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Abstract: The microstructure and residual elastic strain at graphite nodules (GNs) in ductile cast iron
produced using either a fast or slow cooling rate have been characterized using synchrotron 3D X-ray Laue
microdiffraction. The results show that thermal stress is introduced during cooling and that part of this stress
is relaxed by plastic deformation of the polycrystalline ferrite matrix. It is found that the plastic deformation
is accommodated by the formation of dislocations and dislocation boundaries, which are organized in a cell
structure. The dislocation density quantified based on the microstructure is most pronounced at the
GN/matrix interface around small GNs in the fast cooled sample. Residual elastic strain is also present,
which is mainly compressive with a maximum of 6.0-9.9 × 10-4 near the GNs. Gradients of plastic
deformation and elastic strain field around the GNs are observed. The results document for the first time that
both the elastic strain field and the plastic strain field averaged over the grains around the GNs is
approximately scaling with GN size and not affected by the cooling rate. The experimental data are
compared with simulations by a finite element method, and agreement and disagreement are discussed in
detail.
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1. Introduction
Ductile cast iron (DCI) is used widely in industrial products such as automobiles and wind turbines, due to
its versatility and good performance with a combination of strength, ductility and toughness at low cost [1–
3]. Nowadays, more than 70 wt% of the worldwide production of casting alloys is cast iron, where more than
1/3 is DCI [3]. An example of industrial application is the heavy components in the drivetrain for wind
turbines. These components typically experience highly dynamic and time-varying loads, and may fail due to
fatigue, leading to very costly unplanned shutdown repairs. For these reasons, fatigue resistance is essential
for such components [4].
Microstructurally, DCI consists of graphite nodules (GNs) in a metal matrix, which can be either ferrite,
pearlite or a mixture of the two. Local residual stress may develop during cooling due to a difference in
thermal expansion coefficient between the metal matrix and GNs [5–7]. However, residual stress may also
have its origin in phase transformation during cooling and a volume growth of the GNs, as carbon releases
from the austenite and diffuses into the GNs [8]. The stress can be higher than the flow stress of the matrix
and lead to plastic deformation of the matrix by emission of and interaction with dislocations (see e.g. [9–
11]), which relaxes the stress. Recent studies using synchrotron X-ray micro-diffraction have shown for the
first time that the stress around the soft GNs can lead to plastic deformation of the matrix grains around the
GNs, and that the residual stress at GNs can be as large as half of the yield stress of the matrix [12,13]. This
observation suggests that local thermal residual stress has to be considered when designing cast iron
components.
Additionally, the cooling rate is known to be an important processing parameter influencing the
microstructure and properties of DCI [14–16]. It has been found in a large industrial project that DCI
components cast in a metal mold have a higher fatigue resistance than identical components cast in a sand
mold [14]. The cause of this difference may be related to the cooling rate, being fast when casting in a metal
mold and significantly slower when using a sand mold. With reference to the behavior of metal matrix
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composites strengthened by hard particles [17], another parameter which may be of importance is the size of
the GNs. However, it is unknown how the cooling rate and size of GNs affect the local stress and strain in
DCI because the particles are soft. This knowledge is essential for optimization of the processing route and
mechanical properties of DCI and for the development of analytical and numerical models relating
processing conditions and properties of DCI.
Following previous studies [12,13], the synchrotron 3D technique, differential aperture X-ray microdiffraction (DAXM) [18–20], is used here to characterize the microstructure and elastic strain of the matrix
grains around 5 fully embedded GNs with different sizes in two DCI samples manufactured with different
cooling rates by using either a sand or metal casting mold. As DAXM provides both a high angular
resolution (0.01°) and a high strain resolution (1×10-4), the plastic deformation as well as the elastic strain
gradients in the matrix grains near the GNs can be quantified. These two samples are chosen because their
cooling rates are significantly different. As a result, the GN size and size distribution in the two samples are
very different, allowing a GN size effect to be studied experimentally. To underpin parts of the experimental
results, a finite element method (FEM) [21,22] is used to model the effects of cooling rate and GN size on
the magnitude and distribution of the elastic strains in the structure.
2. Experimental
2.1 Materials
Two samples with the same geometry were prepared from the same melt, i.e. with the same chemical
composition, but cast in different molds: a metal mold (mDCI) and a sand mold (sDCI). The size of the
molds is large, app. 2.6 m ×2.6 m × 4.5 m. The wall thickness of the cast components is of the order of 100–
200 mm and at some locations even thicker. For such heavy components, the local cooling rate in the
temperature range 810 ─ 500 °C can only be estimated qualitatively to be ~20 times faster for mDCI than for
sDCI (see Ref. [14] for more information), and therefore mDCI and sDCI are referred to in the following as
fast and slow cooling rate castings, respectively. The chemical composition of the material is listed in Table
1. In both samples, most of the GNs were spherical and distributed homogeneously in the matrix with a
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volume fraction of ~12% (see Fig. A1 in Appendix). Both the matrix grains and GNs were larger in sDCI
than in mDCI (see Table 2). Both samples contain about 5% pearlitic domains.
Table 1. Chemical composition of the sample (wt%).
C

