, but change during
interstitial diffusion of carbon (C), such that

tinor =1 () 3

Furthermore, a volumetric relaxation approach was taken into consideration for the homogeneous volume expansion.

The phase field simulations were carried out for the three different alloy compositions, which are listed in Table 1 and for different
cooling conditions, for which the heat extractions defined by the mould geometries. The corresponding heat flows are —7.50 J/(scm?),
-0.782 J/(scm3) and —0.672 J/(scm3) for the Y2-, the Y4- and the Cyl-mould, respectively. The temperature evolution, which was
homogenously assigned to the RVE domain, was enforced to replicate the experimental cooling curves of the Y2, Y4-, and cylindrical
samples. Fig. 3, shows the experimentally obtained cooling curves from an initial temperature of approximately 1230 °C to a final
temperature of approximately 752 °C which corresponds to the onset of the eutectoid transformation. At first, the nucleation of
primary austenite from the liquid phase takes place followed by its dendritic growth, then graphite nodules nucleate continuously at
random positions in the melt, and they get encapsulated by either the primary austenite or the formed eutectic austenite. The further
growth of graphite depends on the interstitial diffusion of carbon in austenite. The initial nucleation temperatures of primary austenite,
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Fig. 3. Experimentally measured cooling curves of the Y2-, Y4- and cylindrical mould geometry.
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graphite and eutectic austenite vary based on the cooling conditions and alloy compositions. It is important to note that all simulations
were terminated prior to the eutectoid transformation. However, the assumption of a final temperature of 752 °C is still reasonable, as
Eiken et al. [10] have already shown that the silicon profile of the completely solidified austenitic microstructure does not differ
significantly from that at room temperature. Fig. 4 illustrates the different progress of solidification depending on the cooling rate
which is determined by the mould geometry.

2.3.2. Constitutive material model

The phenomenological crystal plasticity (CP) model, which is incorporated in the DAMASK framework [18,19] was used to model
the plastic deformation of the ferrite in the DCI microstructure. The CP model is based on the formulation of Hutchinson [43] and was
modified for bce-crystals. Thereby, dislocation slip is initiated, when the resolved shear stress t* of a certain slip system o exceeds the
CRSS t2. When dislocation slip takes place, the shear rate y* of the corresponding slip system increases according to

7 =7o|~| sgn(z), (C)]

T

c

leading to an accumulation of plastic deformation. In Eq. (4), ¥, represents the reference shear rate and n is referred to as stress
exponent. As a result of dislocation interaction, the CRSS increases towards its saturation stress t,. The evaluation of the CRSS is

described by
N wa Tb
=Y 7 ho|l - =< 1—-2)q, 5
7. bz]?’ 0 . sgn( Ts)q bs 5)

where N represents the total number of considered slip systems, hy and w are fitting parameters and q}, are coefficients of the
interaction matrix which takes into account the anisotropy of hardening. For co-planar slip, q,p takes the value 1.0, else it is 1.4.
Although it is well known that the graphite nodules in the DCI microstructure exhibit high anisotropy due to their internal structure
and that this significantly affect the prediction accuracy of the model [44,45], they were modeled in this work as purely elastic and
isotropic, with a Young’s Modulus of 30 GPa and a Poisson’s ratio of 0.3. This assumption was employed here to save computational
power, since the focus of the study is to investigate the influence of silicon segregation on the homogenized mechanical properties
under monotonous loading, which is done by a direct comparison between models with and without segregations.

The damage was modeled using a simple isotropic damage formulation for ductile materials, which was already implemented in
version 2.03 of the CP framework DAMASK. Similar to the selection of the CP model, the simplistic strain-based formulation was used
here to gain the first understanding of the effect of silicon segregation on damage as well as to avoid time-consuming parameter
determination phase for more complex damage models. In addition, Qayyum et al. [46,47] have successfully applied this model to
study the damage initiation and evolution in transformation induced plasticity steels and dual phase steels. Therefore, it is believed
that this simple model is the best suited at the current stage of the study. Thereby, the damage initiates, when the accumulated plastic
deformation exceeds the critical value ycyit.

