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Abstract 

Ductile iron contains free graphite nodules within the metallic matrix, which generally consists of ferrite and pearlite in the 
as-cast condition. The casting thicknesses have a great influence on the size, shape, and quantity of the microconstituents 
of the metallic matrix and the graphite nodules and thus on the mechanical properties. In this study the cooling rate (caused 
by the casting thicknesses) on the metallic matrix and the nodular characteristics of a low alloyed ductile iron with 0.8 %Ni 
and 0.15 %V was investigated. The ductile iron was produced in a sandwich process with ladle inoculation. Six plates of 
different thicknesses, from 4.3 mm to 25.4 mm, were produced in a green sand mold. The microstructural characterization 
was performed by optical microscopy (OM), scanning electron microscopy (SEM), and the image J software using different 
quantification methods. The area method to determine the average nodule size and nodular structure provided more reliable 
results than the perimeter and total particle count methods. The hardness test on the Rockwell C scale was used for the 
mechanical characterization. The low content of vanadium added to the ductile cast iron had a negligible effect on the 
solidification pattern, which was mainly due to the graphitizing impact of the nickel and silicon addition. The results of the 
microstructural characteristics are therefore primarily due to the cooling rate, which is determined by the casting thickness. 
The thinnest casting section significantly improved the number of nodules (414 Nod/mm2), sphericity (0.96), and nodularity 
(96.21 %). In contrast, the thickest casting plate obtained the highest volume fraction of graphite (10.85 %) and the lowest 
volume fraction of unwanted particles (0.36 %). The high cooling rate in the thinnest casting plate resulted in the highest 
hardness of 31.56 HRC due to the higher volume fraction of the pearlite (33.7 %) and carbides (4.5 %).  
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Introduction1.

Ductile cast iron or ductile iron (DI), also known 
as spheroidal or nodular iron, contains free graphite 
with a spheroidal shape (nodules) within a metallic 
matrix. This material has high mechanical properties 
due to the graphite morphology, which prevents the 
formation or propagation of cracks [1, 2]. 

The cooling rate and the alloying elements of 
ductile iron modify the graphite nodules (morphology, 
quantity, distribution, or size) and the phases or 
micro-constituents of the metallic matrix [3]. The 
cooling rate which is dictated by the casting thickness 
has a substantial impact on the formation of nodules; 
the formation of 2770 nod/mm2 for a plate thickness 

of 1.9 mm [4] has been reported; this is a higher 
nodule count than those obtained in standard Y-block 
samples of 25.4 mm with 225 Nod/mm2 [5]. Thus, the 
thicknesses in ductile iron castings have been 
classified as thin-walled ductile iron (TWDI), with 
casting sections of less than 4 mm [6]. However, some 
authors point out that the minimum thickness to be 
considered as TWDI has yet to be established, and it 
could be considered as 3, 4 or 5 mm as a maximum 
value limit [6]. Heavy thickness or thick thickness 
castings consider large dimensional sections as 75 
mm [7] or 300 mm [8]. Conventional wall thickness 
in ductile iron castings are referred to as “regular 
thickness” of ductile iron in the range between thin 
and thick walled ductile iron [9]. 
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The morphology and the amount of free graphite 
play an essential role in the microstructure and 
mechanical properties of ductile iron; these can be 
modified in samples having different thickness 
castings, such as crankshaft, due to changes in cooling 
rate; therefore, it is necessary to characterize each 
thickness. The most common methods used to analyze 
ductile iron are i) Graphite particles considering 
number, size, and nodularity; these parameters of free 
graphite are known as “nodular features” [10] or 
nodular characteristics [11]. ii) The phases or micro 
constituents. However, a more specific and 
comprehensive microstructural analysis in a ductile 
iron considers more significant number of nodular 
characteristics such as the nodule count, the total 
particle count, the nodule size, the interparticle 
distance, the sphericity, the nodularity, the volume 
fraction of nodules, the total number of particles, and 
the unwanted particles together with the phases or 
micro-constituents of the metal matrix such as 
pearlite, ferrite, carbides and the ferrite/pearlite ratio. 

Two methods are currently used to determine the 
nodular characteristics. The first is a comparative 
method in which micrographs are taken at 100X and 
compared to representative images listed in the ASTM 
A 247 standard. The second method uses micrographs 
and specialized software to obtain more accurate 
results; this method was termed “quantitative 
analysis,” the aim of which is to obtain characteristics 
of the three-dimensional effect from measurements of 
two-dimensional objects on polished or etched 
metallic surfaces [12]. With the advancement of 
science, the results computed in 2-D can be employed 
in complex mathematical models that represent 
suitable results in 3-D [10]; this is a step forward for 
researchers and science. However, at the industrial 
level, e.g. in the automotive sector, quantitative 
analysis in 2-D is still used for the components, as 
more accurate results can be obtained relatively 
quickly and without many complications [13, 14]. 