Si

Mn

3.68

2.30

0.22

P

S

Cr

Ni

Co

Cu

Ti

V

0.01

0.01

0.02

0.04

0.02

0.01

0.01

0.01

Mg

Ce

Se

Fe

0.04

0.04

Bal.

2

3

0.11
5

1

7

8

4

6

7
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Table. 2 Average and maximum size of the GNs and matrix grains in the two DCI samples.

mDCI
sDCI

Average (µm)
GNs
Matrix
30
30
70
50

Maximum (µm)
GNs
Matrix
80
115
300
200

2.2 Laboratory X-ray tomography
To prepare specimens for the synchrotron measurements, the 3D distribution of GNs was first characterized
by X-ray tomography using a Zeiss Xradia 520 Versa micro-CT system. For the CT scans, a polychromatic
conical beam with X-ray energies up to 140 keV was used with 1401 image projections over a rotation angle
of 360°. Based on the CT scans, three GNs with sizes (equivalent spherical diameter (ESD)) of approx. 30
µm, 50 µm and 70 µm from mDCI and two GNs with sizes of approx. 80 µm and 150 µm from sDCI were
selected. The GNs are referred to as GNs I-V, ordered according to size from small to large (see Table 3). All
GNs were spherical and located close to the specimen surface but fully embedded in the bulk (see Fig. 1).
The local GN volume fraction within the volumes in Fig. 1 is higher than the average volume fraction of the
samples for GNs II and IV (see Table 3).
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Table 3 Parameters of the samples, the selected GNs and their surrounding matrix.

Cooling rate

mDCI
sDCI

GN
I
II
III
IV
V

Local GN
volume fraction
(%)
8.7
13.9
10.8
16.1
11.6

GN size, ESD
(μm)

Matrix grain size (μm)

28
48
70
84
149

12
26
32
43
-

Fig. 1 Micrographs obtained by laboratory X-ray tomography showing 3D images of GNs in the two
samples. The selected five GNs are marked by numbers: (a)-(c) are from mDCI, while (d) and (e) are from
sDCI. The segmentation of the GNs is conducted using the Avizo® software, based on the intensity of the
3D tomography data. In each case the GNs are colored randomly. The size of the mapped volumes is
227×227×113 µm3 in (a)-(c) and 670×670×170 µm3 in (d) and (e). The front faces of the volumes are the
specimen surfaces.
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2.3 Synchrotron experiments
The DAXM experiments were performed at beamline 34-ID-E at the Advanced Photon Source (APS),
Argonne National Laboratory, USA [23]. The specimens were mounted on an inclined sample holder at a
45° incidence angle to the incoming X-ray beam, and were scanned horizontally (along X in Fig. 2) by
moving the sample stage in steps of 1 µm. One section through each of the selected GNs was scanned.
Considering the X-ray absorption of the iron matrix (with a mean penetration depth about 100 µm), the
selection of the scanning position depends on the GN size (see Fig. 2). More details about the experimental
setup, including the specification of the microbeam and detector (for recording the Laue diffraction patterns),
can be found in [12,24].