. Verit
® =min| I, (6)
( ZZm“)
According to Roters et al. [18,19], the damage parameter ® was introduced only into the elastic part to successively reduce the
effective elastic stiffness Cer of the damaged elements following:

Cy=(1—-)C. 7)

For damage free elements, ® becomes 1, and in case of already damaged elements, it is less than 1. For each element the second
Piola-Kirchhoff stress S is calculated as a function of the effective elastic stiffness and the Green-Lagrange strain E according to a
generalized Hook’s law:

MediumSi-Cyl MediumSi-Y4 MediumSi-Y2

v ® 9

Fig. 4. Comparison of the growth progress of austenite (red) and graphite (yellow) between the different mould geometries of the alloy MediumSi
84 s after the start of solidification. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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Subsequent update of the slip rates of each slip system ensures the accumulation of plastic strain in already damaged elements with
ongoing deformation, whereby damage can propagate, if the resolved shear stress again exceeds the CRSS. It was assumed that relevant
damage occurs only in the ferrite phase which is considered to be justified since the debonding between the graphite nodules and the
ferrite phase starts at an early stage of deformation and the damage leading to a macroscopic failure of the DCI structure is charac-
terized by large accumulation of plastic deformation in the ferritic matrix [44,48,49]. The interface between graphite nodules and
ferrite matrix is modeled as ideal, i.e., possible debonding is not considered in the models in this work. It has been confirmed by the
literature [50-52] that perfectly bonded graphite nodules hinder the lateral contraction of the surrounded matrix perpendicular to the
principal direction of straining, which leads to an overestimation of strength. However, considering the great difficulty in local
parametrization and the resulted complexity of the model, the implementation of weak interfaces will be beyond the scope of the work
of gaining the first understanding of the effect of silicon segregation. Therefore, the setting of an ideal interface is justified, when the
simulation results of models with and without segregation are only cross compared with each other within the work. In order to
investigate the influence of silicon segregations on mechanical properties of DCI under monotonic load, the CRSS, 1, as well as yrit
were determined as functions of the local silicon content. Their determination was based on the results of the macroscopic tensile tests
and is therefore described in Section 3.4. The remaining material properties for the ferrite phase were taken from the literature [28]
and kept constant (see Table 2).

2.3.3. RVE model generation

The multi-phase field simulations provide a continuous distribution of the local silicon, as well as the graphite morphology over the
entire RVE domain as functions of the chemical composition and the cooling rate. The obtained distribution of silicon was then
uniformly discretized. In a next step, the model parameters, which were assumed to be locally dependent on the amount of silicon were
assigned to these regions. Fig. 5 exemplary shows the resulting discrete distribution of the silicon weight fraction over the domain of
the model for MediumSi-Y4.

Since the phase field simulations were only performed until the start of the eutectoid transformation, the austenite-ferrite trans-
formation was not incorporated. A voronoi-algorithm [53-55] was used to generate a statistically equivalent artificial grain structure
for each model, which was based on the determined grain size distributions represented by a two parameter logarithmic normal
distribution, with a probability density function defined as follows

ex
xov/ 2w

The values of the location parameter ; and the shape parameter ¢ are given in Table 4 for each sample.

On the one hand, although the grain size distribution graphs obtained by large EBSD scans show close agreement among all
samples, they still give different fitting parameters. On the other hand, the RVE used in this study has a relatively small size which does
not allow the best representation of the real grain size distribution of a sample. Therefore, it was decided to apply a logarithmic normal
distribution with respect to the EBSD average grain size value of each sample (cf. Table 4) in the corresponding RVE. The generated
models were solved by the spectral solver incorporated in the crystal plasticity framework DAMASK [19]. A structured mesh of cubic
elements was used for all RVE-models with an element edge length of 2 pm. Periodic boundary conditions were employed and the
RVE-models were loaded with a strain rate of 0.002 1/s defined by a uniaxial rate of the overall deformation gradient. The results were
then homogenized by a numerical homogenization scheme, in order to obtain the stress-strain curve from which the yield limit, the
tensile strength and the elongation at fracture were then determined. Here, the microscopic stress and strain fields were volumetrically
averaged over the RVE domain. Furthermore, the toughness (U), which is defined as the strainenergy-density at the moment of
macroscopic fracture, was determined by numerical integration of the stress-strain curve.

