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Abstract

Ductile cast irons (DCls) are of increasing importance in the renewable energy and
transportation sectors. The distribution and morphology of the graphite nodules, in
particular the formation of degenerate features during solidification, dictate the mechanical
performance of DCls. In situ high-speed synchrotron X-ray tomography was used to capture
the evolution of graphite nodules during solidification of DCI, including degenerate features
and the effect of the carbon concentration field. The degeneration of nodules is observed to
increase with re-melting cycles, which is attributed to Mg-loss. The dendritic primary
austenite and carbon concentration gradients in the surrounding liquid phase were found to

control nodule morphology by locally restricting and promoting growth.

A coupled diffusion-mechanical model was developed, confirming the experimentally
informed hypothesis that protrusions form through liquation cracking of the austenite shell
and subsequent localised growth. These results provide valuable insights into the

solidification kinetics of cast irons, supporting the design of advanced alloys.

1. Introduction

Ductile Cast Iron (DCl), or nodular cast iron, is critical for various industrial sectors, such as
transportation and renewable energy production. DCls are easily castable, whilst offering
excellent mechanical properties at a low production cost per unit weight [1]. The unique
ability of DCls to dampen loads combined with relatively high ductility and toughness in
comparison with other cast irons [2], makes them ideal candidates for cyclic loading

applications, such as in wind turbines [3] and large marine propulsion systems [4]. These
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and other applications of DCls, amount to more than a fifth of the worldwide casting
production by weight [5]; therefore, significant improvements of the production process will

have a large impact across various industrial sectors.

DCls have a unique microstructure consisting of graphite nodules embedded in a multi-
phase metallic matrix, essentially forming a metal matrix composite. The shape and size of
these graphite nodules dictate the mechanical properties of DCls, such as fatigue resistance
[6,7] and strength [8]. Various forms of degenerate, i.e. non-spherical graphite nodules,
have been observed in DCls [9-11], forming alongside spherical and sometimes star-shaped
nodules during solidification. In advanced commercial DCl production, both post
solidification microstructural observations and modelling are used to identify solidification
pathways in order to suppress the formation of degenerate, i.e. aspherical nodules. Until
recently, the nucleation, growth kinetics and morphology of nodules during solidification
were studied ex situ by interrupted quenching experiments, which are often time
consuming and highly resource intensive [12,13]. Confocal microscopy was utilised to
characterise nodules [14] and 6 - y transformations [15]. Although, by investigating a large
sample area, it is feasible to gather a representative microstructural information about
nucleation and growth by post-solidification characterisation, it is impossible to capture the
time dependent nucleation, growth and degeneration of individual nodules. Thus, in order
to obtain real-time microstructural information, advanced characterisation techniques such

as X-ray radiography and tomography are crucial.

Synchrotron X-ray light sources have evolved dramatically over the last two decades. With
the incorporation of fast acquisition systems it is now possible to capture a vast amount of

rich dynamic microstructural information to unravel various underlying mechanisms [16—
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18]. For metallic systems, the first radiographic imaging dataset of dendritic microstructures
during solidification was obtained on a Al-30 wt% Cu alloy [19]. Several radiographic studies
have been conducted since, on low melting point alloys and a wide range of microstructural
aspects, for instance formation of secondary phases [20] and defects such as porosity

[21,22].

However, even with such large strides in radiographic imaging of low melting alloys, there
were only a select few studies on high melting point alloys, such as Fe [17,23]. These
observations on Fe-C alloys provided first insights into the formation and growth of Fe
dendrites during solidification. Dendrite fragmentation in Fe-C alloys was reported [24] as a
result of grain boundary melting post &-y phase transformation during interrupted
solidification, in the presence of carbon rich liquid in vicinity. In a recent investigation, the
nucleation and growth of predominantly regular nodules was observed in a DCI alloy along
with gamma dendrites during continuous cooling [17]. Whilst radiographic imaging is fast,
the constraining sample geometry has a major impact on the microstructure evolution in
the liquid-solid regime during solidification. These geometric constraints are almost absent

in relatively larger samples that are used in tomographic imaging.

