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Characterization of defects and graphite types in ductile cast iron
by image processing and its relation to mechanical properties
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Abstract

The paper presents a fast and reliable image processing tool to characterize graphite nod-
ules and casting defects in ductile cast iron (IAOGT – Image Analysis of Graphite Types).
Relationship between ductility of ductile cast iron and size of casting defects and different
characteristic nodule properties (graphite type, feret, nodularity and nodule count) are indic-
ated by analysis of 33 tested tensile specimens. The casting defects and variation in nodule
properties interact in a complex way but casting defects in the form of oxide films contribute
most to low ductility. Low nodularity, low nodule count and high feret of Graphite Type III,
IV-V also reduce ductility.
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1. Introduction

Cast iron has been used for technical applications
for many centuries. This class of ferrous alloys can
be used for casting large components as they tend to
show low melting temperatures, are very fluid when
molten, do not form surface films when poured and
undergo low amounts of shrinkage during solidifica-
tion and cooling. The carbon in grey and ductile cast
iron largely solidifies as free graphite with different
shapes. In grey cast iron graphite flakes are formed
that act as stress concentrators and crack initiation
sites, which makes grey cast iron brittle. In ductile
cast iron, which was invented six decades ago, a small
amount of magnesium, sodium or cerium are added
during the casting process whereby the graphite takes
a more spherical shape, which significantly improves
the ductility. Ductile cast iron has many applications
such as automotive components, heavy machinery and
wind energy turbines. It is also used for casks for radio-
active waste and spent nuclear fuel, for instance the
CASTOR� casks for transport and storage and the
KBS-3 copper/cast iron canisters for long-term geolo-
gical disposal of spent fuel that are being developed
in Sweden and Finland [1] (Fig. 1).
The microstructure of ductile cast iron is quite
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complex. In addition to variation in the size, num-
ber and shape of the graphite nodules, various cast-
ing defects such as blowholes, inclusions and oxide-
-compound films may be present. Ductile cast iron has
therefore an inherent scatter in its material properties
that one would like to minimize, but which cannot be
completely eliminated. In applications for containing
radioactive waste and spent nuclear fuel this becomes
particularly important since the probability for failure,
although at an extremely low value, can be sensitive
to large scatter in material properties. A three-year
research project between the Swedish nuclear waste
management organization, SKB, the European Com-
mission’s Joint Research Centre Institute of Energy
and other Swedish organizations was undertaken. The
objectives were firstly to demonstrate that the failure
probability for the KBS-3 canisters remains extremely
low even for the isostatic pressure loads during future
ice ages, and secondly to outline associated acceptance
criteria for defects, material properties and geometry
tolerances for the ductile cast iron inserts [2], [3]. The
project used results from a statistically based material
characterization programme, where tension, compres-
sion and fracture tests were performed on specimens
taken from the top and bottom of three different in-
serts. The most important conclusion was that the
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Fig. 1. The Swedish KBS-3 copper/cast iron canister for
spent fuel.

failure probabilities were extremely low [3] (of the or-
der 10−8 per canister) provided certain geometry re-
quirements were met. Nevertheless, the tensile ductil-
ity of the ductile cast iron was relatively low (in some
cases below 2 %) compared to the initial standard
material requirement of 11 % and there was signific-
ant scatter between specimens taken from different in-
serts and locations. Microstructural analyses showed
that ductility values below 6 % were primarily caused
by oxide film defects and to a smaller extent by high
pearlite content [4], [5]. The reduction in ductility
due to the oxide films was successfully modelled us-
ing elasto-plastic probabilistic fracture mechanics [5].
The graphite properties contributed to the low ductil-
ity values as well and it was conjectured that the vari-
ation in these controlled the ductility at values above
6 %.
In order to better understand the scatter in ductil-

ity in ductile cast iron and to more accurately model
its properties the influence of the graphite properties
(nodularity, shape parameters and number of nod-
ules) needs to be analysed in more detail. The basis
for this is a systematic and quantitative character-
ization of the various forms of graphite present in
the microstructure. There are at least two problems
to conduct such a characterization. Firstly it is quite