3. Results
3.1. Pristine microstructure

The pristine microstructure of the castings is characterized by their graphite morphology and the grain size distribution of the

Table 2

Material properties of pure ferrite not depending on the local silicon content

[28].
Property Value Unit
Cn 233.3 GPa
Cia 235.5 GPa
Cas4 128.0 GPa
Yo 0.001 [1/s]
ho 1000 GPa
n 20 [-1
w 2.25 [-]
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Table 3

Quantitative graphite nodule analysis.
Sample Drerer [m] Nodularity [%] Mean Nodule density [1/mm?]

Circularity [—]

HighSi-Y2 19.9 90.5 0.78 338.2
HighSi-Y4 23.1 86.5 0.74 272.6
HighSi-Cyl 31.1 74.1 0.68 156.1
MediumSi-Y2 229 86.0 0.75 275.8
MediumSi-Y4 18.8 90.2 0.77 172.1
MediumSi-Cyl 36.0 73.6 0.68 135.7
LowSi-Y2 25.9 85.3 0.74 235.6
LowsSi-Y4 31.4 85.9 0.71 164.9
LowsSi-Cyl 43.2 65.6 0.63 83.9

(a) (b)

4.1 'og'
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373,
=
> 3.3;;3
288
y ()

4 Graphite

Fig. 5. Visualization of the grain structure (a) and the discrete silicon distribution (b) in the RVE-model MediumSi-Y4. The legend only belongs to
the silicon distribution. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 4
Location parameter (p) and shape parameter () of a two-parameter logarithmic normal distribution, average grain size and standard deviation
determined by large area EBSD scans.

Sample u p Average grain size [pm] St. Dev. [pm]
HighSi-Y2 4.082 0.5692 67.67 30.85
HighSi-Y4 3.857 0.4739 51.98 20.30
HighSi-Cyl 3.862 0.5130 53.11 22.72
MediumSi-Y2 3.617 0.5715 42.50 19.63
MediumSi-Y4 3.964 0.5599 59.88 27.32
MediumSi-Cyl 3.972 0.5205 59.57 26.38
LowsSi-Y2 3.523 0.6380 39.62 19.41
LowsSi-Y4 3.783 0.5838 50.25 22.92
LowsSi-Cyl 3.764 05687 49.37 23.30

ferritic matrix. The graphite morphology was analyzed by optical microscopy. The results in Table 3 show an increased nodule density
for the casting geometries Y2 and Y4 compared to the material with slower cooling rate in Cyl for all of the investigated compositions.
This leads to the respective differences in size of the graphite nodules characterized by the Feret diameter. Comparing the same cooling
rate but different composition, cooling rates Y2 and Cyl show increasing Feret-Diameters with decreasing global silicon content.
However, both cooling rate and silicon content seem to affect the graphite morphology, which is reflected by the nodularity as well as