In situ 3D tomography has been used for solidification investigations in low melting point
alloys for more than a decade [25—-31]. The development of advanced high temperature
environmental cells and high X-ray contrast alloy systems now provides a toolset to
investigate dendritic patterns in Co, Ni and Fe [29]. Tomography has also been used for
capturing solid state defect features in Al alloys [32], Ti alloys [33] and for damage
guantification during deformation in the semi-solid regime [27,34]. Recently, the first

tomographic investigation to capture nucleation and growth of regular and degenerate
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nodules in a DCI alloy was published [35]. The graphite evolution and growth of protrusions
(or polyps) from initially spherical nodules was captured, and it was hypothesised that these
protrusions form as a result of liquation cracking [35,36]. However, due to restricted X-ray
flux, the temporal resolution was low, requiring 40 s to capture each tomogram. The
interplay of graphite with the surrounding solid austenitic structures and carbon
concentrations during solidification, and how exactly those affect the graphite morphology
and growth directions, remained unclear. Further, it is yet to be explored if there are

transition states between spherical, degenerate and vermicular graphite shapes.

To build robust global microstructure prediction tools, it is necessary to understand normal
and abnormal growth of graphite nodules in DCls. It.is equally important to understand the
effect of thermal fluctuations on the local microstructure. Several numerical models have
been proposed to describe nodule growth ranging from a 1D spherical coordinate model
[37] (based on a uni-nodular approach [38]) to a 3D Phase Field simulation [39]. These
models assume uniform spherical nodule growth, degenerate morphologies are not taken
into consideration. The primary computational objective of this study is to provide a
modelling framewaork for predicting the growth of degenerate features during solidification

of DCls.

In this investigation, the regular growth of nodules is captured with a temporal resolution
ten times faster than our previous experiment [35]. The high flux and faster acquisition
allowed for accurately capturing the changes in the carbon concentration field in the melt,
via the variation in attenuation. The effects of the change in chemical composition (in
particular the loss of Mg) during long cooling times in large industrial scale castings is

emulated by thermal cycling with remelting and solidification between 1180 °C and 1000 °C.
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This also permitted the observation of the effect of Mg loss on the sphericity of nodules
during prolonged heating. As the formation of degenerate features during each cooling
cycle are captured at unprecedented temporal and spatial resolution, the results provide
vital insights into the evolution of the full range of graphite nodule morphologies, revealing
the role of the solid phase and the surrounding carbon concentration field in the formation
of degenerate features. A 2D numerical model is developed, based on carbon diffusion and
mechanical forces imposed on the austenite shell by the encapsulated nodule, allowing
predictions of variations in graphite growth and morphology. The results presented are
critical for understanding the physical processes occurring during the productions of DCls,
thus enabling the design of new alloys and targeted optimisation of industrial casting

pathways of existing alloys.

2. Methods

2.1 In situ Synchrotron X-ray tomography and sample environment

The experiment was performed at the 112-JEEP beamline of Diamond Light Source, UK [40].
The beamline provides high energy and photon flux for high-speed tomography. A ductile
cast iron alloy was used in the experiments, containing 1.94 + 0.02 wt.% Si for stabilisation
of the graphite and 0.075 £ 0.005 wt.% Mg to enable the formation of graphite nodules. The
overall composition is given in Table 1. The alloy used had the same composition and
properties as in our previous publication [35]. The specimen was manufactured by melting
the alloy in an induction furnace and casting it into a 500g ingot, from which a cylindrical
sample with @2 mm diameter and 12 mm height was prepared by electric discharge

machining (EDM). The sample was encapsulated in an argon filled quartz glass tube with 2.1



Journal Pre-proof

mm internal diameter to prevent reactions with the environment and held in place by a

tight-fitting quartz rod at the bottom of the capsule [35] (Fig. 1 (a)).

Table 1: Composition, liquidus, equilibrium eutectic and solidus temperatures of the
ductile cast iron alloy used in the experiment. The standard deviations are based on 5

measurements and given in parentheses.