Fig. 2 Sketch showing the details of the experimental set-up in the beamline coordinate system (X, Y, Z). (a)
and (b) show the geometrical relation between the synchrotron X-ray scanning planes (the projections of
which are shown as blue dashed lines) and the selected GNs (gray spheres) for cases where the radius of the
GN, RGN=ESD/2, is smaller and larger than 25 µm, respectively. Ferrite grains (tan regions) with their lattice
planes (shown as red dashed lines) roughly parallel to the specimen surface selected for monochromatic
energy scans are also marked. (c) in-plane view of the X-ray scanning section of a GN embedded in the
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metal matrix for case of RGN ≤ 25 µm. A new coordinate system (x, z), with x along the tangential direction
and z along the radial direction of the GN, is defined for the selected matrix grain with the origin at
matrix/GN interface. The specimen coordinates (X, H, F) shown in (a) are the same as those in Fig. 1.
To resolve the diffraction pattern from each volume element at different depths, a Pt-wire with a diameter of
100 µm was used as a differential aperture and scanned at a distance of ~250 µm from the specimen surface.
The reconstruction and indexing of the Laue patterns at each depth were conducted using the LaueGo
software at the APS beamline 34-ID-E [25], to a depth of ~100 µm into the specimens with a step size of 1
µm. Both polychromatic and monochromatic beam modes were used in the present study: a polychromatic
beam was used to determine the orientations of the matrix grains around the GNs, and a monochromatic
beam was for determining the absolute crystallographic plane spacing, hence the elastic strain. More details
about the experimental procedure of the strain measurements are described elsewhere [18,26]. For the
present study, absolute lattice plane spacings along directions roughly parallel (maximum 3° off) to the
specimen normal direction (ND) were determined for selected matrix grains as illustrated in Fig. 2.
Following the previous study [12], an unstrained lattice parameter a0 = 2.8653 Å was used for the calculation
of elastic strain. This value is determined based on the chemical composition of the sample using an
empirical equation reported in Ref. [27].

3. Results
3.1 Depth-dependent grain orientation distribution from polychromatic scans
Grain orientation maps characterized using DAXM are shown in Figs. 3 and 4 for mDCI and sDCI,
respectively. The matrix around the selected GNs is shown in color and the GNs are seen as large black
regions. Several neighboring GNs are also seen. In general, the matrix grains are well indexed, except small
parts from deep volumes due to weak signals. With the high angular precision of DAXM (~0.01°) [18],
dislocation boundaries with low misorientation angles are revealed. An angle of ~0.1° is used to reveal the
dislocation structure, and a cut-off angle of 3° is used for defining grain boundaries in the matrix. In mDCI,
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most of the grains contain many dislocation boundaries with misorientation angles below 1°, while in sDCI
the grains contain fewer dislocation boundaries (see Figs. 3 and 4).
The number of matrix grains around each GN in both samples is quite similar within the characterized
section, about 5-7. The average grain size of the matrix grains, DGrain, around the GNs is about half of the GN
size (see Table 3). Within grains, most of the dislocation boundaries are organized into a cell structure, and
the cell size is smaller in mDCI than in sDCI. For mDCI, more cell boundaries with misorientation >1° are
seen around the smallest GN I than around the larger GNs II and III.
Within the cells, small orientation variations are observed, especially in the cells near the GN/matrix
interface. Some examples of misorientation angles at the interface measured along the lines marked in Figs.
3 and 4 are shown in Fig. 5. For most cases, the angle increases monotonically with increasing distance from
the interface, indicating the presence of a strain gradient.

Fig. 3. Microstructures of mDCI characterized using DAXM. (a) - (c) showing microstructures around the
selected GNs, I - III, respectively. In the maps, dislocation boundaries with misorientation angles in the
range of 0.1 – 1°, 1 – 3°, and > 3° are shown in thin white, thick white and thick black lines, respectively.
The colors of the matrix grains correspond to the crystallographic orientation along the specimen normal
direction (F direction in Fig. 1). The color code is shown in the inset in (c).The black pixels in the matrix
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away from the GNs are non-indexed. The three white boxes mark regions where monochromatic energy
scans were performed. The black lines numbered as 1- 3 in (a)-(c), respectively, mark positions, along which
the misorientation profile is shown in Fig. 5.

Fig. 4. Microstructures of sDCI characterized using DAXM. (a) and (b) showing microstructures around the
selected GNs, IV and V, respectively. The boundaries and colors of the matrix grains are the same as those in
Fig. 3. The two white boxes mark regions where monochromatic energy scans were conducted. The black
lines numbered as 4 and 5 in (a) and (b), respectively, mark positions, along which the misorientation
profiles are shown in Fig. 5.
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Fig. 5 Orientation change with distance from the GN/matrix interface along the five black lines marked in
Figs. 3 and 4.