Table 5

Averaged mechanical properties of the investigated specimen, standard deviation in brackets.
Sample oyo.2 [MPa] UTS [MPa] A (%] HB35/187.5
HighSi-Y2 534.5 (10.4) 654.1 (2.7) 13.5(0.8) 231.7 (4.7)
HighSi-Y4 534.6 (1.1) 651.1 (1.9) 13.8 (0.5) 230.7 (4.3)
HighsSi-Cyl 526.7 (7.1) 634.5 (5.4) 7.5 (1.0) 228.7 (5.0)
MediumSi-Y2 408.4 (3.9) 521.5 (1.6) 17.3 (0.7) 182.7 (4.6)
MediumSi-Y4 403.2 (3.9) 515.3 (1.9) 18.2 (0.4) 184.6 (4.8)
MediumSi-Cyl 403.9 (1.9) 500.7 (1.8) 10.9 (1.1) 181.4 (5.4)
LowSi-Y2 348.5 (0.6) 471.7 (3.8) 20.2 (0.5) 165.8 (5.2)
LowsSi-Y4 345.3 (6.6) 467.9 (11.5) 19.5(1.4) 163.8 (6.2)
LowSi-Cyl 335.4 (2.4) 450.8 (3.9) 13.4 (2.0) 158.1 (7.0)
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the mean circularity of the graphite nodules. The nodularity represents the fraction of spheroidal graphite nodules defined by the
aspect ratio according to ASTM-E2567 [33]. Generally, large cooling rates lead to larger nodularity and the nodularity surprisingly
increases following the increase of the silicon content. Table 4 clearly shows no significant different between the grain size distri-
butions of the various cooling rates and alloy compositions.

3.2. Macroscopic tensile tests and hardness measurements

Table 5 shows the averaged results of the tensile tests and hardness measurements, where the corresponding standard deviations
are given in brackets. As the results show, 6yp 2 and UTS increase with increasing silicon content, whereby the elongation at break A
shows an inverse trend. In the same manner as the strength, also the values of Brinell hardness decrease with decreasing amount of
silicon soluted in the ferritic matrix of the DCI. The alloy with the highest silicon content is characterized by the highest hardness.

3.3. EBSD-assisted trace analysis and in-situ tensile tests

The orientations of 50 sets of slip bands in different grains of the investigated samples (cf. Fig. 2) were analyzed. The results show
that 48 sets of slip bands were parallel to the {110} slip plane traces. However, two sets of the slip bands did not match the {110} slip
plane traces in the respective grains. Both of these slip traces were found on sample HighSi-Cyl. Fig. 6 exemplary shows different slip
traces observed on the surface of a sample of HighSi-Cyl. In order to visualize the grain orientation, the results of the corresponding
EBSD measurement in the undeformed state were transparently overlaid on the SE-images. The {110} slip plane traces, which are
parallel to the formed slip bands, are indicated by solid red lines. The images A and B show also the slip bands, which were not parallel
to the {110} slip plane traces. The dashed red lines indicate, that parallelism to the {112} slip plane traces could be detected in both
cases. Local post-mortem EBSD measurements of the regions A and B in Fig. 6 were additionally performed and the corresponding
inverse pole figures of both regions are shown in Fig. 7. A direct comparison between the post-mortem EBSD images and the corre-
sponding SE-images indicates, that in the immediate vicinity of the slip bands, which are not parallel to the {110} slip plane traces,
large deformation occurred resulting in a rotation of the crystal lattice. In the case of region B, the reason for the large plastic
deformation was a graphite nodule located directly under the sample surface causing the generation of a surface crack, which
propagated during the tensile test and then led to a highly deformed region around the crack tip.

Additional to the trace analysis, which was only performed on samples of the composition HighSi, further in-situ analysis on
samples of the alloy LowSi were performed to compare the deformation mechanisms with those of the alloy HighSi and to qualitatively
verify the assumption of the damage model used. Fig. 8 exemplarily shows forescatter electron images taken during the in-situ tensile

[001]

[111]
[101]