Quantitative analysis is widely used to 
characterize ductile iron with different alloying 
elements [15], the quality of ductile iron before 
austempering heat treatment [14], the phases obtained 
after hardening induction as industrial components 
[16] or to study nodular characteristics in thin or thick 
thicknesses [6, 8]. Nevertheless, due to the 
importance of nodular morphology in ductile irons, 
some investigators focus on a particular nodular 
characteristic. Riposan I. [17] used two mathematical 
models according to ISO 945-4-219 and ISO 
16112:2017 to assess the nodularity, and concluded 
that the best nodularity result was obtained with the 
ISO 945-4-219 model. Sosa A.D. [18] studied the 
number of residual stress nodules and the distortion of 
TWDI plates having different metallic matrices, and 
concluded that residual stress and distortion are highly 

affected by the number of nodules. Other authors have 
focused their studies on the effects of alloying 
elements on the metallic matrix. Colin Garcia E. [19] 
investigated the addition of nickel in three casting 
modulus of ductile iron. The results showed that 
nickel contributed to avoid the formation of iron 
carbides and to obtain a high amount of pearlite in the 
metallic matrix with low thicknesses. Sazegaran H. 
[20] studied the influence of aluminum and copper on 
the microstructure and morphology of graphite in 
ductile iron and concluded that increasing these 
alloying elements increased both the number of 
nodules and the volume fraction of pearlite and 
graphite while the nodularity decreased. 

On the other hand, vanadium is a carbide 
stabilizer; its addition to ductile cast iron increases the 
strength and hardness by increasing the pearlite 
amount due to the formation of eutectic carbide, 
which appears as slight white inclusions in the 
microstructure [14].  

With the advancement of characterization 
techniques, new ways have been discovered to obtain 
more accurate results in the characterization of 
graphite and phases in the matrix, such as quantitative 
3-D analysis of graphite morphology based on XRD 
[21] or the analysis of sphericity and spatial 
distribution of graphite nodules based on 
morphological tools (mathematical models and 
imaging software) [22]. Due to its versatility, the 
quantitative analysis of ductile iron can still be 
performed using straightforward equations or 
mathematical models. 

Mechanical characterization of ductile iron is 
mainly performed in Y-block castings to obtain 
samples as a tensile or compressive test, fatigue, 
impact, and hardness. However, it is a problem to 
evaluate different thicknesses in TWDI because the 
walls are too small to obtain samples for various 
mechanical tests; on the contrary, for thick thickness 
castings several samples are required to obtain an 
accurate result. One way to evaluate the changes in 
the mechanical properties in ductile iron with 
different thicknesses is hardness, as it is very versatile 
and requires only a small section of thickness to 
evaluate the change in microstructure with respect to 
the metallic matrix. Rockwell C hardness is 
commonly used for this purpose. 

The hardness of ductile iron is affected by three 
elements in the chemical composition: carbon, silicon, 
and phosphorous since these elements are associated 
with a parameter called carbon equivalent (CE), 
which modifies the metallic matrix. The relation 
between the three elements is shown in Equation (1). 
Ductile irons with CE values below 4.3 % are called 
hypo-eutectoid ductile iron; those with CE values 
above 4.3% are called hyper-eutectic, while eutectic 
ductile irons have a CE of 4.3 % [23]. 
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(1) 

 
Numerous studies on the hyper-eutectic ductile 

irons can be found in the literature because a high 
carbon equivalent improves some nodular 
characteristics such as the nodule count and the 
nodule size, and modifies the phases, thereby 
increasing the hardness. However, an adverse effect is 
that nodules sometimes have excessive nodule size, 
losing sphericity. In this work the graphite features of 
a hypo-eutectic ductile iron low alloyed with 0.8 % Ni 
and 0.15 %V were investigated in detail. It is expected 
that the nickel addition improves the nodule count and 
homogenizes the sphericity, while the vanadium 
increases the hardness of the ductile iron due to the 
formation of carbides; nevertheless, the nodule count 
and nodularity of graphite are decreased [19, 24]. In 
this sense, the study represents an in-depth analysis of 
the quantitative determination of the main graphite 
features by applying classical equations. The effect of 
six regular plate thicknesses (from 4.3 to 25.4 mm) 
was studied on the nucleation-growth of nodules and 
phases or micro-constituents and their impact on the 
hardness. 

 
Experimental procedures 2.

Foundry of castings 2.1.
 
A ductile iron alloyed with 0.8 % nickel and 0.15 

% vanadium was produced in a coreless induction 
furnace medium frequency with a capacity of 50 kg. 
The molten base iron was produced from 35 % cast 
iron scrap, 30 % low carbon steel (1018), and 35 % 
pig iron in the temperature range of 1490 – 1520 °C. 
The metal base was adjusted to obtain the chemical 
composition by a high carbon riser as recarburizing, 
FeSi (75 %), high purity nickel, and FeV (75 %). The 
molten metal was inoculated with 1 % calcifer (75 
%Si + 1 %Ca, 0.9 %Al, 1.1 %Ba) in the stream from 
the coreless induction furnace to the ladle, where it 
was simultaneously nodulized with 1.5 % MgFeSi 
agent (45 %Si, 8 %Mg, 3.3 %Ca, 3 % rare earth) in a 
sandwich process. The treated metal was poured at a 
temperature of 1450 ºC into green sand molds that 
were previously made with a model pattern of six 
plates as shown in Fig. 1a. The molds were shaken out 
after cooling of 30 minutes. The six plates of the 
model have the following dimensions: 120 mm in 
length, 40 cm width and variable thicknesses of 4.3, 
8.5, 12.7, 16.9, 21.1, and 25.4 mm. Fig. 1b shows the 
manufactured plates cut from the feeding system. 