time consuming. Secondly, the judgement of the ana-
lyst often leads to a certain subjectivity of the results.
This paper presents a microstructural analysis of 33
ductile cast iron specimens from the KBS-3 project
mentioned above. The emphasis is on specimens with
higher ductility values in order to assess the influence
of the graphite variation. For each specimen a small
segment was taken out from a location close to the
fracture surface and analysed with respect to graphite
properties. The casting defects are expected to play a
role also for the specimens investigated here. Analysis
of casting defects on fracture surfaces was therefore
performed for each specimen to separate the effect of
casting defects from the graphite variation. An image
processing analysis tool was developed to reduce the
analysis time and eliminate subjectivity of the results.
In the previous study the sizing of casting defects and
the categorization of the graphite nodules were done
manually. Graphite properties and casting defects are
quantified more accurately in the present study com-
pared to the previous ones; the previous data were
therefore not re-used in this study.

2. Experimental procedure

The joint SKB-JRC project used specimens from
three different inserts referred to as I24, I25 and I26.
The total number of tensile specimens was 153. The
majority of the tensile specimens had a diameter of
14 mm, but there were also specimens with a 9 mm
and 20 mm diameter. The I26 insert had higher pearl-
ite content than I24 and I25, which contributed to its
reduction in ductility. In the current study 33 speci-
mens were investigated from insert I24 and I25. The
material is ductile cast iron grade EN-GJS-400-15U, in
accordance with the European standard EN 1563 [6].
By definition grade EN-GJS-400-15U is a cast ferrous
material in which the free graphite is in a spherical
form (nodular graphite GT-VI, in the ISO-standard
ISO 945 graphite types are defined by representative
pictures, Fig. 2 [7]). The chemical compositions of the
material used in the two inserts are given in Table 1.
For each insert, tensile test specimens were taken out
from two different slabs: one cut from the top region
of the insert and one removed from the bottom. The
tensile tests were carried out in accordance with the
European standard EN10002-1 [8]. A complete stress-
-strain curve was recorded for each specimen. Figure
3 shows a broken specimen with a segment cut out for
microstructural analysis. Figure 4 shows histograms
of the tested specimens as a function of tensile fail-
ure strain, indicating the subset selected for micro-
structural analysis in the earlier study where the em-
phasis was on casting defects found on the fracture
surface, and the present one where the emphasis is on
the graphite nodules.
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Fig. 3. A broken tensile specimen with a segment cut out for microstructural analysis.

Ta b l e 1. Chemical analysis of ductile cast iron inserts I24, I25

Insert C
(wt.%)

Si
(wt.%)

Mn
(wt.%)

P
(wt.%)

S
(wt.%)

Cr
(wt.%)

Ni
(wt.%)

Mo
(wt.%)

Cu
(wt.%)

Mg
(wt.%)

I24 3.66 2.31 0.15 0.03 0.01 0.03 0.27 0.01 0.11 0.05
I25 3.78 2.08 0.21 0.01 0.01 0.04 0.50 – – 0.04

Fig. 2. ISO Graphite Types I to VI in cast iron according
to ISO 945 [7].

Figure 5 shows the steps in the microstructural
analysis. Segments with thickness of 10 mm were taken
from the selected specimens from a section at 5 mm
below the fracture surface (Fig. 3). The cut-out seg-
ments were subsequently embedded in resin, ground
using SiC up to 1200 grid and then polished using
16 µm, 9 µm, 3 µm and 1 µm diamond suspensions.
The microstructure of the samples was revealed by
etching in 10 % Nital (10 % HNO3 solution in ethanol)
for about 10 seconds and recorded by high-resolution
scanning electron microscope (SUPRA 50 LEO, at
15 kV, back-scattered electrons imaging (BEI) mode).
The image analysis of graphite parameters was done

Fig. 4.

a)

b)

Number of specimens investigated per ductility level
by microstructural analysis showing a) subset in previous
investigations [1–4] and b) subset in this investigation.

with a user-developed programme (IAOGT), which
uses routines from the MATLAB1 image processing

1 MATLAB is a high-level language and interactive en-
vironment for numerical computations and with Toolboxes
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Fig. 5. Schematic of the sample handling and imaging process.