Fig. 6. Slip traces of non-parallel slip planes {110} in sample HighSi-Cyl at six different regions (A-F).
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Fig. 8. Colored back-scattered electron (BSE) images of sample LowSi-Cyl during the performed in-situ tensile test at different loading points
corresponding to the stress-strain curve shown in Fig. 9.
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test of a sample of LowSi-Cyl. Fig. 9 shows the obtained stress-strain curve of the same sample in combination with the corresponding
loading points, at which the above mentioned measurements were performed. The number above each image in Fig. 8 corresponds to
the number of the loading-points marked on the stress-strain curve plotted in Fig. 9. In all in-situ tensile tests, debonding at the
interface between graphite nodules and ferrite initiated immediately after exceeding the macroscopic yield limit, which can be also
seen in region (a) in Fig. 8. As the deformation proceeds, the plastic deformation in the ferritic matrix increased significantly, resulting
in topography changes, especially visible in the regions (b) and (c) in Fig. 8. In region (b), multiple graphite nodules are located in a
close proximity to each other, resulting in the concentration of plastic deformation and thus significant change in topography. As seen
from images 6-1 and 6-2 in Fig. 8, the crack, which eventually caused the macroscopic failure of the specimen LowSi-Cyl also
propagated through location (b).

A SE-image of the region surrounded by the red dashed rectangle in Fig. 8 is given in Fig. 10 on the right. From this, the massive
plastic deformation exhibited by the ferritic matrix during the tensile test becomes clearly visible. The SE-image in Fig. 10 was
captured at load point 5 of the corresponding stress-strain curve in Fig. 9. Further, a qualitative comparison of the shape of the formed
slip bands on samples with low and high silicon contents in Fig. 10 also shows, that slip bands on specimens of the alloy LowSi tended
to have a wavy shape, whereas the slip bands on samples of alloy HighSi appeared as almost perfect straight lines. This is consistent
with the observations of Wittig et al. [8], who observed a transition point at about 4 wt% silicon, above which the deformation mode
transforms from wavy to planar slip due to the formation of B2- and DOs-superstructures. The presence of superstructures and the
associated formation of APB prevent dislocation cross-slip, which causes the transition to wavy slip.

3.4. Constitutive model parameters

Model parameters, in particular the CRSS, which are assumed to be locally dependent on the silicon content were determined using
a combined approach, based on literature data, macroscopic tensile test results and physically based estimations. It is important to
point out that based on the results of the trace analysis performed in this study, only the {110}(111) slip systems were considered in the
models. Kitajima et al. [11] determined the CRSS by means of single crystal tensile tests of high purity iron base alloys with different
solute elements in a temperature range between 4.2 K and 300 K. Fig. 14 shows the values of the CRSS measured by Kitajima et al. [11]
at 300 K and the values for the 0.2 % offset yield limit of DCI alloys as a function of the global silicon content. The linearity between
CRSS and silicon content was reported by many researchers [11,12,56]. Interestingly, the macroscopic yield limits of Si-DCI shows also
alinear trend, differing only by its slope from that of the CRSS values. Since data of the saturation stress 7, (cf. Eqn. (5)), as well as of the
values for the critical strain y.; were not reported in the literature, their dependence on the local silicon content was estimated and
validated by comparing the simulation to the experiment.

The saturation stress is limiting the hardening of the material and is therefore considered as “microscopic tensile strength” acting on
a slip system. Based on these considerations, the relation between saturation stress and macroscopic UTS were assumed to be also
similar to the relation between CRSS and oyp 2. Since the macroscopic UTS increases linearly with increasing silicon content, the
saturation stress was assumed to be also linearly dependent on the soluted amount of silicon in the crystal, with a slope chosen in such a
way, that the ratio between the slope of 15 and the slope of UTS equals the ratio of the slopes of CRSS and 6y 2. Both functions were
assumed to intercept at a silicon content of 0 wt%. Fig. 15 shows the trend of the estimated values for 15 compared to the tensile
strength of DCI alloys with varying total silicon content.

An analogous procedure was used to adopt the values of critical shear yit, which determines the onset of damage in the ferritic DCI
matrix. The trend of the elongation at fracture of different cast iron grades over the global silicon content was qualitatively transferred
to the trend of yt. For this purpose, the elongations at fracture were fitted, as indicated by the dashed line in Fig. 16. However, the

500
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Fig. 9. Measurement points during the in-situ tensile test of sample LowSi-Cyl.
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Fig. 10. Comparison of slip between slip bands of HighSi-Cyl (left) and LowSi-Cyl (right). The LowSi-Cyl shows wavy slip bands whereas the HighSi-
Cyl shows straight slip bands (red arrows). (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

dependence of the critical shear below 2.8 wt% percent was assumed to be constant, because statistically reliable data is missing in this
region. However, Fig. 16 shows a kink point at a silicon content of around 3.3 wt%, below which the slope of the elongation at fracture
decreases with decreasing silicon content, which justifies this assumption. The resulting trend of y.j; over the amount of silicon is also
shown in Fig. 16.