The nominal chemical composition of DI was 
determined using an emission optical spectrograph 
(ARL Thermo scientific, model 360, 4725-series). 
The measurement was performed on three different 
plates to determine the average composition. 

Microstructural characterization 2.2.
 
The rough surface of the plates (approximately 1.5 

mm) in contact with the molding sand, as shown in 
Fig. 2a, was rectified to eliminate possible surface 
defects such as porosity or micro-shrinkage. They 
were cut along lines A-A’ and B-B’ as shown in Fig. 
2b to obtain microstructural and hardness 
characterization specimens. The microstructural 
characterization was performed using Olympus PMG-
3 optical microscopy images. In addition, EDS-SEM 
was used to determine the elements in the carbides, 
and images were taken in a scanning electron 
microscope, a JEOL model 6300. For the 
microstructural analysis, three micrographs were 
taken 100X magnification for each point of a, b, c, d, 
and e, as shown in Fig. 2b. The samples were prepared 
using conventional metallographic procedures: the 
roughing was performed using abrasive paper grades 
180, 220, 320, 400, 600, and 1000, the polishing was 
carried out with Al2O3 powder with a size of 0.3 µm 
and the chemical etched was performed using two 
chemical reagents; nital 3% and ammonium persulfate 
10 %. 

 
Quantitative analysis of ductile iron 2.3.

 
Quantitative analysis was performed using Image 

J software with a ratio of 1.11 pixels/microns and 
micrographs at 100X on polished condition to obtain 
nodular characteristics such as total particle count, 
nodule count, nodule size, sphericity, nodularity, 
interparticle distance, volume fraction of graphite in 
total particles, graphite of nodules, and unwanted 
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Figure 1. Model of the plates a) after casting and b) plates 
cut from 4.3 to 25.4 mm



particles. These results were obtained considering 65 
% of sphericity and a minimum diameter size of 10 
µm [25], related to a regular thickness of ductile iron. 
Furthermore, ferrite and pearlite volume fractions 
were obtained on micrographs under nital-etched 
conditions, while the volume fraction of carbides was 
determined with ammonium persulfate under etched 
conditions. 

 
Hardness 2.4.

 
Rockwell C hardness measurements were 

obtained with a load of 150 kg and a diamond tip 
indenter according to ASTM E 18. The indentations 
were made on polished surface samples in a cross-
section through a durometer Wilson 3T TBRB model. 
The average of 7 measurements and the standard 
deviation were reported for each plate thickness. 

 
Results and discussion 3.

Chemical composition of ductile iron 3.1.
 
The chemical composition of ductile iron alloyed 

with 0.8 % nickel and 0.15 % vanadium is shown in 
Table 1. Silicon promotes the formation of ferrite and 
it can suppress the formation of carbides [26]. In high 
concentrations, manganese is strongly pearlite-
forming, which leads to the formation of carbides in 
the grain boundaries. In addition, manganese 
segregation delays the stability of super-cooled 
austenite and obstructs the graphite nodulizing 

process [27]. Therefore, a manganese content of less 
than 0.3% is preferable if the casting has a thin 
thickness and heat treatment is carried out [28]. The 
residual magnesium content in ductile irons should be 
0.02 - 0.05 % to obtain a correct spheroidal graphite 
[29]. Nickel is a graphitizing element [19], while 
vanadium is a carburizing element [30].  

The carbon equivalent (CE) was obtained using 
Equation (1) with the elements listed in Table 1. The 
CE result was 4.1, which corresponds to hypoeutectic 
ductile iron. CE is a solid parameter to be considered 
in ductile iron castings; this indicates the 
solidification path to determine the first phase that 
solidifies and changes nodular characteristics. 
Fatahalla N. [31] reported that hypereutectic DI has a 
higher nodule count than hypo-eutectic DI. This 
behavior is due to the fact that in hypereutectic DI the 
first phase to nucleate and grow is graphite [32]. 

 
Microstructural characterization of ductile 3.2.

iron 
 
Fig. 3 shows the micrographs in the polished 

condition of the six plates with different thicknesses 
from 4.3 mm to 25.4 mm are shown in. It can be seen 
from the micrographs that the number of nodules 
decreases with increasing thickness, while the size of 
the nodules increases. The plate thickness of 4.3 mm 
presented the highest number of graphite nodules and 
the smallest size, while the plate thickness of 25.4 mm 
showed the opposite behavior, with the highest nodule 
size and the lowest nodule count. The six plate 
thicknesses presented an even distribution of nodules 
with good nodularity; however, a lower sphericity is 
evident in larger graphite nodules such as those 
formed in the 21.1 mm and 25.4 mm thick plates. 

