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Abstract

An accurate prediction of ductile cast iron microstructures is crucial for a science-based
optimisation of cast component design. The number density and distribution of graphite
nodules critically influence the mechanical performance of a component in service. Although
models predicting nodule growth have been researched for many years, recent improvements
have been impeded by lack of detailed experimental data on nodule growth kinetics for
validation. This data has now been made available through in situ observations of the
solidification of ductile cast iron using synchrotron X-ray tomography in combination with a
high temperature environmental cell. In the present investigation, a new sphere of influence
model for spheroidal graphite growth is proposed. It inherently incorporates the competition
for carbon between neighbouring nodules and the depletion of carbon in the matrix.

Comparing simulation results to the in situ observations of graphite growth, the sphere of



influence model successfully predicts both growth of individual nodules as well as the size

distribution of a large nodule population during solidification.

1. Introduction
Ductile cast irons (DCI) are known to provide good mechanical performance in terms of
fatigue strength and fracture toughness [1] at a low cost, making DCI an important
engineering material. The mechanical properties of this family of alloys not only depends on
the graphite nodule number density but also the nodule size and shape distributions [2,3].
Graphite nodules form during solidification and the number density of nodules is highly
dependent on the thermal conditions of the casting process. In general, the processing
conditions play a vital role for the final microstructure and thus the mechanical properties of

a DCI component.

To predict the room temperature microstructure of a DCI component from given thermal
conditions and melt chemistry, models for nucleation and growth of nodules are crucial.
Casting simulations are routinely applied in the component design process for identification
of areas where porosity and other microstructural defects are likely to occur. However, such
simulations often rely on simplified relations between thermal conditions and predicted

microstructure [4].

By tailoring the microstructure it is possible to design lighter structures with improved
service life. This requires in-depth knowledge of the basic mechanisms of solidification,
allowing identification of suitable melt chemistry and processing routes. Thus, to fully exploit
the potential of DCIs, accurate microstructural models are necessary. Through recent
emergence of advanced characterisation techniques like synchrotron X-ray imaging and

diffraction it is now possible to capture microstructural evolution in real-time.

Synchrotron X-ray sources provide high intensity beams enabling fast imaging of bulk metal
objects. In combination with environmental cells, which allow controlled heating of
representative sample to temperatures above the melting point of most alloys, synchrotron X-

ray sources can be used to study the solidification of alloys [5,6,15,7-14] including cast iron



[16] in real-time. Recently, the first in situ 4D (3D and time) observations from DCI
solidification have been presented by the authors [17] allowing a full description of the
development of individual nodules and a direct comparison between predictions from

microstructural models to time resolved observations of nodule growth.

Based on a thorough analysis of the benefits and limitations of existing models, a new model
for graphite nodule growth is suggested. The new model takes into account the effect of
competition for carbon between growing graphite nodules. The present investigation then
makes full use of the in situ observations to validate the new model by directly comparing

model predictions to experimental observations.

2. In situ observations of DCI solidification
The synchrotron experiment was performed using the Alice environmental cell [15] at the [12
beam line of the Diamond Light Source, UK. A cylindrical sample (2mm in diameter, 8 mm in
height) of near-eutectic composition was melted and re-solidified while tomograms of the
rotating sample were continuously captured. The initial sample composition is provided in
table 1. During the experiment, carbon was lost to the surroundings resulting in an estimated
final carbon concentration of 3.0 %wt. which was calculated using the total graphite mass
after solidification as measured from tomograms obtained after solidification was complete. A
thorough description of the experiment and data post-processing has been given in reference
[17].
The sample was heated to a maximum temperature of 1167 °C and then solidified at a cooling
rate of 0.03 °Cs1. A 75 keV monochromatic beam was used and the acquisition was performed
using a PCO edge camera with a pixel size of 1.3 um. Projections of a 3 mm tall central region
were captured every 0.11 s and 360 projections were used for reconstruction of each
tomogram. Thus, tomograms were acquired consecutively every 40 s, corresponding to 1.2 °C
change in temperature per tomogram. At the maximum temperature any pre-existing graphite
had been dissolved indicating that the sample was completely liquid at this point. The time
t = 0 sis assigned to the tomogram recorded at 1138 °C, just before the first graphite
appears. Post-processing such as filtering, registration and segmentation based on grey levels

was performed in Avizo.



In this investigation, the nucleation and growth of graphite nodules is evaluated by observing

643 nodules. The nucleation and growth primarily occur over a time interval of 240 s,

corresponding to a temperature change of approximately 7 °C. During this interval 6

tomograms were recorded.

Table 1: Initial sample composition, as measured using a spectrometer for all elements except
carbon. Carbon content was measured using a LECO CS230. Carbon concentration after
solidification was estimated to 3.0 %wt.