3.2 Quantification of structural parameters in the deformed microstructure
The high-angular-resolution maps shown in Figs. 3 and 4 allow quantification of structural parameters
locally around the GNs. For this quantification, misorientations between neighboring pixels with angles in
the range 0.01-3° are included. Boundaries with misorientation ≥ 3° are excluded, as these most likely are
grain boundaries originating from the austenite to ferrite phase transformation. Also, the pearlite structure
around GN I is not included, as it is poorly indexed (black pixels in Fig. 3a) and only accounts for 5vol% in
the sample.
The structural quantification to be given in the following covers average values for the whole areas
characterized. The average misorientation angles (defined as the mean of the misorientation angles between
all pairs of nearest neighbor pixels) within the cells and across cell-wall boundaries are calculated separately
(see Table 4). By comparing the data for different samples and GN sizes, it is seen that an increase in cooling
rate leads to relatively more pronounced plastic deformation: i) the average misorientation angles within the
cells are higher in mDCI than in sDCI; ii) the average cell size in the matrix grains increases with increasing
GN size, and the average cell size for sDCI is about twice that for mDCI. However, the cooling rate has a
minor effect on the average misorientation angles across the cell-wall boundaries. Considering effects of the
GN size, it is seen that a decrease in GN size results in relatively more pronounced plastic deformation: the
average misorientation angles within the cells, across cell-walls and for the whole matrix (both across cell
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walls and within cells) are in general higher around the smaller GNs, in both samples. At the same time, the
contribution of misorientations within the cells to the average misorientation angles for the whole matrix
increases with increasing GN size.
Table 4. Quantification of misorientation variations, cell size and dislocation density for the characterized
areas around the 5 GNs (see Figs. 3 and 4). The uncertainty for the misorientation angles is the standard
deviation, while the uncertainty for the dislocation density is estimated based on the calculation at 4 different
sub-regions of the maps. The cell size is measured as the intercept length.

GNs
I
II
III
IV
V

Average misorientation angle
Across cellWithin cells
Whole matrix
walls
0.025 ± 0.003°
0.56 ± 0.04°
0.10 ± 0.004°
0.020 ± 0.001°
0.38 ± 0.04°
0.05 ± 0.014°
0.020 ± 0.001°
0.44 ± 0.02°
0.06 ± 0.006°
0.017 ± 0.001°
0.50 ± 0.04°
0.04 ± 0.004°
0.011 ± 0.001°
0.37 ± 0.07°
0.02 ± 0.014°

Average
dislocation
density (×1012m-2)
14.1 ± 0.6
7.0 ± 1.9
8.4 ± 0.8
5.6 ± 0.6
3.2 ± 1.9

Cell size (µm)

8.7 ± 2.6
10.8 ± 1.0
10.9 ± 2.3
18.8 ± 5.5
-

As described in [28–30], the average dislocation density, ρ, of unpaired dislocations in the cell walls and
within the cells can be quantified based on the misorientation angle, θ, using Eq. (1):
𝜌 = 𝛼 ⁄𝑢 ∙ 𝜃 ⁄ 𝑏

(1)

where α is a constant and typically equals 2 [28], u is a unit length, and b is the Burgers vector (0.248 nm).
For this calculation, the average misorientation for the whole matrix is used, including misorientations within
the cells and across cell-walls. As shown in Table 4, the dislocation densities are in general higher around the
smaller GNs in both samples. The average dislocation density is about 10×1012 m-2 and 5 ×1012 m-2 for mDCI
and sDCI, respectively (see Table 4).
To reveal the difference in plastic deformation locally around the GNs, the dislocation densities for regions
of 0-5, 5-10, 10-20, and >20 µm from the GN/matrix interfaces have been calculated (see Fig. 6). For both
samples, the dislocation densities in the matrix decrease with increasing distance from the GN/matrix
interface, pointing to a gradient in plastic strain. Note also in Fig. 6 that the strain gradient is affected by the
GN size and is very pronounced for the smallest GN I.
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Dislocation density (x1012m-2)

25

GN I
GN II
GN III
GN IV

20
15
10
5
0
0-5

5-10

10-20

>20

Distance from interface (µm)