Fig. 4 shows that the microstructures of the six 
plate thicknesses contain graphite nodules embedded 
in a metallic matrix composed of a mixture of pearlite 
and ferrite. As the thickness of the plates decreases, 
the amount of pearlite increases, as can be observed in 
the plates with the thicknesses of 8.5 mm and 4.3 mm. 
The higher cooling rate obtained in the small plates 
favored pearlite formation. On the other hand, slow 
cooling rates, as recorded in the larger plates with the 
thicknesses of 12.7 mm - 25.4 mm favored the 
formation of ferrite. 

The ferrite and carbide phases have a similar white 
tonality within the metal matrix, making it difficult to 
perform a quantitative analysis with the Image J 
software to determine the respective amount. 
Therefore, an etching with 10% ammonium persulfate 
was performed to darken the metallic matrix, 
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Figure 2. Plate thickness of 12.7 mm a) surface in contact 
with green sand, and b) plate rectified

Table 1. Chemical composition of ductile iron alloyed with nickel and vanadium (wt%)

C Si Mn P S Mg Ni V Cu Cr Mo Ti Sn Pb Al As CE

3.0 3.34 0.35 0.014 0.003 0.03 0.85 0.15 0.12 0.05 0.008 0.006 0.07 0.01 0.02 0.003 4.11



revealing the carbides in a bright white color [33]. 
Fig. 5 shows the presence of the carbides formed in 
the six plates of different thicknesses from 4.3 to 25.4 
mm. The largest amount of carbides was formed at a 
plate thickness of 4.3 mm, which decreases up to a 
plate thickness of 12.7 mm. No carbides were formed 
at thicker thickness of 16.9 to 25.4 mm. 

 
Quantitative analysis of ductile iron 3.3.

Nodule count and total particle count  3.3.1.
 
During the solidification of ductile iron, two types 

of graphite particles can form; the first one is the 

graphite nodules, and the second one is irregular 
graphite shapes such as vermicular or hemispherical 
particles. Based on this classification, there are two 
ways to quantify the graphite particles. 1) Nodule 
count. The number of graphite nodules in a 
micrograph is expressed as Nod/mm2. 2) Total particle 
count. The total number of graphite particles, 
including irregular graphite shapes and nodules [34], 
is expressed as Part/mm2. Identifying the graphite 
particles is essential because some nodular 
characteristics are calculated strictly by the nodule 
count, while others are determined by the total 
particle count. 
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Figure 3. Micrographs on polished condition for plate thickness a) 4.3, b) 8.5, c) 12.7, d) 16.9, e) 21.1, and f) 25.4 mm

Figure 4. Micrographs at nital etched condition for plate thickness a) 4.3, b) 8.5, c) 12.7, d) 16.9, e) 21.1 and f) 25.4 mm



The nodule count and total particle count for 
ductile iron with plate thickness of 4.3 to 25.4 mm are 
shown in Fig. 6. In both cases, the values decrease 
with increasing plate thickness with the highest values 
obtained at a plate thickness of 4.3 mm with 414 
Nod/mm2 and 428 Part/mm2, respectively. It is evident 
that the total particle count is higher than the nodule 
count. The distance between the individual points of 
the curves for the same plate thickness is the number 
of irregular graphite shapes. In this case, both curves 
are very close to each other because ductile iron has 
only a few irregular graphite particles within a larger 
number of nodules; however, for ductile iron 
containing a larger number of irregular graphite 
shapes, the curves can diverge significantly. A high 
number of nodules is a suitable parameter for the 
quality of ductile iron. The microstructure becomes 
finer and reduces the tendency to obtain chill 
carbides, and this refinement reduces the amount of 

malformed graphite [35]. 
In the hypoeutectic ductile irons, the first growth 

phase is austenite with a dendritic morphology 
(austenite proeutectic). The nucleation of the crystals 
occurs on the mold wall and in the inner melt from 
which columnar grains are formed. During the 
formation of austenite, the carbon atoms are expelled 
into the remaining liquid until a eutectic composition 
is obtained. From this point, the liquid is transformed 
into two types of solids, depending on whether the 
solidification follows the metastable reaction 
(carbides) or the eutectic one (graphite nodules) [36]. 
The growth of graphite nodules in the molten metal 
begins in the particles added in the nodulizing and 
inoculant agents (magnesium, calcium, or cerium 
covered by a thin layer of magnesium silicate), which 
act as heterogeneous nucleation sites [37]. During this 
stage, many nuclei are formed to precipitate graphite. 
Initially, these particles do not serve as nucleation 
sites for graphite because their crystalline structure is 
not coherent with that of graphite. At the end of the 
inoculation process, these particles change due to the 
formation of layers of other silicates and oxides of the 
inoculating elements. The silicates have the same 
hexagonal structure as graphite, and thus serve as 
effective nucleation sites for the growth of graphite 
nodules [38].  