Element C Si Mg P Cu Mn S
[Yowt] 3.6 1.9 0.075 0.017 0.012 0.099 0.001
a) 280s b) 320s b ) 360 s - d)800s 4 P8
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Figure 1. a)-d): In situ tomography time series data showing 2D slices taken from a
representative sub volume. The time is given in each frame and the corresponding
temperatures are 1130 °C, 1128 °C, 1127 °Cand 1116 °C. In d) the eight nodules are
denoted P1-P8. e)-h): 3D microstructure of the representative sub-volume. Nodules P1-P8
are indicated in h) and highlighted in yellow. i) The volume of P1-P8 as a function of time

and temperature.

To illustrate the microstructural development, figures 1a-d show 2D sections from a small
sub-volume taken from tomograms during solidification (figures 1a-c) and after solidification
is complete (figure 1d). The evolving dark phases are individual graphite nodules and the
surrounding bright regions comprised of austenite (Y-Fe) and liquid, which remain
indistinguishable due to similar X-ray attenuation characteristics. Due to the loss of carbon
during the experiment, a significant amount of austenite is expected to form before the first
graphite. The difference in attenuation between graphite and the surroundings is exploited
for segmentation of individual graphite nodules, enabling their growth during the course of
solidification to be tracked (see labelled nodules in figures 1d and 1h). Tracking individual
graphite nodules through consecutive segmented tomographic volumes allows a description
of the development of nodule volume as a function of time and temperature. The development
of the 3D microstructure in the small sub-volume is shown in figures 1e-h. P1-P8 are
highlighted in figure 1d and h and their volumes are shown as a function of time and
temperature in figure 1i. An error occurred while recording the tomogram at 440 s resulting
in a gap in the data. Notice that the graphite nodules motion is negligible during the course of
solidification, indicating that nodules remain fixed by austenite during the course of

solidification [17].

Figures 1a-d clearly show the formation order of the graphite nodules. Traditionally [18-21],
colour etchings and mappings by microprobe have been used to study the segregation of
silicon during solidification and thus to derive information about the sequence in which
microstructure evolves. Mapping by energy dispersive spectroscopy (EDS) is a less involved
process and the result provides a good overview of silicon segregation and the location of the
last-to-solidify zones [17]. The area around P1-P8 was investigated in the final microstructure

using light optical microscopy (LOM) and EDS, figures 2a-c. From the Si distribution in figure



2b it is evident that the large nodule P1 is confined to a Si rich region while relatively smaller
nodules, such as P6, are confined to zones of lower Si concentration. This indicates that P1
nucleated early while P6 formed towards the end of solidification, in agreement with the in
situ observations in figures 1a-d. This conclusion supports the finding that silicon
redistribution during solid state transformation is limited [22]. Mg-containing particles, likely
oxides, are indicated in figure 2c. The EDS maps of silicon and magnesium (figures 2b and 2c),
suggest that the Mg-containing particles were rejected to the last-to-solidify melt but did not
act as active sites for graphite nucleation.

The following section discusses growth of graphite nodules in the light of the in situ

observations and existing models for nodule growth.

Figure 2. a): Microstructure around nodules P1-P8 observed at room temperature by Light

Optical Microscopy. Nodules P1 and P6 are indicated. Energy Dispersive Spectroscopy maps
of silicon and magnesium distribution at room temperature are shown in b) and c)

respectively. Two Mg-containing particles are pointed out in a) and c).



3. The graphite nodule growth stages in a Fe-C alloy

The growth of graphite nodules during solidification and solid state cooling in a DCI alloy can

be divided into four stages:

i  Free growth: Upon nucleation, the graphite nodule grows in direct contact with the melt.
This type of growth is assumed to be governed by the interface kinetics of incorporating
carbon atoms into the nodule [23].

ii Encapsulated growth: After the nodule is encapsulated in austenite, the growth of the
nodule is governed by the diffusion of carbon from the carbon-rich melt towards the
nodule through the encapsulating austenite shell.

iii Low supersaturation growth: After solidification, nodule growth is driven by the
decreasing solubility of carbon in austenite as the alloy is cooling. The austenitic matrix
has a low carbon supersaturation resulting in slow nodule growth.

iv Transformation-driven growth: The transformation of the matrix from austenite to ferrite
is associated with a large decrease in carbon solubility. A part of the rejected carbon

further contributes to growth of graphite nodules in solid state.
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Figure 3. a): Schematic illustration of the relation between the growth stages (i)-(iv) and the
casting temperature. The four different phases, liquid (1), graphite (g), austenite (y) and
ferrite (a), are indicated by different grey levels. b): Schematic illustration of the

distribution of carbon in the uni-nodular model.