3.5. Crystal plasticity simulations

In the following, the results of the crystal plasticity RVE simulations are presented. Fig. 11 exemplarily shows the effect of silicon
segregation on the simulated stress-strain curves of the MediumSi-Y4 model, with phase field segregation profile and with a completely
homogenized profile considering models with and without damage in the ferritic matrix. Generally, the silicon segregation slightly
decreases the overall strength. Fig. 12 shows the equivalent plastic strain plotted over intersection planes parallel to the xz-plane at y =
50 pm of different RVE at a time of t = 30 s. Based on these plots a direct comparison between RVE with phase field segregation field
and with homogenized segregation field can be made. Both cases show a nearly identical strain partitioning, which clearly explains the
small difference observed in the stress-strain curve shown in Fig. 11. The black lines indicate the stress-strain curves of the same
models, but without the consideration of damage in the ferritic matrix. If damage is considered in the model, the effect of silicon
segregation on the strength is more pronounced and the elongation at fracture decreases due to the segregation.

The phenomenon is the same for all models simulated. Compact presentation of the results of the performed RVE simulations given
in Fig. 13. In this, 6yg 2, UTS, A and U of the models with phase field segregation profile (red) and homogenized segregation profile
(blue) are plotted. As the plots show, both the calculated values of 0.2 % offset yield limit and tensile strength are consistently lower for
the models with phase field segregation profile compared to the models with homogenized segregation profile. However, the dif-
ference is negligible. Fig. 13 indicates that the difference in the elongation at fracture, as well as in the toughness, are higher in
comparison to the difference in 6yg 2 and UTS. Furthermore, it can be clearly seen, that the models with the silicon segregation profile

600 |- *

Phase field Si-profile + damage
--- Homogenized Si-profile + damage
400 —— Phase field Si-profile + no damage | |
- - - Homogenized Si-profile + no damage

\ I I I
0 5 10 15 20

E11 [%]

Fig. 11. Comparison of the simulated stress-strain curves of model MediumSi-Y4, with silicon segregation profile calculated by means of the phase
field simulation and with homogenized segregation profile.
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Fig. 12. Comparison of the equivalent plastic strain at a time of t = 30s between models with phase field segregation profile and homogenized
segregation profile. The intersection plane is parallel to the xz-plane at y = 50 pm, with x-axis as the loading direction.
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Fig. 15. Simulated values for the UTS compared to values determined experimentally by means of macroscopic tensile tests and assumed values
for 1.

as calculated from the phase field simulation consistently exhibit lower values for the elongation at fracture and toughness (U) than the
models with homogenized segregation profile.

Numerical and experimental results of the different RVEs are plotted together in Figs. 14-16. In Fig. 14 a comparison of the yield
limits shows a good agreement of simulated values with the values obtained from tensile tests. The models of alloy MediumSi show a
relatively large scatter in the simulated values for the 0.2 % offset yield limit, whereas the scatter for the other alloys is significantly
lower. Comparing the tensile strengths shown in Fig. 15, larger deviations between simulated and experimentally determined values
can be observed. The values for the ultimate tensile strength are overestimated by the models of the alloys LowSi and MediumSi. Good
accuracy in prediction can be observed by comparing the simulated elongations at fracture with the experimental ones.