Element C Si Mn Mg P S Fe
Concentration (wt.%) 3.43 1.94 0.11 0.07 0.014 | 0.006 | balance
(STDV) (0.02) | (0.02) | (0.002) | (0.005) | (0.005) | (0.005)
Liquidus temperature 1180 °C

Eq. eutectic temperature | 1162 °C

Solidus temperature 1090 °C

The encapsulated specimen was fixed to an alumina sample module (Fig. 1 (b)) which was
mounted on the beamline rotation stage. The entire assembly was carefully placed
concentrically in the bespoke high-temperature Alice environmental cell [29] (Fig. 1 (a)).
Temperatures were measured with an R-type thermocouple placed at about 1 mm distance
from the quartz encapsulated sample (Fig. 1 (c)). Specimen and furnace were then aligned
with the X-Ray beam and the PCO.edge camera used for acquisition. Monochromatic X-rays
with an energy of 61 keV (0.2 A wavelength) were used, and each projection was captured
with a resolution of 3.24 umz per pixel in a 1600x1080 pixel2 field of view (FOV). The

distance between detector and specimen was 750 mm.
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Fig. 1: (a) Schematic of the high temperature Alice environmentali cell setup at the 112
beamline of Diamond Light Source with optical module, (b) schematic of the sample
module with alumina sample mount and (c) image of the quartz encapsulated sample with

the location of the thermocouple (TC).

The specimen was subjected to six (re-)melting cycles (Supplementary Fig. S1). During each
cycle, it was heated up to 1180 + 0.5 °C just above Tjiquidus, held for 30 s to ensure that the
specimen was homogeneously molten, and finally cooled down at 0.3 °C/s to 1000 + 0.5 °C,
90 °C below the solidus. A sequence of 150 tomograms was continuously recorded during
each cooling ramp, with 720 projections over 180° per tomogram. The exposure time for
every projection was 5 ms and the frame rate 182 Hz, resulting in 4 s acquisition time per
tomogram. The acquired FOV captured microstructural changes in the top 4 mm of the 8

mm specimen.

The images were reconstructed using Savu [41,42], obtaining tomograms of 920 x 930 x

1060 voxels® and Avizo 2019.1 (Thermo Fisher Scientific Inc.) was utilised for image
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processing and visualisation (Supplementary Fig. S2). For the quantification of the graphite

phase, the minimum size for a segmented particle to be counted as a nodule was 27 voxels.
2.2 Model

A single, spherical nodule of radius 10 um is considered as fully encapsulated in a 15 um
thick austenite shell. The shell is in contact with the liquid on the outside and contains a
notch that reduces its thickness locally to 3 microns. The shape of the notch is such that the
entire system can be considered axisymmetric with respect to the horizontal axis shown as
dashed line in Fig. 2. The presence of the notch breaks the spherical symmetry of the
system, allowing simulation of the effect of the inhomogeneous diffusion of carbon atoms

through the shell on the local growth rate of the nodule.

Fig. 2: lllustration of the 2D diffusion-mechanical model. The geometry is rotation-
symmetric (axis indicated with blue dashed line). The graphite nodule G has radius R® and

the austenite shell thickness is r', except for the thinner notch with 1/5 r.

Under the assumption that the austenite grows slowly and uniformly in all directions, we
are considering this growth as negligible and the mass of the austenite as constant during

the considered time interval. The austenite shell is modelled as a deformable material
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according to the standard Lagrangian framework of continuum mechanics [43]. The region
occupied by the austenite y is defined as  and the interfaces with the liquid and with the
graphite are indicated by dQF and 909, respectively. The mechanical deformation of the
shell is driven by the growth of the nodule, which occurs due to carbon diffusion from the
liquid through the shell. In order to describe this phenomenon, the well-known diffusion

equation is solved on Q:

owY )
_6tc = le(Dz . ng) (1)

where wg denotes the Carbon mass fraction, t is the time variable, DZ is the Carbon
diffusion coefficient and div(-) and V(+) are the divergence and gradient operators,

respectively. Boundary conditions for Eq. (1) are provided by prescribing the value of Wg on

0L and on Q9 according to the functions Wg/L(T) and Wg/g(T), which are assumed to
depend on the temperature T according to the phase diagram. The steady-state solution at
time t = 0 s is used as initial condition. In addition to diffusion, the linear momentum

balance equation is solved on {):
diV(O’) = pv (2)

where o is the Cauchy stress tensor, p is the density, v is the velocity and (') denotes the
material time derivative. The velocity field is assumed to be zero at t = 0 s and the value of p
is adjusted in order to minimise dynamic effects on the solution. The boundary conditions
for Eq. (2) are as follows. Zero surface traction is imposed on Q" by neglecting the pressure
of the liquid. Conversely, the value of v is prescribed on 919 based on the assumption that
the local velocity of the graphite-austenite interface depends solely on the flux density of

carbon atoms ¢ according to the expression:

10
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1
vn=—rg¢cm (3)

where p9 and n denote the graphite density and interface unit normal, respectively. By

means of Fick’s first law, Eq. (3) can be re-written as:
v-n=puDVw/) - n (4)

with u indicating the ratio between the densities of the austenite and of the graphite. It is
worth noting that Eq. (4) expresses the effect of diffusion on the mechanical deformation of
the austenite shell in the model. In turn, the shell deformation affects the diffusion by
progressively changing the geometry of the domain (). Concerning the mechanical behavior
of the austenite, an isotropic linear elastic-perfectly plastic response is assumed, with the
flow behaviour described by the standard J2 (von Mises) plasticity theory. This assumption is
simplistic, given the very complex behaviour of the austenite close to the melting point.
However, since the model mechanical deformation is controlled by Eq. (4), the choice of the
constitutive model and of its parameters is not expected to alter the computed velocity field
radically, which is the quantity of interest in the present case. This has been verified by

varying the value of the yield stress in the present model over several orders of magnitude.
We have selected the following parameters for the model:

DY =100 um?/s, u = 4, wl'* = 2%, w/’9 = 1.8%,

EY =10 GPa, v¥ = 0.3, ) = 0.1 MPa

where EY, vY and 0},’ are the Young’s modulus, Poisson’s ratio and yield stress of the

austenite.

11
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The entire model was implemented in the finite element software Abaqus/Explicit, due to
its capability to handle non-linear, fully coupled diffusion-mechanical analyses in a
Lagrangian framework. The model implementation was straightforward except for the
enforcement of the non-standard boundary condition (4), which required the development

of an ad hoc procedure, presented in Supplementary Note 3.

3. Results and discussion

Sections of the tomograms obtained after the first, third and the sixth solidification cycle are
shown in Fig. 3 a, b and c respectively. Continuous change during the solidification stage of
each cycle is shown in Supplementary videos V4a, V4b and V4c. The greyscale in Fig. 3 is
proportional to the atomic number, as X-ray attenuation increases with higher Z elements,
with the graphite phase (carbon) dark and the iron rich surrounding liquid and metallic
phases bright. The evolution of these phases melting and solidifying is captured during the

repeated thermal cycling between liquidus and solidus of the DCI.

After the first cycle (Fig. 3 (a)), a large number of regular spherical nodules of various size
appear, homogeneously distributed across the entire specimen. In subsequent cycles, the
number of regular nodules decreases, such that the specimen is clearly divided into three
distinct regions; R1 which is predominantly composed of regular graphite nodules and some
vermicular (compacted) graphite, R2 is composed of predominantly vermicular and a few
nodular graphite particles and R3 is the outermost region comprised of fine lamellar
graphite, as in grey cast iron. These three regions are marked in Fig. 3(c). Morphologically,

there is a clear demarcation between regions R2 and R3, contrary to R1 and R2. The lamellar

12
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graphite in R3 is so fine that individual lamellae remain unresolved in the current imaging
conditions. However, the existence of these flakes changes the X-ray attenuation, causing

the contrast difference.

The morphology transition of graphite from nodular to vermicular and subsequently to
lamellar is due to progressive loss of Mg to the ambience [9] with each re-melting cycle. The
loss of Mg is higher in the outer regions of the sample compared to the centre and possibly
exacerbated to some degree due to flotation of nodules during early cycles, hence causing
the bell shape. In the context of large castings, this is a very important factor, as any
flotation alters the Mg content and hence changes the noduie morphology from bottom to

top.

c) Cycle6 1081°C

Fig. 3: Centre sections of the tomograms recorded at 1081 °C after (a) the first thermal
cycle, (b) the third and (c) the sixth thermal cycle. Only nodular graphite develops during

the first cycle (a), whilst various other forms of graphite develop during the subsequent

13
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cycles. Grey Iron (R3) forms at the top and sides of the specimen and a mixture of nodular
and vermicular graphite forms in the centre and at the bottom. The insets are optical
micrographs obtained by microscopy on specimen sections post solidification, with scale
bars of 50 um length. The continuous transition of each cycle is shown in Supplementary

videos V4a, V4b and V4c.