The different growth stages are schematically depicted as a function of temperature in figure

3a. Itis possible that during very initial stages of growth, the nodules nucleate and translate to



a different location. However, it is not possible to confirm such movements due to imaging
resolution limit of the current investigation. In the current investigation, from the moment the
nodules become visible and until the solidification finishes, they remain fixed in space. At the
same time, new nodules nucleate over a significant time and temperature interval showing
that the present in situ experiment captures the second and third growth stages as well as the
transition between the two stages. For the encapsulated growth stage, the uni-nodular (UN)
approach has become the reference model. This model considers a closed unit volume where
a single nodule of radius, 79, is located at the centre of the volume. During the encapsulated
growth stage, the nodule is assumed to be surrounded by a perfectly spherical austenite shell
of outer radius, r?, as illustrated by figure 3b. Within the UN model, the encapsulated nodules
are disconnected from each other and the inter-nodular space is assumed to be occupied by
liquid. The presence of liquid is assumed to sustain a continuous flow of carbon towards the
encapsulated nodule during solidification. This is reflected by assuming a quasi-stationary

carbon concentration profile, WZ (r), of the austenite shell

r¥r9 1 1 1
WZ(r) :Wg/g——ry_rg wg/ —wg/g) (r_g_;) (D

where wé/ /9and wg /! are the carbon concentrations of austenite in equilibrium with graphite
and liquid respectively. The growth rate equations resulting from these assumptions were
first presented by Wetterfall et al. [24] and the analysis was further expanded by Lesoult et al.
[25]. In this investigation, the latter is referred to when considering the predicted growth rate

within the uni-nodular framework. It is given as

v/l_. v/g
T R @
0 dt p9 " C rad(rv-r9) 1_W1C//g

where D/ is the diffusion coefficient of carbon in austenite and p¥and pYare the densities of
austenite and graphite, respectively. The assumed distribution of carbon within the unit
volume is schematically illustrated in figure 3b. The above equation can also be written in a

more compact form



5 = H(T) - F(r9,77) - Aw¢(T) (3)

Y
H(T) = & 2

g4_.,,Y/9’
pPo1-w,

r'y
rd(¥Y-r9)’

F(r9,r¥) = Awe(T) = wl/t —wl’? (4)

where Aw, corresponds to the carbon concentration difference which drives the flow of

carbon towards the nodule. An additional equation describes the growth of the austenite shell

drr _ _ ofry wgl-wpl (14 2= w/! wE/g) (5)
dt - Tg(‘r‘y—‘rg) Wé/Y_Wg/l pg 1_W3://g

l 1 : . Ay . . .
where WC/ ¥ is the carbon concentration of the melt in equilibrium with austenite. Although the

assumed arrangement of austenite, liquid and graphite in the UN model permits a
mathematically simple description of nodule growth it also has intrinsic limitations. During
solidification, austenite dendrites encapsulate multiple nodules which results in nodule
interaction through overlapping diffusion fields and growth competition. Thus, the basic
assumption of the uni-nodular approach, that a nodule and its surrounding austenite shell is
effectively isolated from its neighbours, is compromised. As a direct consequence the

transition between growth stages (ii) and (iii) is not described in the UN model.

Recently, the UN model was extended [17,26] to include the growth of graphite after
solidification is complete corresponding to the third growth stage listed above. The extension
results in a relatively sharp transition from encapsulated growth to low supersaturation
growth during solid state cooling when solidification of the unit cell is complete. Although the
model extension performed much better than the UN model alone the extension is not
applicable for casting simulations. The reason is the assumed prior knowledge of the extent of
the unit cell for each nodule or, at least, for a family of nodules. Further, a comparison to
experimental observations showed that further improvements are needed including a better
description of the gradual transition from encapsulated growth to low supersaturation

growth during solid state cooling.

An early attempt to model the transition between encapsulated growth and low

supersaturation growth during solid state cooling was made by Boeri [27]. That study was



inspired by an investigation from Su et al. [28] to modify the growth rate equation, equation
(2), such that the nodule growth rate decreases with increasing solid fraction according to

[29]
0 =]75; J=09-(1—f) (6)

With this expression, the growth rate, 1"]g , is assumed equal to zero after solidification is

complete, which is a reasonable simplification given the very low expected growth rates at
this stage. ] and especially the numeric pre-factor 0.9 appear to be the result of somewhat
arbitrary choices which are not sufficiently supported by experimental evidence. Comparing
the results of casting simulations to experimental observations has so far been the main tool
applied to validate the different microstructural models [29-33] as direct observations of
graphite growth have been unavailable. This approach has the disadvantage that it tests the
thermal solver and choice of nucleation model as well as the microstructural growth model.
As a result the comparison of experiment and simulation does not provide a sufficiently

detailed basis for validating the microstructural model itself.