As shown in Fig. 6 various graphite particle counts 
can be achieved with different solidification cooling 
rates, which are determined the respective plate 
thickness. The highest particle and nodule counts 
were obtained for the plate with a thickness of 4.3 
mm, while the lowest nodule count was obtained for 
the plate with the thickest thicknesses of 25.4 mm.  
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Figure 5. Micrographs at ammonium persulfate etched for plate thickness a) 4.3, b) 8.5, c) 12.7, d) 16.9, e) 21.1, and f) 
25.4 mm

Figure 6. Nodule count and total particle count for plate 
thickness from 4.3 to 25.4 mm



Górny M. [39] reported a similar behavior, 
quantifying the highest number of nodules in the 
small plate of 2 mm, where the highest solidification 
rates were obtained, and the lowest number of nodules 
in the plate with a thickness of 15 mm. This behavior 
can be explained  by undercooling. The theory of 
heterogeneous nucleation shows that for a given 
substrate, nucleation is instantaneous when a specific 
undercooling is reached. The number of active nuclei 
increases at large undercooling caused by high 
solidification rates because the highest particle and 
nodule counts were obtained in the thinnest plates 
[40]. Another critical factor to be considered in the 
number of graphite nodules and particles are the 
alloying elements, such as nickel and silicon, which 
are graphitizing elements that reduce the solubility of 
carbon in the molten metal and increase the number of 
ductile iron nodules [41, 42]. 

 
Nodule size  3.3.2.

 
The nodule size expresses the diameter of each 

graphite nodule in microns (µm). The calculation of 
this nodular characteristic considers a minimum size 
of 10 µm for regular thicknesses, while for TWDI the 
minimum size is 5 µm [43]. Strictly speaking, nodule 
size should not consider irregular graphite shapes 
such as vermicular, graphite flakes or hemispherical 
particles (less than 65 % sphericity), as these particles 
by definition have no diameter. 

Two methods can be used to obtain the average 
size of graphite nodules.1) area and 2) perimeter using 
the Equations (2) and (3), respectively.  

 
(2) 

 
(3) 

 
P is the perimeter and A is the area, both for 

particles considered nodules. 
Table 2 shows the values of the average nodule 

size using the area and perimeter methods for six 
plates with different thicknesses. Both methods were 
performed using the Image J software. It is noted that 
the average nodule size for both methods is very close 
to each other, with the maximum difference of 0.65 
µm in plate thickness of 12.7 mm, which represents 
less than 1 µm. In this study, the average nodule size 
is very similar because the tested plates have a 
constant thickness. However, the authors noted in 

previous studies that for samples with different 
thicknesses, such as Cr-alloyed camshafts, the 
average nodule size varied by up to 7 µm, and was 
higher in the method of the perimeter. 

Although the two methods for determining the 
average nodule size are reliable, there are some 
significant differences. Fig. 7 shows a graph with the 
nodule size distribution of the area and the perimeter 
methods for plate thickness of 4.3 mm measured in 
one micrograph corresponding to points a, b, and c 
shown in Fig. 2b. It is evident that the nodule size by 
the perimeter method starts at a size of 9 µm (3 
nodules), and ends at 31 µm (3 nodules) with a more 
irregular distribution. In contrast, the area method 
starts at 10 µm and ends at 30 µm. This behavior 
means that the perimeter method includes particles 
below the limit considered as a nodule and obtains a 
larger nodule size than the area method. Therefore, the 
area method is used in this study to report the average 
nodule size, ensuring a minimum size of 10 µm. 

The nodule size distribution for each plate 
thickness from 4.3 mm to 25.4 mm is shown in Fig. 8. 
The plate thickness of 4.3 mm shows the smallest 
nodule size with a maximum absolute frequency for 
the size of 10 µm; after the ultimate value, the 
absolute frequency begins to decrease 
homogeneously up to a nodule size of 39 µm. As the 
thickness of the plates increases, the nodule size 
increases, and the number of nodules decreases. 
Therefore, the maximum frequency changes from left 
to right, so that at a plate thickness of 25.4 mm there 
are fewer small nodules with a larger distribution of 
nodule size. 
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NS Aavg    2 1

NS Pavg 
1

Nodule size Method 4.3 mm 8.5 mm 12.7 mm 16.9 mm 21.1 mm 25.4 mm

Perimeter (µm) 15.09 ± 0.58 17.28 ± 1.11 20.68 ± 1.08 21.98 ± 1.02 22.17 ± 1.64 24.33 ± 1.27

Area (µm) 15.30 ± 0.67 17.42 ± 1.16 20.03 ± 1.44 21.67 ± 1.04 22.41 ± 1.78 24.17 ± 1.37

Difference (µm) 0.21 0.14 0.65 0.31 0.24 0.16

Table 2. Average nodule size by perimeter and area methods for plate thickness from 4.3 to 25.4 mm

Figure 7. Distribution of nodule size for plate thickness of 
4.3 mm through area and perimeter method