Toolbox. In this the graphite characterization is based
on the modified approach presented by Velichko and
Mucklich [9] and covers Graphite Types (GT) I, III,
IV-V and VI in accordance with ISO 945 [7]. The de-
tails of the implementation are described in more de-
tail in the following section.
The fracture surfaces of the selected specimens

were also investigated. The fractographic analysis fo-
cused on casting defects since the previous studies in-
dicated these as the main contributors to low ductility.
The same scanning electron microscope was used for
characterization at different magnifications. The Sec-
ondary Electrons Imaging (SEI) mode was used in or-
der to reveal the surface morphology. Back-scattered
Electrons Imaging (BEI) mode was used to identify
matrix, graphite, secondary phases, inclusions and im-
purities. X-ray dispersive analysis (EDS) was also car-
ried out to qualitatively investigate the chemical com-
position of casting defects.

3. The image processing tool

The free graphite was characterized for each spe-
cimen from a large number of micrographs (typic-
ally 20), each with approximately 100 nodules/image.
This was done in accordance with ISO 945, using the
following shape/region parameters: Area, Maximum
Feret, Minimum Feret, ConvexHull, ConvexP, Con-
vex Image, Roundness and Compactness. The defin-
ition of these parameters is given in Table 2. The
shape/region parameters are determined for every re-
gion of each micrograph using the MATLAB Image
Process routine ‘regionprops’. The computed round-
ness and compactness of individual nodules are then
mapped on a roundness/compactness plot. Figure 6a
shows the results for all nodules for a representat-
ive specimen. The shape of two representative nodules
with high and low roundness and compactness is in-

for specific applications. It is a registered trademark owned
by MathWorks Inc, USA.

dicated. The graphite type for a nodule is determined
from the value of these parameters as follows. For a
quantitative classification, the different graphite types
are defined by rectangular regions in the roundness-
-compactness plane. Figure 6b shows the graphite type
regions as defined by Velichko and Mucklich [9]. From
this it follows that a specific nodule may be classified
as:
a) clearly belonging to one of the regions, and in

that case it will be assigned to the class of lamellar
(GT I), vermicular (GT III), IV-V or nodular (GT
VI) graphite, respectively;
b) falling within the overlapping range of two iden-

tification domains in which case it will be assigned to
both classes;
c) if it does not fall within either of the above iden-

tification domains, then it does not belong to any of
the four graphite types as indicated by the arrows (A)
in Fig. 6b;
d) if a graphite nodule is located on the boundary

of examined image it is excluded from calculation as
it gives faulty shape properties.
Nodule count (number of nodules per mm2) and

nodularity are more often used than graphite types
to characterize ductile cast iron. Nodularity is defined
as the area of Graphite Type VI normalized with the
total area of graphite, and may range from 0 to 100 %.
The overlapping regions in the GT definitions are a
problem for computation of nodularity since a nod-
ule may be counted twice. The case when a nodule
does not fall into any of the GT regions is also not
ideal since it is then not counted at all. It is there-
fore beneficial to minimize the number of nodules that
are counted twice or not counted, even at the cost of
not exactly fulfilling Velichko and Mucklich’s criteria.
An alternative definition of the GT regions shown in
Fig. 6c was therefore adopted. The size, number and
distribution of nodules of a specific graphite type are
computed automatically by the IAOGT programme.
Figure 7a shows a recorded image with all nodules in
a specific region and Fig. 7b shows processed images
isolating nodules of Graphite Types III, IV-V and VI.
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Ta b l e 2. Description of parameters used for image analysis processing tool

Parameter Description Scheme

Area The actual number of pixels in the region (nodule).

Maximum feret The length (in pixels) of the major axis of the ellipse that has the same
normalized second central moments as the region (nodule).

Minimum feret The length (in pixels) of the minor axis of the ellipse that has the same
normalized second central moments as the region (nodule).

ConvexHull The smallest convex polygon that can contain the region (nodule).

ConvexImage The convex hull, with all pixels within the hull filled in (i.e., set to on).

ConvexP The perimeter length of region taken from the ConvexImage.

Roundness The relation between area of the region and the area of a circle with
same diameter as the region’s Maximum feret calculated as:
R = A/AMF = [4πA/(PI(MaxFeret)2)] Max.Feret 

Compactness Compares Area of the region (nodule) to the Area of the circle with
the same perimeter as perimeter ConvexP (i.e. perimeter of smallest
polygon round the region (nodule)).
C = A/AconvP = [4πA/(ConvexP)2]

ConvexP 

P

By application of the procedure outlined above, the
graphite type, nodularity or nodule count can be de-
termined in a very fast and objective manner from the
micrographs.