4. Discussion

The overall objective of this study was to investigate the effect of silicon micro-segregation on the mechanical properties under
monotonic loading. In order to achieve this goal, samples of different alloy composition and different cooling rates were investigated
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Fig. 16. Simulated values for the elongation at fracture compared to values determined experimentally by means of macroscopic tensile tests and
assumed values for ycyit.

using a coupled experimental and simulative approach.
4.1. Effect of silicon on deformation mechanisms

The objective of the in-situ investigation as well as the slip trace analysis was to verify whether the activation of slip in high silicon
alloyed nodular cast iron changes due to the silicon content. The results showed that the majority of the slip traces were parallel to the
{110} slip system. In only two cases, this parallelism could not be detected, which is attributed to high plastic deformation and the
resulting reorientation of the crystal lattice. In order to assess the significance of these results, two major drawbacks of the method used
must be mentioned. First, the method used does not provide a unique conclusion on the activation of slip systems during the defor-
mation since the analysis is limited to the slip traces on the sample surface. Moreover, the probability of finding a parallel match
increases with increasing number of slip planes in a slip system. However, the {110} slip planes are the elementary slip systems in pure
ferrite according to Caillard [39,40]. Secondly, it must be taken into account that the presence of a free surface can influence the
dislocation slip. According to a comparison of optical slip trace analysis with TEM images carried out by Weinberger et al. [13], the
underlying dislocation structure determines the slip traces on the sample surface, but is not necessarily representative of the bulk
plastic processes. However, a limitation to the {110} slip systems in the model is considered to be justified, since the majority of the slip
traces showed a parallelism to these systems. Nevertheless, further investigation is of great interest for the continuation of this work.
The in-situ tensile tests revealed that the deformation in the alloy with low silicon content is characterized by large amount of
plasticity, which accumulates in highly stressed regions, e.g. graphite nodules. The accumulation of plastic deformation is particularly
evident from the high topography differences, which can be observed in the colored BSE images given in Fig. 8. The presence of a large
amount of accumulated plastic deformation shows the applicability of the damage model described in Section 2.3.2. The insitu analysis
confirmed the results of Wittig et al. [8] who found a transition point at an overall amount of 4 wt% silicon, above which the shape of
the slip traces changes from a wavy to an almost perfectly straight shape. This was attributed by Wittig et al. [8] to the presence of B2-
and DOs superstructures and the formation of APB, which prevent dislocation cross-slip and therefore restrict the accumulation of
plastic deformation. The transition point coincides with the global silicon content of the investigated materials, above which the
elongation at fracture rapidly drops in macroscopic tensile tests (cf. Fig. 16). Accordingly, the global silicon content seems to be
responsible for the drop in elongation at fracture and thus for the drop in toughness, rather than the presence of silicon segregation.

4.2. Effect of silicon and silicon segregation on mechanical properties under monotonous loading

The results of the micromechanical simulations show the effect of silicon segregation on the mechanical properties which is
separated from other impact factors. All the models used were generated twice, once with the silicon profile as calculated by means of
phase field simulations and once with a completely homogenized segregation profile. Comparing the results of both models showed
that a homogenization of the silicon segregation leads to an increase in both the elongation at fracture and the toughness. An increase
in yield limit and tensile strength can only be achieved to a negligible extent. The results can be justified by the following
considerations.
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o The negligible differences in 0.2 % offset yield limit and tensile strength can be explained by the linear dependence of the critical
resolved shear and saturation stress on the local silicon content. Due to the volumetric averaging of the micromechanical stress and
strain fields the impact of locally varying silicon contents vanishes. Based on this, the global silicon content, has the greatest effect
on the yield limit, as well as the tensile strength. The comparison of the stress-strain curves in Fig. 11 indicates that differences
between the models with homogenized silicon profile and phase-field segregation only become visible when damage is taken into
account. Without damage, the stress strain curves of both models are almost the same, this is in agreement with the results obtained
by Andriollo et al. [17].

The larger variations in elongation at fracture and toughness result from the non-linear relationship between the critical amount of
shear vt and the local silicon content. The value of y.;; determines the onset of damage based on the accumulation of plastic strain
which leads to an earlier damage initiation in regions with elevated silicon content.