The liquid-phase carbon precipitates in the form of 
graphite nodules when the eutectic temperature is 
reached. The graphite nodules nucleate and grow 
freely for a short period due to the depletion of carbon 
atoms in the liquid state. Hence, the austenite 
nucleates around the graphite nodules due to the low 
carbon concentration in shell form (austenite 
surrounds the nodules) and coarse, forming eutectic 
cells (EC). During eutectic solidification, only the 
austenite is in contact with the liquid, and carbon 
diffusion through the austenite shell is the mechanism 
that controls the nodule growth [44, 45]. Finally, 
different eutectic cells encounter primary dendrites 
which form an austenite network with nodules inside 
and enclose the newly formed nodules [36]. The first 

nodules formed grow faster than the last, so the liquid 
decreases until the eutectic solidification ends. The 
continuous drop in temperature initiates 
graphitization in the solid state; during this period, the 
high carbon austenite expels carbon atoms and 
continues its diffusion into pre-existing graphite 
nodules until the austenite acquires a eutectoid 
composition [44]. As already mentioned, the nodule 
size is affected by the cooling rate, which is 
determined by the thickness of the plates during 
solidification. At low plate thicknesses such as 4.3 and 
8.5 mm, where the solidification and graphitization 
occurred most rapidly, the nodules presented a smaller 
size distribution than at higher plate thicknesses (21.1 
and 5.4 mm). Another essential factor is that the 
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Figure 8. The Nodule size distribution of plate thickness of a) 4.3, b) 8.5, c) 12.7, d) 16.9, e) 21.1, and f) 25.4 mm



addition of Ni close to 0.8% refines the size of the 
graphite nodule, and their distribution in the 
microstructure is more homogeneous [19]. 

 
Interparticle distance 3.3.3.

 
The nodule count and the average nodule size are 

related by a parameter known as the interparticle 
spacing (λG); this nodular characteristic represents the 
carbon diffusion distance. It should be noted that the 
average nodule size should not consider the irregular 
shapes of graphite, as by definition they have no 
diameter. The interparticle distance is obtained using 
Equation (4) [25]. 

 
(4) 

 
NSavg is the average nodule size in µm, and nodule 

count is expressed as Nod/mm2. 
 
The interparticle spacing measured on plates of 

different thicknesses from 4.3 to 25.4 µm is shown in 
Fig. 9. It can be seen that the larger the nodules and 
the smaller number of nodules, the greater the 
distance between the particles. The shortest 
interparticle spacing (18.23 µm) was obtained at a 
plate thickness of 4.3 mm due to the high cooling rate, 
while the longest value of 25.33 µm was obtained at a 
plate thickness of 25.4 mm due to the low cooling 
rate.  

Sphericity and nodularity 3.3.4.
 
Sphericity and nodularity can sometimes be 

confused; however, both have different meanings. 
Sphericity refers to the roundness of the nodules in a 
range of 0.65 to 1.0. These parameters were described 
by Ruxunda R.E. [25] according to a convention 
widely used in industrial companies (Image pro-plus, 
Omnimet Enterprise Handbook, and UTHSCSA 
Image tool Handbook). The lower limit refers to the 

minimum roundness accepted to be considered as a 
nodule, while the higher limit refers to a perfect circle. 
Sometimes, the accepted minimum sphericity varies 
[17], and some researchers reported this characteristic 
as % [46]. The sphericity for this research was 
obtained using the perimeter and area by the 
sphericity shape factor shown in Equation (5) [47]. 
However, there are other equations to obtain this 
nodular characteristic [48] 

 
(5) 

 
Nodularity represents the percentage ratio for 

acceptable particles area (graphite of nodule count) to 
graphite of acceptable plus unacceptable particles area 
(total particle count) expressed as a %. Equation (6) 
[25] shows the standard model used. Nevertheless, 
sometimes nodularity is also expressed as a 
percentage of nodule count and total particle count 
according to Equation (7) [49] or using other 
mathematical models listed in ISO standards [17]. 

 
(6) 

 
 

(7) 
 
Fig. 10 shows that the sphericity decreases with 

increasing plate thickness, obtaining values of 0.9 to 
0.86 for plate thicknesses of 4.3 mm and 25.4 mm, 
respectively. The higher cooling rate imposed by 
small thicknesses such as 4.3 mm helps to improve the 
sphericity close to 1.0, while at larger thicknesses, the 
graphite nodules are far from being a perfect circle in 
the trials developed with the same amount and type of 
nodulizer agent.  

As sphericity decreases, nodularity decreases 
similarly as these nodular characteristics are strongly 
related. The nodularity decreases with two methods 
computed: area and count. The nodularity–area values 
in a range of 96.2 to 87.5 were lower than the 
nodularity–-count in a range of 96.81 to 93.25 % for a 
plate thickness of 4.3 to 25.4 mm, respectively. The 
different size distribution of the graphite particles 
[45]; as the plate thickness increases, some particles 
are larger, and consequently, the area increases, and 
the nodularity area decreases [11]. The sphericity and 
nodularity values obtained in this research are similar 
to those reported by Bojarro J.M. [49] for ductile iron 
with different CE and thicknesses ranging from 1.5 to 
38.1 mm. However, Tomaran S. [50] reported that 
nodularity by the counting method is slightly higher 
than by the area method for three grades of ductile 
iron. 

The reduction in plate thickness decreases the 
average nodule size and improves the sphericity and 
nodularity [51]. This behavior is attributed to 
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magnesium, rare earth, and the high cooling rate 
caused by the thickness. 

During the production of ductile iron, rare earth, 
and magnesium are added in the molten metal in the 
modification stage (in this case, the sandwich 
technique), generally in the range of 0.03 - 0.05 % to 
obtain graphite nodules. Anti-spheroidizing elements 
such as Ti, Bi, Zr, P, N, O, and S are surface-active 
elements that reduce the surface tension between 
graphite and liquid. The main surface-active elements, 
such as O and S, cause changes in the direction of the 
graphite growth on the A axis, resulting in an irregular 
graphite shape. The function of Mg and RE is to 
neutralize the two surface-active elements to obtain 
the growth of carbon in the Axis C and obtain a 
spherical shape [52].  