During both the first and last cycle, the first austenite dendrites appear around 1160 °C
(Supplementary video V4a, V4c), although partly obscured by the high noise level. In cycle 1,
the first nodules are observed at around 1135 °C, some of which remain in place between
the dendrites, others float upwards and get trapped in the evolving dendrite network closer
to the top. The blurred or streaky appearance of some nodules is a consequence of their
ascent during the 4 second tomogram acquisition time, resulting in artefacts generated
during reconstruction. In a recent in situ radiography investigation [17], nodule flotation is
observed to occur over varying distances. The nodule nucleation then progresses in form of

a wave from bottom to top.

In cycle 6, the dendrites are engulfed by grey iron around 1135 °C, this is seen to happen
from bottom to top (refer Supplementary video V4c), forming an enclosed semi-solid space
which tapers from bottom to top in the central region of the specimen. Below 1130 °C,
nodules and vermicular graphite nucleate simultaneously in the remaining liquid. In all six
cycles, there are very few microstructural changes observed below 1090 °C. The
temperature range in which nodular and vermicular graphite formed in the current
investigation matches well with our previous observation on regular and irregular nodules

(supplementary information to [35]).

14
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3.1 Global sphericity evolution

As a consequence of the Mg loss and the changes in phase composition, the number of
nodules is observed to reduce dramatically with thermal cycling, as evident in Fig. 4. From
cycle 1 to 6, the number of nodules per mm?® (Ny) is reduced by about one order of
magnitude, from 3560 (Nyc1) to 370 (N, cs). Furthermore, a significantly different
sphericity distribution is evident: After cycle 1, most nodules have a sphericity of 0.7 or
higher (Ny,t>0.7,c1 = 3460 or 97% of Ny c1). After cycle 6, the Ny -0.7,c6 is 320, which is 86% of
Nyt ce- Repeated re-melting and Mg-loss thus reduces the total number of nodules and as

well as the sphericity.
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Fig. 4: Distribution of nodules per mm? as a function of sphericity, after cycle 1 (blue),

cycle 3 (grey) and cycle 6 (orange).

3.2 Formation of degenerate features

Degenerate features increase the tendency of DCI to crack during loading, especially in the

case of cyclic loading where cracks may initiate from the sharp edges of thin protrusions. In

15
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order to gain deeper understanding of the sequence in which degenerate features are
formed, representative sub-volumes are selected and the development of the feature
morphology is tracked, as shown in Fig. 5 for the case of cycle 3. Due to loss of Mg in the
first 2 cycles, a higher number of degenerate features has formed, and their evolution is
investigated in relation to the surrounding phases. Sections of a graphite nodule developing
a protrusion over several time and temperature steps are presented as 2D slices extracted
from tomograms, Fig. 5 (a-f). The corresponding 3D segmented volumes of the region are
shown in (g-1), with the graphite nodules in magenta. The black dashed line in Fig. 5 (g)
indicates the section plane of the 2D images perpendicular to the 3D view. The data
provided in Fig. 5 is a short sub-set of a larger sequence of tomograms, the full data from

this selected region is provided in Supplementary Video V5.

As the X-Ray attenuation of any material generally increases with its density, graphite with
its low density appears darker than the surrounding liquid and metallic phases in the left
column of Fig. 5. A dark nodule nucleates at 1115 °C in the top right of (Fig. 5 (a)) within a
slightly noisy field and grows to a sphere of ~20 um in Fig. 5 (b). A large protrusion forms
sideways from the nodule in a range from 1108 °C to 1101 °C (Fig. 5 (c — €)), which then in
turn produces another sub-protrusion during further cooling, as evident in the solid state at

1073 °C (Fig. 5 (f)).

Assuming that the higher carbon concentration in the liquid and solid surroundings also
reduces their density and hence their X-Ray attenuation, the carbon concentration around
the nodule is mapped qualitatively in the right column of Fig. 5. High intensities are
distributed irregularly in the matrix, excluding fringe and refraction artefacts in the

tomograms as a cause, as these would appear near-uniformly around all nodules. High

16
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amounts of C indicate melt and are coloured in blue, low amounts represent austenite and
are marked as yellow/red, with the nodule in purple for sufficient contrast. After nucleating
at about 1115 °Cin an inhomogeneous C-concentration field (Fig. 5(g)), the nodule grows to
a nearly spherical shape during cooling to 1111 °C (Fig. 5 (h)). A shell-shaped region of
austenite forms around the nodule, however with a liquid-filled opening (black arrow). In
the next step at 1108 °C (Fig. 5 (i)), the graphite is protruding from the nodule through the
opening, further filling the liquid region next to the nodule at 1107 °C (Fig. 5 (j)). Upon
further growth, a new channel opens in the austenite shell in front of the protrusion at 1101
°C (Fig. 5 (k)) with the graphite forming a sub-protrusion through this channel. Such
cascading bead-shapes are probably the result of protrusions growing to similar sizes as
their parent nodule, as hypothesised in [35].The approximate growth rates of both

protrusions are given in Table 2.