However, the improvement in elongation at fracture and toughness is relatively low. Fig. 17 shows the cumulative distribution
function of the silicon content in the ferritic matrix of the models LowSi-Y2, MediumSi-Y2 and HighSi-Y2. Based on these plots, the
asymmetric shape of the silicon distribution can be clearly seen. As a results of the asymmetry, the maximum silicon content of the
models differs only slightly from the global silicon content. Therefore, the critical amount of shear (ycit) of regions with maximum
silicon content also differs only slightly from its value corresponding to the regions of the global silicon content. So it is rather the
global silicon content that mainly influences the effective mechanical properties under monotonic loading. Fig. 13 also indicates
that the largest deviations are caused by changes in the global silicon content.

Since the experiments were used to calibrate the missing model parameters (saturation stress ts and critical shear y), their good
agreement with simulated data justifies the applied procedure. However, the finding is limited to the cooling rates of Y2 and Y4 casting
specimens, while the predicted mechanical properties of casting specimens Cyl deviate from the experiments which can be understood
from the size effect of the RVE.

Due to high computational efforts resulting from both the phase field and the crystal plasticity simulations, the chosen RVE size
represents a compromise between computational effort and accuracy. Since the main objective of this work was to investigate the
influence of silicon segregation on the effective mechanical properties under monotonic loading, the selected size of the RVE should be
reasonable. However, the experimental results of Cyl show much larger graphite nodules compared to Y2 and Y4 leading to a strongly
reduced measured elongation at fracture which is well known from literature [57]. A continuation of this work should also include the
implementation of more complex damage formulations in order to increase the accuracy of the prediction and to improve the modeling
of the damage initiation and evolution. This can be for example a Gurson-Tvergaard-Needleman model, which is capable of incor-
porating effects such as void nucleation, void growth and coalescence.

5. Conclusions

The overall objective of this study is to investigate the effect of silicon segregation on the effective mechanical properties of Si-DCI,
especially on the toughness. Crystal plasticity simulations were performed on RVE generated by multi-phase field simulations. The
main findings are summarized as follows:

e The effect of silicon segregation is only evident in the model when damage is taken into account. The yield limit, as well as the
tensile strength are influenced to a negligible extent by the characteristics of the segregation profile, whereas the effect on elon-
gation at fracture and toughness is higher.

e Under consideration of damage, a homogenization of the segregation profile has a positive effect on the elongation at fracture and
toughness of the DCI alloy. However, the differences obtained are limited due to the asymmetric shape of the silicon distribution in
the present microstructures.

e The global amount of silicon in DCI has the most significant impact on the effective mechanical properties under monotonic loading
in both experiments and simulation.

Crucial for future work is a more sophisticated determination of the absent model parameters depending on the local silicon
content. Micropillar compression tests offer a possibility to investigate regions with different silicon contents and to determine the

—

09} |— LowSi-Y2
— MediumSi-Y2
HighSi-Y2

[-]
oo
N oo

=
1=

Cum. frequency
o000
— DN QO Ut

(==}

1.4 1.8 2.2 2.6 3.0 3.4 3.8 4.2 4.6
Silicon content [wt.%]

Fig. 17. Cumulative density plot of the silicon content soluted in the ferritic matrix of the RVE LowSi-Y2, MediumSi-Y2 and HighSi-Y2 from phase
field simulation (dashed lines indicate the global silicon content in the corresponding models).
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missing parameters. Furthermore, for a reliable determination of effective mechanical properties under monotonic load it is required to
investigate the size effect of the models. In particular, more and larger RVEs are required to account for the effects of graphite and
matrix microstructure in the model, which dominate the effective mechanical properties.
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Appendix
Table 6
Polishing steps for the sample preparation
1 2 3 4 5

Base Hard silk Synthetic cloth
Combound Monocrystalline diamond Aluminum oxide
Step 6 pm 3 pm 1 pm 0.25 pm 0.05 pm
Lubricant Oil based Water
Velocity 150 1/min
Duration 1 min
Repetitions 2-3 2
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