4. Results

The tensile specimens’ cross-sections and fracture
surfaces were investigated using the procedure out-
lined above.
The fracture surface consisted of embedded nod-

ular Graphite Type VI as well as free graphite pre-
cipitated as Graphite Types IV-V and III. The pro-
portion of the different graphite types varied between
specimens. Graphite Type I could not be unambigu-
ously identified on fracture surfaces. Figure 5 sug-
gests that this graphite type was identified on cross-
-sections but due to its shape it is almost impossible

to distinguish it from other casting defects on frac-
ture surface. The fracture surfaces also contained dif-
ferent types of casting defects of varying sizes. In-
situ forming oxide films of type (Mg-Si-Fe)xOy, as
shown in Fig. 8, form metallic and non-metallic in-
clusions which are characterized as G111, G121, G142
as defined in [10] were detected on many fracture sur-
faces. Blowholes, occasionally covered by thin graph-
ite films, as shown in Fig. 9, were also detected on the
fracture surfaces. The fracture surface macrographs
were analysed using image processing tool IAOGT to
determine the size and shape of the casting defects.
Figure 10 shows macrographs of two specimens with
low elongation at fracture probably caused by the cast-
ing defects. Figures 10a,b show the SEI macrograph of
a fracture surface with many relatively small defects;
these can be clearly seen on the processed images used
in the IAOGT. A specimen with a large casting defect
is shown in Figs. 10c,d.
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Fig. 6. Compactness and roundness from nodules measured for a single specimen using the image processing tool IAOGT:
a) raw data points, b) regions for graphite types following the Velichko and Mucklich definitions, c) regions for graphite

types with the alternative definitions used in this paper.

The elongation at fracture versus the measured
maximum feret of the casting defects (oxide or graph-
ite film) and the area fraction of the casting defects
is shown in Figs. 11a,b, respectively. As has been ob-
served in previous studies, the defect size has a sig-
nificant role in reducing the ductility. The specimens

with maximum defect size larger than 1 mm are rep-
resented by open and filled symbols corresponding to
nodule count higher and lower than 100/mm2, respect-
ively. To study the effect of the graphite nodules, spe-
cimens with large defects should be excluded. Figures
12a,b show the elongation at fracture versus the size
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Fig. 7. Example of IAOGT (image software) output for GT IV-V: a) recorded image, b) processed image with GT III, GT
IV-V and GT VI graphite types.

Fig. 8. SEM image of the fracture surface of a DCI speci-
men; the arrow indicates the Mg-Si-Fe Oxide Film. Nod-
ular graphite (GT VI) is embedded in the surrounding

ferritic matrix.

of maximum feret for GT III and GT IV-V nodules,
respectively, that had been measured on the cross-

Fig. 9. SEM image of the fracture surface of a DCI speci-
men showing a thin graphite film covering the surface of a

blowhole.

-sections and computed by the IAOGT software for
the specimens with a maximum casting defect smal-
ler than 1 mm on its fracture surface. There appears
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Fig. 10. Fracture surfaces with casting defects for two inserts (I24T6: specimen diameter 14 mm, A = 2.3 %) and (I24LS3:
specimen diameter = 9 mm, A = 1.4 %): a) SEI-macrograph of I24T6, b) processed picture for defect sizing of I24T6, c)

SEI-macrograph of I24LS3, d) processed picture for sizing defects of I24LS3.

to be a clear trend that the ductility decreases with
the maximum feret for these two graphite types. The
linear trends are:

AGTIII = −0.0224 ·GTIIIMaxFeret + 23.2,
AGTIV-V = −0.064 ·GTIV − VMaxFeret + 27.3.

(1)

Figures 13a,b show respectively the measured
elongation at fracture versus the computed nodularity
and nodule count for the investigated specimens. From
the data with small casting defects it is quite obvious
that elongation at fracture increases with increasing
nodularity. A small number of nodules also seem to
have a negative effect on the elongation at fracture.
This is more clearly shown by the filled symbols in
Fig. 13a than in Fig. 13b. It should be remembered
though that the results are influenced by the variation
in defect size. The empirical trend curves shown in the
plot for the elongation at fracture versus nodularity

and nodule count for the specimens with small defect
size are:

ANodularity = 6.51 · e0.02·Nodularity,
ANoduleCount = 0.0283 · NoduleCount + 12.6.