Table 2: Approximate growth rates of protrusions from graphite nodule in Fig. 5

Primary protrusion 1.3 um/s
Secondary protrusion | 1.7 um/s

17
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Fig. 5: Evolution of a graphite protrusion from a spherical nodule in the semi-solid matrix
during the third re-melting cycle, as tomogram slices on the left (a-f) and segmented 3D
on the right (g-1). The black dashed line in (g) shows the section plane perpendicular to the
3D view for the interpolation-smoothened 2D slices. A graphite nodule nucleates (a, g)
and grows to a spherical shape (b, h), whilst developing an austenite shell with a high-
carbon channel (arrow), formed after the shell is breached. Upon further cooling, the
graphite protrudes through this cannel (c, i), growing (d, j), and developing a new shell
with a channel (e, k). Subsequently, a second protrusion grows through this channel (f, I).

An animation of the process in 3D is provided in Supplementary Video V5.

It is evident that the austenite shell of the particle in Fig. 5 (g — h) is not homogeneous and

fully closed, but of varying thickness with gaps as observed previously in [12].

Due to the limited imaging resolution, we cannot observe directly if the liquid channels are
open and in contact with the graphite, or blocked by a thin austenite layer. However, if
these channels were open, the preferential growth would simply follow the channel
geometry very early on due to immediate access to the Carbon in the melt. It is obvious that
the graphite grows in spherical form first (liquid and graphite are divorced) up to tens of
micrometres in many cases, before developing protrusions later on. This is further
supported by the way in which double protrusions are observed, which develop in an
intermittent fashion. A first protrusion grows followed by development of another near-
spherical graphite feature. The development of the second protrusion also does not occur
immediately, but after a time gap long enough to acquire several tomograms. This indicates

that a thin retaining austenite wall develops, blocking the channel and thus arresting the

19
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develop of the first protrusion event (again divorced growth). The second protrusion

develops when this wall is breached again.

Thus, we hypothesise that the austenite shell is continuous with varying thickness, where
very thin sections seem to give the appearance of open channels in shell due to the limited

spatial resolution.

When protrusions develop through these gaps, the growth of graphite generally follows the
highest carbon concentration in the field [44]. The C-rich melt regions promote protrusion
growth instead of nucleating other nodules, possibly due to lack of supersaturation required
for nucleation. Several other nodules form in the same neighbourhood, remaining
disconnected during the solidification process. The austenite regions between nodules have

the lowest C concentrations, such as in the red area near the top right in Fig. 5 (i) to ().

3.3 Dendritic morphology of the austenite phase

Dendritic growth in cast irons is closely associated with nucleation and growth of the
graphite phase. During solidification of DCls, the interdendritic spaces and valleys in the
secondary arms provide appropriate conditions for nodule nucleation. It is evident that the
bead-like growth in the nodule can be correlated with the austenite dendrite morphology.
As shown in the discussion above and Fig. 5, the subsequent protrusions leading to
degeneration of the nodule spread out along a specific plane and direction. During this
growth, the original nodule almost ceases radial growth, except for this specific
direction/plane, as evident during cooling below 1108 °C, Figure 5 (i-1). This is caused by

depletion of carbon in its shell, and also due to physical restrictions imposed by the

20
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surrounding dendritic austenite. To reveal this effect on the graphite morphology, a section
(Fig. 6) of the solid austenite phase around the investigated nodule was segmented and
examined. Although the X-Ray attenuation difference and hence the signal-to-noise ratio
between solid and liquid was very low, it was possible to extract the approximate dendrite
morphology around the nodule. The apparent gap between the austenite and graphite
phases in Fig. 6 is a result of the segmentation thresholding settings, with a slightly reduced
austenite volume to visibly expose the dendritic structure (supplementary Fig. S6). Clearly,

the nodule is situated between the secondary arms of two intertwined dendrites (Fig. 6 (a)).