During the solidification, the austenite dendrites 
interact with eutectic cells. Hence, the austenite 
thickness increases and nodules grow. The uniformity 
of austenite thickness increases as the time increases 
during the eutectic temperature, resulting in an 
uneven supply of atoms for nodular graphite in all 
directions [53]. Hence, in small plate thicknesses for 
4.3 and 8.5 mm, the solidification and graphitization 
proceed very rapidly so that the  initial high nodular 
formation is somewhat lost. Furthermore, graphite 
nodules increase in size during the solid state, and 
nodularity decreases due to the uneven diffusion of 
the carbon atoms [53]. The final shape of the graphite 
depends mainly on the rate at which the austenite 
coats the nodules. This rate depends on the cooling of 
the casting and is influenced by the amount of 
magnesium [44]. Therefore, a small thickness requires 
less magnesium to form nodules, while a larger 
nodule requires more magnesium. The alloying 
elements also influence sphericity and nodularity. The 
addition of vanadium impairs nodularity and 
promotes the formation of chunky graphite during 
casting with long solidification times [54]. At the 
same time, nickel improves sphericity and nodularity 
[19]. 

Graphite of nodules, graphite of total 3.3.5.
particles and undesirable particles 
 
Sometimes, the terms surface fraction and area 

fraction, among others, are used to describe the 
amount of phase in a micrograph. Volume fraction is 
a widely used term that is technically correct because 
the results are determined by the number of picture 
elements or “pixels” in stereography or quantitative 
metallography. Volume, area, line, and point are 
related by equality; VV = AA = LL = PP expressed as 
% [12, 55].  

The volume fraction for graphite of nodules refers 
to the amount of graphite contained only in the 
nodules (sphericity and nodule size greater than 65 % 
and 10 µm, respectively). The total particle graphite 
includes irregular graphite shapes (higher than 10) 
and graphite nodules.  

The volume fraction of the graphite of the nodules 
and the graphite of total particles for plate thickness 
from 4.3 to 25.4 mm are shown in Fig. 11. With 
increasing thickness, the volume fraction of graphite 
increases from 6.31 to 10.85 % and from 6.55 to 11.24 
%, for nodule count and particle count, respectively. 
The gap between the individual points in the curve is 
the area of irregular graphite shapes. 

Hypo-eutectic DI generally has a low volume 
fraction of graphite for nodules and total particles. 
The growth of graphite shapes (nodules or irregular 
shapes) increases the volume fraction; this depends on 
four stages: i) from the liquid, ii) during eutectic 
transformation, iii) during cooling eutectoid 
temperature and iv) during eutectoid transformation.  

At the beginning of the solidification, austenite 
and graphite grow separately (separated eutectic), 
resulting in graphite particles that are in contact with 
the molten metal. At this point, the austenite dendrites 
grow, and the carbon is ejected into the interdendritic 
liquid increasing the viscosity and restricting the 

E. Colin-García et al. / J. Min. Metall. Sect. B-Metall. 60 (1) (2024) 15 - 31 24

Figure 10. Sphericity and nodularity for plate thickness 
from 4.3 to 25.4 mm 

Figure 11. The volume fraction of graphite nodules, 
graphite total particles, and undesirable 
particles for plate thickness from 4.3 to 25.4 mm



movement of the atoms.  
After a certain amount of solid content has formed, 

dendrite coherence and graphite austenite interaction 
begin [56]. The graphite phase is then enveloped by a 
solid austenite shell; the carbon atoms ejected from the 
austenite diffuse onto the surface of the nodules and 
irregular shapes and increase the volume fraction of 
graphite. In plate thicknesses of 21.1 and 25.4 mm, the 
cooling rate is low, which prolongs the graphitization 
time and results in a higher volume fraction of graphite 
and graphite nodules, while graphitization is very short 
at a plate thickness of 4.3 mm resulting in as a 
consequence, only a small volume fraction.  

The discarded particles computed during the 
volume fraction of graphite with a maximum size of 10 
µm are usually porosity, non-metallic inclusions, 
pitting [22], micro-shrinkage, and small nodules; these 
are considered in the volume fraction of unwanted 
particles. This characteristic is not always analyzed due 
to the low volume fraction of ductile iron. However, it 
is essential when applying austempering to DI, as the 
proportion of porosity and micro-shrinkage should not 
exceed 1.0 % and the proportion of carbides and non-
inclusions should not exceed 0.5 % [57].  

The volume fraction of unwanted particles of 
ductile iron for plate thicknesses from 4.3 to 25.4 mm 
is shown in Fig. 11. The maximum number of 
unwanted particles is found in the plate thickness of 4.3 
mm (1.04 %), which decreases with increasing 
thickness up to a plate thickness of 25.4 mm (0.36 %). 
This behavior is attributed to solid-state graphitization, 
during which the carbon atoms are ejected from the 
austenite. At this stage, only carbon atoms close to the 
surface of the nodules could diffuse to them. At a plate 
thickness of 4.3 mm, the fast-cooling rate was able to 
limit the diffusion of carbon atoms from the austenite to 
the graphite nodules, and then, these atoms nucleated in 
the form of nodules with an average size of less than 10 
µm at the grain boundary of the austenite [53].  