Fig. 6 Local average unpaired dislocation density as a function of distance from the GN/matrix interface. The
dislocation densities are calculated using Eq. 1 based on average misorientation angles over the specified
areas, including both misorientations across the cell boundaries and within the cells, for regions at different
distances from the GN/matrix interface.
3.3 Residual elastic strain
The residual elastic strains within the grains marked by white boxes in Figs. 3 and 4 have been measured
using monochromatic energy scans. These grains were chosen because they are located at GN/matrix
interfaces nearly parallel to the specimen surface (see Fig. 2). For the monochromatic energy scans, one
diffraction vector more or less parallel to the specimen surface normal direction (ND) was chosen for each
selected grain (see Fig. 2 and Table 5). The measured strain component is therefore roughly along the radial
direction of the GNs.
The measured residual elastic strain as a function of distance from the GN/matrix interface is shown in Fig.
7, where different line profiles are along different vertical lines (along the radial direction z and separated by
2 µm along the tangential direction, x defined in Fig. 2c) within the boxes marked in Figs. 3 and 4. Except
for the data for GN I, which show enhanced noise due to the relatively weak diffracted X-ray signal from
volumes deep inside the specimen, the general trend is the same: for all the grains, a predominately
compressive strain is observed with gradients along the radial direction. Only a small region showing a
tensile strain in the order of 1.5-2 × 10-4 is seen for GN III near the sample surface, which is likely to be a
result of surface deformation during polishing (see section A in the supplementary materials). The largest
compressive strain is -9.9 × 10-4 and -7.1 × 10-4 at GNs III and V in mDCI and sDCI, respectively. Note that
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the maximum compressive strains for sDCI are located about 8 and 14 µm from the GN/matrix interface for
the grains at GNs IV and V, respectively. A similar behavior is seen for the grain at GN II in mDCI. In both
cases, the change in the strain gradient occurs at a distance of about 10-20% of the GN radius (RGN). The
average strain at 20%RGN along z is similar for mDCI and sDCI, except for GN I (see Table 5).

Table 5. The crystallographic direction approximately normal to the specimen surface, the directional
Young’s moduli and the residual elastic strain/strain gradients for the five selected matrix grains marked by
the white boxes in Figs. 3 and 4. Errors represent the standard deviation.

GNs

Crystallographic
direction of
matrix grain

I
II
III
IV
V

136
325
316
226
255

0.0002

GN I

0.0000

Residual elastic strain

Residual elastic strain

0.0002 (a)

Directional Maximum
Young’s
compressive
modulus
strain
(GPa)
(×10-4)
183
-6.0
220
-8.0
183
-9.9
176
-7.1
241
-6.8

-0.0002
-0.0004

x/RGN= 0.26

-0.0006

x/RGN= 0.4

-0.0008

x/RGN= 0.67

x/RGN= 0.53

Strain gradient
between z/RGN = 0.2
and 0.5 (×10-4)

-4.6±0.8
-5.8±0.6
-5.7±0.8
-5.7±0.8
-6.2±0.5

-0.5±0.6
1.8±0.6
1.9±0.4
2.3±0.6
2.2±0.5

(b)

GN II

0.0000
-0.0002
x/RGN=0

-0.0004

x/RGN=0.08

-0.0006

x/RGN=0.16
x/RGN=0.24

-0.0008
-0.0010

-0.0010
0

5

10

15

20

25

30

35

40

0

45

Distance from the interface, z (µm)
0.0002 (c)

0.0002

GN III

0.0000
-0.0002
-0.0004
x/RGN=0.0
x/RGN=0.06

-0.0006

x/RGN=0.11

-0.0008

x/RGN=0.17
x/RGN=0.23

-0.0010
0

5

10

15

20

25

30

35

40

5

10

15

20

25

30

35

40

45

Distance from interface (µm)

Residual elastic strain

Residual elastic strain
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(×10-4)

45

Distance from interface (µm)
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(d)

GN IV

0.0000
-0.0002
-0.0004

x/RGN=0
x/RGN=0.05

-0.0006

x/RGN=0.10

-0.0008

x/RGN=0.15
x/RGN=0.20

-0.0010
0
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10
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35
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45
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0.0002
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GN V

(e)

x/RGN=0.03

0.0000

x/RGN=0.05
x/RGN=0.08

-0.0002
-0.0004
-0.0006
-0.0008
-0.0010
0
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35

40
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Distance from interface, z (µm)

Fig. 7 Residual elastic strain as a function of distance from the GN/matrix interface along z measured for the
matrix grains marked by white boxes in Figs. 3 and 4. Note that x/RGN = 0 corresponds to the center of the
nodule (see Fig. 2c). The dashed lines mark regions with relatively uniform strain gradients.