From the analysis of the in situ observations previously presented it was clear that the
description presented by Lesoult et al. [25] yielded predictions of growth rates, which, during
early stages of solidification agree well with the experimental observations [17]. However, the
experimental data showed a significant and continuous overall drop in graphite nodule
growth rates towards the end of solidification. This observation was attributed to the partial
depletion of carbon from the austenite matrix even at relatively low solid fractions. This does
not agree with the assumptions of the UN model which for the same reason predicts growth
rates much higher than what is experimentally observed at the late stages of solidification.
The suggested growth model by Boeri [27] predicts a gradual decrease in nodule growth
rates. Its exact formulation is, however, questionable as it assumes decreasing growth rates
from the beginning of solidification, which is a divergence from the experimental
observations. Instead, a modification should, according to the presented experiment, only take

effect at late stages of solidification.

10



By comparing growth rates of neighbouring nodules and taking into account the arrangement
of graphite, austenite and liquid, Bjerre et al. [34] found that proximity of a nodule to the last-
to-solidify regions contribute to high growth rates even during late stages of solidification.
Nodules situated among several neighbours exhibited sluggish growth and the overall growth
plateaued relatively early. This illustrates the effect of carbon depletion in the austenite on the
competitive growth between neighbouring nodules. The effect causes large individual

variations in nodule growth rates.

Thus, it seems necessary to consider the effect of overlapping diffusion fields when revisiting
graphite nodule growth models but also that this effect only plays a role at late stages of
solidification. Impingement of diffusion fields has previously been included in similar models
for porosity growth in Al-Si castings [35,36]. Although the need for a modification or revision
of the UN model is clear, it is remarkable that the predicted growth rate corresponds well to
the experimental observations, especially considering the amount of austenite present before
the first graphite formed. Thus, even though the actual arrangement of austenite and graphite
does not correspond with the idealised UN model, the carbon concentration field assumed in

the model seems to provide a reasonably good approximation.

4. Sphere of influence model for nodule growth
It is clear that the UN model described above provides an incomplete picture of the graphite
nodule growth at late stages of solidification. In the case where multiple nodules are
embedded in an austenite grain, which itself is surrounded by carbon-rich liquid, it is not

immediately clear how the carbon is distributed around each nodule.

The UN model assumes a spherically symmetric austenite shell in which the carbon
concentration depends linearly on r~1as illustrated in figure 3b. Above it was made clear that
this is a reasonable approximation for initial stages of growth. However, this arrangement of
austenite, graphite and liquid, assumed in the UN model is a biased representation of the
actual observed microstructure during the course of solidification. Thus, rather than assuming

a perfect austenite shell around each nodule, we introduce a sphere of influence around each
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nodule. Within this sphere, the carbon level is below the concentration predicted by

austenite-liquid equilibrium due to nodule growth.

Figure 4 schematically illustrates the solidification of DCI where the spheres of influence are
depicted. Initially, there is no interaction between the spheres of influence, as shown in figure
4a. As the solidification progresses, the spheres of influence expand and impinge as shown
schematically for two time steps in figure 4b and c respectively. As soon as the spheres of
influence impinge, the carbon concentration around a nodule cannot be described by equation
(1) and the flow of carbon towards the nodules will be reduced. This will lead to a reduction

in growth rate similar to the behaviour observed by Azeem et al. [17].

[]: Austenite I : Graphite B&: Liquid [: Sphere of influence
Figure 4. a-c: Schematic illustration of microstructural phases in a DCI solidification

process. The sphere of influence for each nodule is illustrated by the grey shading.

The different nodules in figure 4 experience varying degrees of overlap between their spheres
of influence which lead to variations in growth rate among nodules which are otherwise
comparable [34]. The purpose of modifying the UN model is however not to describe in detail
the individual variations in growth rates but rather to capture the overall growth behaviour.
In order to achieve this, the approach by Boeri [27] is adopted such that equation (2) is
multiplied by a factor M. From the previous discussion M needs to fulfil two requirements: a)
only impose a reduction in growth rate above a certain solid fraction expressing the
impingement of spheres of influence and b) The growth rate must be equal to zero at a solid

fraction equal to 1. The simplest choice is a linear relation:
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T; :MT, M= {f-1. * 7
M 0 fs*—11ffszfs (7)

With the above equation the growth rate decreases with increasing solid fraction for f; > £
such that the growth rate is 0 at f; = 1. Equation 7 will be referred to as the Sphere of
Influence (Sol) model in contrast to the UN model expressed by equation (2). The modifying

factor Mcan be included in a new expression for Aw. in equation (3) such that

AW (T, fs) = M(fs) - Awc(T) (8)

which illustrates that this type of modification is equivalent to imposing a decreasing carbon
supersaturation which leads to a reduction in the nodule growth rate. Equation (7) contains a
single parameter which needs to be determined, namely f;*, which is effectively the solid

fraction at which the reduction in carbon supersaturation is imposed.