The left dendrite’s primary arm has an angle of about 5° from the vertical axis, the right
dendrite about 20°. The growth of the nodule examined in Fig. 5 (marked with a black arrow
in Fig. 6 (b)) and other nodules in the same neighbourhood is restricted in approximately
vertical direction between the arms of both dendrites (Fig. 6 (b)). Not every nodule in the
neighbourhood evolves and assumes a degenerate shape, indicating that the formation of
degenerate feature is a more local phenomenon, dictated by the surrounding austenite
dendrites and carbon concentration. It indicates that on a larger scale, the growth direction
of degenerate structures follows the orientation of the austenite dendrites and their
interdimeric spaces or spaces between secondary arms. This confirms our hypothesis that
protrusions spread from nodules through channels in the surrounding austenite [35]. As
soon as further spherical growth is blocked by the solid, the graphite growth occurs
sideways. Preferred dendrite orientations may thus have effects on the graphite orientation
and may cause some degree of anisotropy in material properties, if the austenite dendritic

grains are preferentially oriented due to strong thermal gradients.
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@D Graphite
@D Austenite

Fig. 6: (a) Segmented austenite phase (blue) in the region around the investigated nodule
(Fig. 5) in cycle 3 at 1116 °C, revealing dendritic structures. (b) The graphite protrusions

(pink) fill the space between the secondary arms of two entangled dendrites.

3.4 Protrusions from star-shaped nodules

Another nodule morphology observed are so-called “star-shaped” nodules. These form
predominantly during later re-melting cycles (no. 4 onwards). Here, an example from cycle 6
is chosen. Unlike regular spherical nodules, these star-shaped nodules do not nucleate in
place, but are observed to float up into the FOV from the bottom of the specimen below the

scanned region, in a temperature range from 1136 °C to 1120 °C.
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These nodules nucleate earlier during solidification in the lower part of the sample (outside
the FOV) and float up. We hypothesise that the loss of Mg and carbon from the melt has
resulted in a change in the melt chemistry, such that the formation of nodules is facilitated
at lower undercooling. The nucleated nodules rise up in the early cooling stages of the later
thermal cycles, unrestricted by the austenite matrix. They grow to a critical size [45],
permitting radial growth of a few conical sub-crystallites and resulting in a ‘flower-ball’ or
’star’ pattern. Eventually, the floating nodules are caught by the growing dendrites (as seen
in Supplemetary Video V4). This mechanism underlines that a change of chemistry
combined with local changes in temperature has a profound effect on both graphite nodule
morphology and distribution in castings. This may also lead to the so-called “Schwarzbruch”,
“Spiking” or “Plate Fracture” which has been observed to occur in the last solidifying regions

near feeders in heavy-section ductile iron castings [46—48].
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Fig. 7: Evolution of graphite protrusions from star-shaped nodules during cycle 6,

developing two protrusions through gaps in the austenite shell on the left (c-d).
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Similar to the field around spherical nodules, the carbon concentration around star-shaped
nodules is not homogeneous. The apparent gap between austenite and graphite is a result
of segmentation settings, as explained above and in supplementary Fig. 6. The austenite
shells developed during flotation and the dendritic network they are caught in restrict their
growth during subsequent cooling. Fig. 7 shows sections extracted from tomograms
captured during the solidification of cycle 6 between 1130 °C and 1108 °C, presenting the
evolution of two nodules (pink) and the surrounding low-carbon zone shell (blue). The
dendritic microstructure in this vicinity has very low attenuation contrast and could hence
not be segmented effectively. The shells around the nodules are seen to have C-rich
channels, predominantly in front of the nodule tips, as indicated by the arrow in Fig. 7 (a).
The encapsulated nodule and its shell grow during cooling to 1116 °C (b), whilst the C-rich
channel remains. A protrusion starts to grow through this channel, emanating from the tip
of the nodule at 1113 °C (Fig. 7 (c)). A second protrusion develops from a diametrically
opposite tip at 1108 °C, as shown in Fig. 7 (d), although the channel is not visible in the
section shown. The morphology of the protrusions, in particular the flat shape of the
bottom protrusion, suggests that the graphite spreads by filling gaps between solid
structures. The mechanism is similar to spherical nodules, with growth occurring through C-
rich channels. The sudden growth of thin features (protrusions) from previously rather
uniformly growing features (spheres or stars) suggest that the C-rich channels are originally
plugged and then ruptured open by liquation cracking, a similar mechanism to that
observed in [27]. The sharp nodule tips or bulged features may lead to stress concentrations

in the overlying solid shell.
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3.5 Model