4. Discussion
4.1 Effects of GN size and cooling rate on the elastic and plastic strain field
The DAXM results show clearly the existence of residual elastic strain (see Fig. 7) in the matrix grains near
GNs. The corresponding maximum stress values can be estimated based on directional Young’s moduli (see
Table 5), and are in the range 110-180 MPa. This range can be compared to the yield stress of the ferrite
matrix, which is about 295 MPa at room temperature [31]. The elastic stress builds up during solid-state
cooling due to the difference in thermal expansion coefficient between ferrite and GN. An additional cause
of the stress may be a growth of the GNs of about 10% due to the carbon diffusion from the austenite to GNs
during cooling. However, this process occurs at temperatures above the phase transformation temperature
(~800 °C), where the austenite matrix is soft and the GN volume growth can be accommodated by matrix
creep.
The DAXM results show a significant effect of GN size on the distribution of residual elastic strain/stress.
However, when the measured elastic strain values (see Fig. 7) are replotted as a function of the normalized
distance from the interface, z/RGN (see Fig. 8), it is seen that within the range z/RGN = 0.2-0.5 the curves
largely overlap. On average, this is in good accord with the prediction by classic analytical models [32–35].
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There is no apparent difference between mDCI and sDCI, suggesting that the cooling rate has a minor effect
on the residual elastic strain. As the measurements for the 5 GNs were conducted at different distances from
the free sample surface, the fact that the data overlap suggests that stress relaxation near the surface also has
a minor influence on the stress distribution near the GNs [36]. Within the range z/RGN = 0-0.2, a large scatter
in strain is seen. This observation may be related to the internal structure of the GNs (see Fig. A1 in
Appendix), as demonstrated by the FEM simulations presented in section 4.3.

Residual elastic strain

0.0000
-0.0002
-0.0004
sDCI
GN V
GN IV

-0.0006

mDCI
GN III
GN II
GN I

-0.0008
-0.0010
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

z/RGN
Fig. 8 Residual elastic strains as a function of normalized distance from GN/matrix interface (z/RGN) for the
different GNs.

The DAXM results show also that the dislocation density in the ferrite matrix grains is affected by the GN
size and the cooling rate (see Fig. 6 and Table 4). When the dislocation density is plotted as a function of the
reciprocal GN size, 1/RGN, a reasonably good linear relationship is found for both the cases at the GN/matrix
interface (i.e. z ≈ 0) and at z ≈ 0.6RGN (see Fig. 9). This GN size dependence can be elucidated based on the
mechanism-based theory of strain gradient plasticity [29]. For volume expansion of spherical GNs, the
density of geometrically necessary dislocations (GNDs), nucleated at the GN/matrix interface to
accommodate the volume changes, is proportional to the strain gradient [29]:
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𝜌GND ∝ −

𝑑𝜀 𝑃
,
𝑑𝑧

(3)

where εP is the plastic strain in the matrix, which is decreasing with increasing distance, z, from the
GN/matrix interface. The linear relationship between the dislocation density ρGND and 1/RGN in Fig. 9 implies
that

𝑑𝜀 𝑃
𝑑𝑧

is linear proportional to1/RGN. Therefore the result suggests that the plastic strain field averaged over

all matrix grains around the GNs is about the same for different GNs when normalized by RGN, i.e. the plastic
strain field is scaling with the GN size, though locally different grains deformed differently (see Figs. 3 and

Dislocation density (x1012m-2)

4).
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Fig. 9 Relationship between average local GN grain size, RGN, and local dislocation density at z ≈ 0 and z ≈
0.6RGN (For GN V, the average dislocation density is used for the plot).
4.2 FEM and comparison between experiments and modelling
A two-scale hierarchical approach presented in [22] is adopted to predict the formation of the local thermal
stress distribution. This approach consists of two main steps, which are carried out using two separate
models – one at the macro-scale taking two cooling rates with a ratio of 20 into account, and one at the
micro-scale taking the heterogeneous conical structure of a GN into account – connected in a sequential
manner. Further details of the FEM implementation can be found in section B in the supplementary
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materials. In this paper, the focus is on the effects of cooling rate and GN internal structure, while the
magnitude and the distribution of residual stress predicted by FEM is discussed in [22].