The UN model predicts a ratio ¥ /r9 which is approximately equal to 2.4, a result which has
been experimentally verified [24,37]. Considering the previous discussion r? is replaced by
the sphere of influence radius ry,; which is assumed equal to 2.4 - 9. Thus F(r9,r") in (3)

becomes

TSol _ 24

F(r9,150) = r9(rso—19) 14719 ?)

This modification only changes model predictions marginally but the austenite volume
fraction can now be calculated by assuming equilibrium between austenite and liquid, which

affects the calculation of the solid fraction in a casting simulation.

Given that the purpose of the model is to capture the average nodule behaviour it seems
appropriate to associate f;* to the point in time where the average nodule sphere of influence
radius exceeds half of the average spacing between nodules. Following the above discussion
we now assume that all nodules have a sphere of influence with a radius of rg,; = 2.41‘6%, re“cc’l

being the equivalent radius of each experimentally observed nodule calculated by assuming
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that each nodule is perfectly spherical. From this, the radius of the average sphere of influence
can be calculated as a function of time in the experimental data. The average spacing between

randomly distributed nodules, Al, can be calculated from [38]:

_ 0554

Al IN

(10)

where N is the number density of nodules. The average r5,; and Al/2 from the experimental
data is presented in figure 5 as a function of estimated solid fraction. The extent of the average
sphere of influence exceeds half of the average spacing between nodules at a solid fraction of
0.62. According to the above analysis, it is from this instance that the growth of nodules on
average starts to be affected by the decreasing availability of carbon and thus f{" = 0.62 in the

experiment.

80 . :
=@ Al/2, Experiment
== Avg. rs,;, Experiment
E 60+
=
=
—
an
a
£ 40t
*
20 f S

0.2 0.4 0.6 0.8 1.0
Solid fraction

Figure 5. Half average spacing between nodules Al/2 and average radius of the spheres of
influence rg,; obtained from experimental data plotted as a function of solid fraction. Curves

intersect at a solid fraction of 0.62 which defines f;* for the experiment.
The solid fraction as a function of time was not measured directly from the in situ

observations because of the very low X-ray attenuation difference between the liquid metal

and the solid austenite. Instead, the solid fraction was estimated using the observed graphite
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volume and the calculated nominal carbon content. By additionally assuming that austenite
and liquid remain in equilibrium throughout solidification the solid fraction can be estimated
as detailed elsewhere[17,26]. Since the average Sol as well as the average distance between
nodules are highly dependent on the actual density of nodules as well as the nodule size
distribution, f;* cannot be given a priori but needs to be measured experimentally or
simulated.

To illustrate how f;* varies under different process parameters, DCI solidification was
simulated at a carbon concentration of w, = 3.0 %wt. corresponding to the composition of
the in situ experiment as well as for w; = 3.4 %wt. and 3.7 %wt. In all cases the remaining
conditions mimic those of the in situ experiment and thus a constant cooling rate of

0.03 °C s71is imposed and a silicon concentration of wg; = 1.9 %wt. is used. A detailed
description of the algorithm employed to simulate DCI solidification can be found in the
supplementary note 1. As a part of the supplementary, two Python scripts for simulating DCI
solidification and plotting the results are provided. The solidification model is based on the
work of Lacaze et al. [30] and Pedersen et al. [32,39] who took impingement into account only
when calculating the total graphite volume. An Oldfield-type of nucleation law is used with
parameters obtained from the in situ experiment [17]. Thus, in all simulated cases the
nucleation starts at an undercooling of 138 °C with respect to the graphite liquidus and the
final nodule count is constant across simulations. N; is the number of nodules which nucleated
during time step i. The radius of all these nodules develop according to the nodule growth
equation, equation (7), such that after time step j the radius of the N; nodules, riﬂ., with

implicit time integration is calculated as

nd =1 (rifj._l + \/(ri;‘j._l)z + 4a5t) (11)

09 7°C1a 1-wv/g

(12)

where 6t = 0.1 s is the length of each time step and riz._l is the radius of each of the N;

nodules after the j-1'th time step. The densities p¥ = 7200 kgm~3, p! = 6900 kg m~3 and

p9 = 2200 kg m~3 are used and following Pedersen et al. [32], the diffusion coefficient of

. . - 15260K -
carbon was set to vary with temperature according to D = 7.7 - 107 - exp (— ) ms 2
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where the temperature T is expressed in Kelvin. Austenite and liquid volume fractions are

calculated by assuming conservation of total mass and carbon mass and using a linear
approximation of the Fe-C phase diagram [30].

Figure 6 presents the half average nodule spacing Al/2 and average rg,; from simulations with

three different carbon compositions. At near-eutectic composition (w, = 3.7 %wt, wg; = 1.9
%wt) only a small amount of austenite has formed before graphite nucleation is initiated.