(2)

An exponential fit has been used for the nodularity
since there is a clear upwards shift.

5. Discussion

The results presented in this paper and the previ-
ous studies clearly show that oxide film defects lower
the ductility of ductile cast iron. The ductility is also
affected by variation in the graphite nodules shape.
The detrimental effect of maximum feret for Graphite
Type III and IV-V was indicated in this paper. The
ideal graphite structure has high nodularity and high
nodule count.
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Fig. 11. Elongation at fracture versus a) maximum size of casting defect, b) area fraction of casting defects.

Fig. 12. The elongation at fracture versus a) GT III and b) GT IV-V maximum feret size.

In an industrial application it is important to have
fast and reliable methods to verify that the graph-
ite structure falls within the requirements. Therefore
image analysis software was used. Results were com-

pared with previous work done on the same material.
Seven of the specimens with defects larger than 1 mm
investigated in current study had also been examined
“manually” in previous investigations. By comparing
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Fig. 13. Elongation at fracture versus a) nodularity and b) nodule count for casting defects smaller and larger than 1 mm,
respectively.

the sizing for these seven specimens it follows that the
manual sizing overestimated the defect size with an er-
ror factor ranging from 1 to 2 (Fig. 14). The probabil-
istic analysis in previous work computed the ductility
distribution quite well but underestimated the max-
imum size of the defects measured in the same work
[4]. One reason was that all defects were conservatively
assumed to be penny-shaped, but the manual defect
sizing contributed also to the discrepancy between test
and analysis. Graphite nodule analysis in prepared
segments had only been performed in the previous
study for two of the specimens reported here. For these
specimens the nodularity was significantly higher with
the manual measurements. This is also expected since
it is very difficult to distinguish between the Graphite
Types V and VI manually and both were mostly con-
sidered as GT VI in previous study. The nodularity
was therefore higher with a manual estimate.
The image processing tool that has been presen-

ted in this paper could be a very useful tool if further
developed. The variation in ductility is affected by a

Fig. 14. Automatically acquired maximum feret values of
casting defects (empty bars) for 7 samples in this study
compared to maximum feret values (filled bars) from pre-

vious study, which were manually acquired.
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multitude of combinations of complex and interacting
microstructural features. A large number of data from
different cast components are therefore needed to es-
tablish the trends reported here. The image processing
tool is suitable for such analysis.
Oxide film defects can be modelled using frac-

ture mechanics [5] and statistical distributions of the
ductility can be modelled by probabilistic fracture
mechanics (provided of course that these defects con-
trol ductility). The idea is to further develop such
models to also include other microstructural features
that affect ductility such as the nodular properties.
First semi-empirical relations between elongation at
fracture and each important defects/features as those
outlined in this paper (maximum feret, nodularity and
nodule count) need to be determined. The elongation
at fracture can then be computed from the know-
ledge of the microstructure and checking which de-
fect/feature is the most critical one. The inverse prob-
lem, where the microstructure in a statistical sense is
computed from the statistical distribution of elong-
ation from tensile tests, would be significantly more
complex but still possible.

6. Conclusions

The following observations can be derived from the
study presented in this article:
1. The image-processing tool presented in this pa-

per can characterize casting defects and nodule prop-
erties in a fast and reliable way.
2. The variation in the material ductility was

caused mainly by the presence of the casting defects.
Casting defects present were described as blowholes,
Mg-Si-Fe oxide films and thin graphite films.
3. The morphology of the graphite nodules influ-

enced the ductility. The more the nodules deviated
from their ideal spherical shape the lower was the
ductility. This can be quantified in terms of increase of
Graphite Type GT III and GT IV-V or reduced nod-
ularity. A higher nodule count had also a beneficial
effect on the ductility.
4. The empirical relations between elongation at

fracture and casting defects and graphite nodule prop-
erties can be used to derive models for simulating
variation in ductility in ductile cast iron. The cast-
ing defects can be modelled using fracture mechanics

whereas a first attempt to account for variations in
graphite nodules in a first step would be based on em-
pirical relations as those presented in this paper.
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