4.2.1 Effect of internal structure of GNs
GNs contain typically an internal structure composed of the so-called conical sectors [21,37], which are
made of graphite plates stacking on each other with their c axis aligned with the radial direction of the GNs.
Experimentally, as the internal structure of GNs cannot be characterized by synchrotron X-rays, the X-ray
grazing angles with respect to a conical sector of the GNs are therefore unknown. In this work, a few
representative conditions (as shown in Fig. 10a) are thus used to show the influence of the internal structure
of the GNs on the local residual elastic strains. The simulated residual elastic strains along these beam paths
are shown in Fig. 11b for the fast cooling. It is evident that when the X-ray intersects at different angles to
the conical sector of the GN, a large strain variation up to 1×103 can be seen locally within the range z/RGN
=0.1-0.2. This variation is purely due to the local GN conical sector structure, which has been shown to
introduce local mechanical anisotropy [38]. At z/RGN >0.2, the variation between different beam paths is
minor. At the same time, when the X-ray intersects at a fixed angle to the conical sector of a GN but at
different position (x/RGN) along the tangential x direction in the characterized section (see the coordinate
definition Fig. 2c), some local strain variation can also be seen (see Fig. 10c). The amount of variation is
similar to that shown in Fig. 10b. Both the z/RGN range (0-0.2) and the magnitude of strain fluctuation (8×104

) in Fig. 10b and 10c are similar to the experimental result in Fig. 9. It is therefore likely that the

experimental measured strain fluctuation within the range z/RGN = 0-0.2 is a result of the local conical sector
structure of the GNs.

4.2.2 Effect of cooling rate
The FEM simulations show that the effect of cooling rate on residual elastic strains is minor: the values are
only 5-10% higher for fast cooling than for slow cooling, and the strain gradients are the same (Figs. 10c and
10d). This is in good accord with the experimental observations (see Fig. 8).
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Fig. 10 FEM set-up and predicted residual strains. (a) Sketch showing the geometrical relationships between
the incoming X-rays and the conical section structure of a GN. (b) FEM predicted residual elastic strains along
the 5 different X-ray incoming paths as shown in (a). (c) and (d) are FEM predicted residual elastic strains
along the path θ=20° and at different x/RGN for fast cooling rate and slow cooling rate, respectively.
5. Conclusions
In the present paper, the deformed microstructure and the local elastic strain have been analyzed using
differential aperture X-ray microscopy (DAXM) at graphite nodules (GNs) in a ferritic matrix in ductile cast
iron (DCI) processed by either fast or slow cooling in metal and sand molds, respectively. The conclusions
are as follows:
i) Thermal contraction during cooling introduces an elastic strain at the GNs, which is partly relaxed by
plastic deformation of the ferrite matrix grains at high temperature. Characteristic features of DCI are thus a
residual elastic strain field at the GNs and a dislocation structure in the ferrite grains. The size of the GNs
and the grain size are correlated and smaller in fast cooled than in slow cooled samples.

18

ii) The maximum compressive elastic strain is in the range 6.0 - 9.9 × 10-4 located at a distance from the
surface of the GNs. It is not significantly affected by the cooling rate nor the GN size.
iii) The deformation structure in the ferrite grains is a dislocation cell structure with dislocations in the
interior. The dislocation density in the ferrite grains at positions normalized by the GN size is proportional to
the reciprocal GN size.
iv) Gradients in plastic deformation and elastic strain are seen around GNs. Both the elastic strain field and
plastic strain field averaged over all the matrix grains around the GNs is scaling with the GN size, and is not
affected by the cooling rate.
v) Comparison between finite element modeling and experimental results suggests that the internal structure
of the GNs has a strong influence on the magnitude of the residual elastic strains only within the range of 020% of the GN radius, irrespective of the cooling rate.

Appendix A:

Fig. A1 Optical micrographs showing the microstructures of the two samples. (a) and (b) are for mDCI and
sDCI, respectively. The insets show magnified images of GNs. Grain boundaries are seen as thin black lines.
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