Initially, the average r5,; is small and the Al/2 is large. As the solidification progresses they

become equal momentarily following which the rg,; increases while the Al/2 decreases.

During solidification, a small decrease in the average r5,; can be observed in each simulation

due to the rapid nucleation of new nodules. As the nucleation ceases, the average rg;
increases again. The fraction solid, f;*, at which the average rg,; is equal to Al/2 decreases as

the carbon concentration increases across the three simulations. Similarly, f* is influenced by
melt inoculation state and cooling conditions.

80 —=- . |
: E — AZ/Q, ’wc=3.0
n z
u = — Avg. 7301, Wo = 3.0
u z
: E [ EE RN AZ/Q,U](‘:34
.I - prere AVg TSol, Wo = 3.4
E 60 % B wen A2, we =37
ET ‘l :_ LR ] Avg. TSol, Wo = 3.7
. -
(] “‘ /‘,'
QJ /O
Q 40 [ ‘0’ ’o/
.Q ','/ *
- I": - -"\‘-'\rm!,‘:' s
‘ﬂ“ \‘\‘ \. o
0’ ~\‘ y
[ .~
ol Sife [ g
0.2 0.4 0.6 0.8

1.0
Solid fraction

Figure 6. Half average nodule spacing Al/2 and average r5,; obtained from DCI solidification
simulations with nominal carbon concentrations, w, of 3.0 %wt., 3.4 %wt. and 3.7 %wt.

Thermal conditions as well as melt inoculation state mimic those of the in situ experiment.
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5. Model validation

The validation of the model is divided into two parts: The first comparison focuses on nodule
growth in terms of the relation between nodule volume and time and between nodule volume
and nodule growth rate. Secondly, the Sol model is used to predict the development of the
nodule size distribution during solidification. In all cases the results are compared with

experimental observations.

5.1 Nodule growth

The growth of individual nodules is simulated under conditions which correspond to those of
the in situ experiment as described in the previous section and supplementary note 1. Nodule
growth is initiated at the estimated time of nucleation obtained by extrapolation from the first
observation of a nodule down to a nodule radius of 1 um. This method of estimating
nucleation time and temperature has previously been employed for graphite nodules in DCI

and porosities in Al-Cu alloys [17,40].

In figure 7 the volume of four regular nodules, N1 to N4, is presented as a function of time
from experimental observations as well as simulated predictions. The experimental data for
N1-N4 all display an initial growth stage followed by a transition to a regime of little or no
growth reflecting first the encapsulated growth followed by a transition to low
supersaturation growth during solid state cooling. The growth rate in the later stage is too
small to be observable within the considered time range. For each of the four nodules a
simulation using the Sol growth model is presented. For the nodule N1 the growth was also
simulated using the UN model, equation (2), and the effect of the model modification can be
clearly observed: Initially, the two models accurately predict the fast growth rates with both
UN and Sol model curves overlapping. Later, the UN model predicts an accelerated growth
rate while the prediction from the Sol model shows a gradual growth rate reduction.
Comparing the observed and predicted relation between nodule volumes and time for the
four regular nodules, it is clear that the Sol model prediction is close to the observed
behaviour, including the accurate prediction of gradual transition between encapsulated
growth and low supersaturation growth during solid state cooling. The final volume of N2 and

N3 is overestimated while it is underestimated for N1 and well predicted for N4. This is not a
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surprise given the individual differences in growth conditions which result in growth rate
variations between otherwise similar nodules as discussed by Bjerre et al. [34].
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Figure 7. Simulated and observed volume of 4 selected nodules, N1 to N4, as a function of

time. The vertical red line indicates the end of solidification.

To further test if the model successfully describes the general variations in growth rate
through time and across different nodule volumes, the predicted relation between nodule
volume and growth rate at specific instances of time is now compared to the experimental
observations. For an experimentally observed nodule with the volume V; at time t; and V;,; at
the subsequent time instance t,,; = t; + At the growth rate is calculated as (V5 — V;)/At, At
being the time between tomographic scans. Graphite nodules were sorted by their volumes,
V;, and grouped in bins of 10 nodules. The average V; and growth rate is then calculated within
each bin. This is repeated for three different t;. Since nucleation is continuous the number of
nodules and thus the number of data points at each ¢t increases with time. The results are
shown in figure 8 for regular nodules (sphericity ¥ = n/3(6V)?/34~1 > 0.75), Vand A4 being
the volume and surface area of the nodule. Clearly, a gradual reduction in the growth rate for
all nodule volumes is observed as the solidification progresses, reflecting the transition from