A numerical model was developed to test the hypothesis that the growth of graphite nodule
protrusions follows the local Carbon concentration. The objective here is to investigate if we
can predict the growth direction of the protrusions based on the evolution of the Carbon
concentration field. As defined above, the following assumptions are made: The austenite
shell is constant in volume and deforms perfectly elastic-plastically. The temporal evolution
of the Carbon concentration is dictated by diffusion, where the diffusivity coefficient

depends on the Carbon concentration.

Fig. 8 shows the model evolution at two points in time, Fig 8 (a, b) and a representative
example of the field around a nodule from the third experimental cycle, Fig 8 (d - f). The
model was run with by setting W(]://L = 2.0% and Wg/g = 1.8%. Presuming rotational
symmetry around the horizontal axis, this geometry describes a notched sphere in 3D space.
The colour coding in the model results shows the deformation velocity of the shell at a point
in time, with the arrows indicating the deformation vectors. Other, stress-related quantities
are omitted as they heavily depend on the choice of the austenite yield stress, which cannot
be determined reliably. Initially (Fig. 8 (a)) the nodule is circular (R = 10 um) and beginning
to expand almost uniformly, with faster expansion in the notched region as indicated in red.
The shell expands non-uniformly and predominantly in vertical direction on the outside, due
to the asymmetrical load distribution. The deformation vectors of the shell indicate that the
notch is widening. After 5 seconds, Fig. 8 (b), the nodule has expanded radially by about 1

pum in the angles with a consistently thick shell, but by up to 3 um below the notch, forming

the foundation of a protrusion. The thinner shell allows faster diffusion at this point,
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resulting in locally faster growth of the nodule. On further growth of the protrusion, the

shell opens at the notch and the model breaks down —a limitation of this particular design.

In Fig. 8 (d), the nodule is almost perfectly ellipsoidal, but the surrounding high-density shell
in yellow has three thin blue channels acting as “notches”. After about 4 seconds (Fig. 8 (e)),
three bulges have grown on the nodule at exactly the same positions as the channels. The
left and bottom channels are depleted at this point, with the right channel remaining. After
another 4 seconds (Fig. 8 (f)), graphite has filled only the left channel, forming a distinct

protrusion.

The model confirms our proposition that protrusions develop towards regions with higher
carbon gradients in the surrounding field, which cause locally faster diffusion and thus
growth, under the condition that the austenite growth is slow compared with the graphite
growth. The increasing graphite volume can, according to the model, dilate the shell in
these locations to the point of opening (at which the model breaks down), confirming our
previous hypothesis of liquation cracking [27,35] as a viable explanation. The carbon will be
rejected between the austenite secondary dendrite arms and hence concentrated there,
increasing the propensity of protrusions to align with the secondaries, as seen qualitatively

in Fig. 6.
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Fig. 8: Comparison of the diffusion-mechanical model (a-c) with experimental results (d-f).
The time difference between the model steps is 5 seconds, whilst it is 4 seconds in the
experiment. Both model and experiment show accelerated growth towards higher carbon

concentrations in vicinity.
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4. Conclusions

The development of degenerate graphite morphologies during solidification of nodular cast
iron by protrusion growth was investigated using in situ synchrotron X-Ray tomography and

numerical modelling. The results support the following conclusions:

e Austenite shells around graphite nodules are not homogeneous but they seem to
form with varying thickness. The tomography data indicates that there are thinner
regions (or open channels) through which carbon can diffuse easily.

e Graphite protrusions form and grow through these higher carbon concentration
channels leading to nodule degeneration, which happens in a step-wise fashion with
formation of multiple protrusion in certain cases. Their direction and shape is
controlled by solid dendrites in the vicinity.

e Large pre-existing nodules can break free and develop star-shapes whilst floating up
into hotter regions.

e A 2D axisymmetric finite element model based on carbon diffusion has been
implemented, which indicates that the shell with thin sections can deform and open
as the nodule grows, thus supporting our experimental observations and theories of

liquation cracking in the semi-solid regime during solidification.
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