encapsulated growth to low supersaturation growth during solid state cooling.
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Each experimental data set represents the growth rate observed as a function of nodule
volume between two time instances. Each of these time intervals is associated with an average
temperature and solid fraction that are then used to calculate the corresponding relations
predicted by the Sol model. The model predictions are represented as full lines in figure 8 for
each t; and the associated solid fraction, f;, used in the expression for M in equation (7), is
given in the figure legend. Note that for t; = 280 s the solid fraction is below f;" which means
that the Sol model at this stage is equivalent to the UN model. At t; = 280 s the comparison to
a limited number of data points shows that overall the growth rates and the observed trends
are very well predicted by the model although there is a minor overestimation of the growth
rates of small nodules. At later stages, where the Sol model modification takes effect, the
agreement between the model predictions and the experimental observations is good over a
large range of nodule volumes. The ability to predict the reduction in growth rate, as observed
from t;, = 280 s to tg = 360 s is only possible via the Sol model. This expresses a significant
improvement as the curve for t; = 280 s, corresponding to the UN model, dramatically

overestimates the growth rates observed at late stages in the solidification.

The current investigation only considers growth of regular nodules to ensure a relevant
experimental basis for comparison to simulated results. However, irregular nodules have
been observed to grow faster than regular nodules [17] and the presence of irregular graphite
nodules reduces the yield and tensile strengths in DCI components [3]. Murcia et al. [41]
approached this problem by assuming a partial encapsulation of nodules by austenite during
solidification leading to a prediction of average nodularity. It might be necessary to include
extreme growth behaviours in future models for microstructure development in order to

provide better prediction of structures which might lead to component failure.
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Figure 8. Relation between nodule volume and growth rate as observed from experiment
(symbols) and predicted by the Sol model (solid lines). The curve predicted for t; = 280 s

corresponds to the UN model since f; = 0.57 < f,".

5.2 The development of a population of graphite nodules

It is clear that the Sol growth model accurately predicts the average nodule growth behaviour.
In this section, we evaluate the feasibility of using the model to predict the development of the
nodule size distribution and thus evaluate if the shape of the distribution is dominated by
average nodule growth behaviour or not. Most simulations of the solidification of DCI
components [29-33] assume that this is the case although it has not been sufficiently

investigated.

The experimentally observed nodule density is presented as a function of time in figure 9. As
specified before, the nucleation instance of each nodule is estimated using extrapolation down
to aradius of 1 pm from the nodule volume from when it was first observed during in situ
tomography experiment. It is clear that nucleation is continuous and that the nucleation rate
increases with time and undercooling. Graphite nodule nucleation starts at an undercooling of
approximately 150 °C with respect to the graphite liquidus which indicates a low initial
nucleation potency of the melt. The rapid increase of the nucleation rate after nucleation

indicates that the onset of the eutectic solidification is a self-accelerating process. As reported
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by Muhmond and Fredriksson [42], the cast iron solidification progresses via segregation of
elements ahead of the solidifying front, thus leading to precipitation of oxide and sulphide
particles which act as graphite nucleation sites. In figure 2, Mg-containing particles, likely
oxides, are found in the last-to-solidify melt supporting this hypothesis. Despite this,
nucleation ends before solidification is complete. It thus seems that the large Mg-bearing
particles in the last-to-solidify melt are unfavourable nucleation sites for graphite or that the
local thermal and chemical conditions did not allow graphite to form in the last pockets of
liquid. The nucleation data is critical for estimating nodule size as presented in following

sections.
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Figure 9. Density of nodules, N, as a function of time and temperature observed in the in situ

experiment.

The distribution of equivalent nodule radii observed at 6 different instances of time is
presented in figure 10. All distributions are normalised with respect to the final number of
nodules. The equivalent nodule radius is obtained from the nodule volume gathered from
tomograms rather than the cross sectional slices obtained from a 2D micrograph. This allows
elimination of the related uncertainties as illustrated in references [2,43]. Figure 10 shows the
size distribution evolution that develops from being almost uniform in the initial stages of
solidification to become increasingly narrow with the maximum shifting towards larger radii

during later stages of solidification. The significant shift in the nodule size distribution
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observed between t = 400 s and 480 s is associated with the fact that nucleation of nodules
has ceased at this point while the existing nodules continue their growth, albeit at a relatively
low rate. The data presented in figure 8 showed that the growth rate of large nodules is
affected more by the decreasing availability of carbon than their smaller counterparts. This
indicates why the distribution becomes increasingly narrow and bell shaped over time. The
nodule size distribution displays more than one maximum at several time instances although
nucleation is continuous. Size distributions with multiple maxima are usually interpreted as
evidence for multiple stages of nucleation separated in time by recalescence as discussed for
high cooling rates by Pedersen and Tiedje [44]. Figure 10 highlights that care should be taken
when concluding on nucleation stages solely on the basis of the size distribution observed at

room temperature.
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Figure 10. Normalised nodule size distribution obtained from in situ experiment at 6
different instances of time during solidification. Note that the bin width in the distribution
varies for the 6 instances of time and that each size distribution has been normalised with

respect to the final number of nodules.

The Sol model for nodule growth is now used to describe the development of the nodule size

distribution during solidification. The models details are outlined in Supplementary note 1. To
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minimize errors in the model prediction the experimental nodule density is used as input for
simulations. The thermal conditions used in the simulations were representative of those
used during the in situ experiment. The solid fraction as a function of temperature estimated
from the experiment is used as an input for M ensuring a good basis for direct comparison

between simulated and experimental results.

Figures 11 and 12 present the results of simulations using the UN model, i.e. equation (2), and
the Sol model, equation (7), respectively. Note that the two figures are identical at t = 240 s,
280 s and 320 s as the model modification in the present case only takes effect after t = 320 s.
Comparing with the experimental observations presented in figure 10 it is clear that the UN
growth model results in a large overestimation of the radius associated to the maximum of the
distribution. In general, the final size distribution is shifted towards larger radii as compared
to the experimental data. The Sol growth model produces a much better prediction of the final
distribution. In general, it seems that the overall shape of the size distributions in figure 12
resembles those observed in the experimental data (figure 10). However, the smallest nodules
appear slightly over-represented in simulation results at t = 360 s and 400 s. This might be
due to an underestimation of the growth rates of the smallest nodules. It is possible that these
nodules are not as heavily affected by the depletion of carbon from the matrix as new nodules
form only in the liquid where there, presumably, is sufficient carbon available to limit the
effects of the overall depletion of the matrix. This is also reflected by the fact that the UN
model performs better in this respect. A possible solution to improve this prediction would be
to exclude nodules below a certain radius from the effects of carbon depletion although it is

unclear how such a cut-off threshold can be selected.
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Figure 11. Predicted nodule size distribution at 6 different instances of time using the uni-

nodular (UN) model as well as the experimental size distribution at ¢t = 480 s.
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Figure 12. Predicted nodule size distribution at 6 different instances of time using the

sphere of influence (Sol) model as well as the experimental size distribution at t = 480 s.

A relevant comparison of the experimental and the simulation in the context of growth of
nodules can be made by observing the median and average nodule radii, as shown in figures
13a-b. Clearly, the results from the UN and the Sol growth models overlap up to and including

t = 320 s. Then the effect of the new model modification becomes evident in the sense that the
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UN model significantly overestimates the final values of both the median and the average
nodule radius. Using the Sol growth model the predicted median corresponds very well with
the experimental observations confirming the validity of the model. However, the average
nodule size is consistently underestimated. As previously discussed, irregular nodules tend to
grow faster than their regular counterparts and also faster than predicted by the Sol model.
Since the irregular nodules also nucleate relatively early they are found among the largest
nodules in the size distribution. The fact that they are relatively few in numbers might explain
why the model underestimates the average nodule radius but is able to predict the median

nodule radius.

The presented comparison of simulated and experimental results show that the Sol growth
model can successfully predict the overall shape of the nodule size distribution as well as the
median nodule radius. It is, however, also clear that the Sol model represents the average
nodule growth behaviour. Thus, the model might not provide accurate predictions when fast-
growing irregular nodules are present or if the conditions for nodules nucleating very late in
the solidification process differ substantially from the model assumptions. The Sol model has
been compared to a single experiment under conditions which in some aspects diverge from
those of a casting process. However, the level of detail at which the model could be validated
is unprecedented thus providing a strong foundation for the Sol model and supporting the use
of the model to simulate DCI solidification under a wide range of process parameters and melt

compositions.
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Figure 13. Median (a) and average (b) nodule radius as function of time from experiment as
well simulations. Simulated results are obtained using either the uni-nodular (UN) or the

sphere of influence (Sol) growth model.

6. Conclusion
The sphere of influence (Sol) model for graphite nodule growth has been suggested and
discussed in relation to existing descriptions and validated against in situ observations of
individual nodule growth as well as large population developments. The in situ observations
obtained by synchrotron X-ray tomography provided a unique basis for model validation at an
unprecedented level of detail. The main features of the sphere of influence model are:

e The effect of carbon depletion in the austenite matrix is taken into account.

e A criterion for imposing the effect of carbon depletion is developed based on
considerations of overlapping diffusion fields. This criterion does not require
predefined inputs in solidification simulations.

e The model is validated over a broad range of times and solid fractions as well as for
both individual nodules and a large population.

The model validations have shown that the Sol model performs much better than the uni-
nodular (UN) model in the sense that the gradual reduction in growth rate observed at late
stages of solidification was well predicted. The UN model predicted large growth rates even
towards the end of solidification resulting in considerable errors in the predicted final nodule
size distribution. The presented model constitutes an important step towards the ability to
accurately predict nodule size distributions after casting when combined with models

describing the eutectoid transformation of the matrix.
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