On the other hand, with having a greater plate 
thickness of 25.4 mm, the diffusion time is longer so that 
the atoms diffuse to the graphite nodules and nucleation 
at the grain boundaries is avoided, thus reducing 
unwanted particles. These unwanted particles which are 
smaller than 10 µm (shown in the red circles) can be seen 
in Fig. 12 for plate thicknesses of 4.3 and 25.4 mm. The 
most significant amount of graphite particles was found 
in the plate thickness of 4.3 mm, which decreases up to 
the plate thickness of 25.4 mm. In addition, the most 
considerable volume fraction is attributed to small 
nodules and irregular graphite shapes. 

 
Ferrite and pearlite 3.3.6.

 
During the graphitization state, the austenite 

expels carbon until it reaches the eutectoid 
composition so that the decomposition of the austenite 

can lead to the formation of the ferrite phase if the 
stable reaction occurs (ferritic reaction) or the 
formation of ferrite and pearlite if the metastable 
reaction occurs (pearlitic reaction). In addition to the 
cooling rate and the alloying elements, the eutectoid 
transformation also depends on the competition 
between stable and metastable reactions [58]. 

Fig. 13 shows the volume fraction of ferrite, 
pearlite, and carbides in  the six plates of different 
thicknesses. The volume fraction of ferrite increased 
with the increasing thickness of the plates, reaching 
the highest value (53.68%) at a plate thickness of 25.4 
mm.  

Ferrite is a phase formed during slow cooling; 
austenite continues to eject carbon atoms into 
nodules as the temperature decreases. Ferrite usually 
nucleates at the nodule/austenite interface and grows 
symmetrically around the nodules, forming a halo. 
As the halo grows, the remaining austenite continues 
to eject carbon atoms to diffuse through the ferrite 
halo (ferrite reaction), which is thicker [59]. The 
cooling rate decreases as the plate thickness 
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Figure 12. Graphite nodule size less than 10 µm for 
thickness a) 4.3 and b) 25.4 mm on polish 
condition analysed with Image J software 

Figure 13. The volume fraction of phases and micro-
constituents for ductile iron from thickness 4.3 
to 25.4 mm



increases to 25.4 mm; the carbon diffusion time 
increases, resulting in larger amounts of ferrite in the 
matrix [40], which leads to a decrease in pearlite 
[60].   

Pearlite behaves differently from ferrite. The 
volume fraction of pearlite increases as the casting 
plate decreases, obtaining the highest value (74.67 %) 
at a plate thickness of 4.3 mm. When the ferrite halo 
is large enough, the diffusion of the carbon atoms 
through the ferrite gradually decreases. Hence, the 
temperature drop becomes low enough to nucleate the 
pearlite (pearlitic reaction).  

The preferred nucleation site for the pearlite is the 
austenite/ferrite interface due to the carbon content in 
the austenite. However, pearlite grows faster than 
ferrite due to the cooperative (coupled) growth of 
cementite and ferrite [59]. When the thickness is 
reduced to a plate thickness of 4.3 mm, the cooling 
rate increases the volume fraction of pearlite [40], and 
as a result, this micro-constituent can nucleate at the 
austenite grain boundaries or the graphite/austenite 
interface. 

 
Ferrite/Pearlite ratio 3.3.7.

 
The volume fractions of ferrite and pearlite are of 

great importance for mechanical properties of ductile 
iron and are related to each other by the ferrite/pearlite 
ratio, which can be changed by the cooling rate.  

Table 3 shows the volume fraction of ferrite and 
pearlite and the ferrite/pearlite ratio for ductile iron 
obtained in the six plates with different thicknesses 
from 4.3 mm to 25.4 mm. The plates with a thickness 
of 4.3 mm to 12.7 mm, had a ratio less than 1.0 and 
consists mainly of a pearlitic matrix, which increases 
the hardness and strength of the ductile iron. 

If the ratio is higher than 1.0, as with a plate 
thickness of 21.1 to 25.4 mm, ferrite is the 
predominant phase, so that ductility and toughness 
increase. 

A ferrite/pearlite ratio of 1.02 was determined for 
the 16.9 mm casting plate. With this ratio an adequate 
balance between ferrite and pearlite and a good 
combination of mechanical properties can be 
achieved. 

The behavior of the ferrite/pearlite ratio obtained 
in this research is similar to that reported by Gonzaga 
R.A. [61], who reported that the as-cast DI having a 
30/70 ratio presents higher hardness than a 60/40 
ratio. 

Carbides 3.3.8.
 
The volume fraction of carbides for a plate 

thickness of 4.3 to 25.4 mm is shown in Fig. 13. The 
amount of primary carbides (formed during 
solidification) increases as the plate thickness 
decreases. In this case, the plate thickness of 4.23, 
8.46, and 12.6 mm presented carbides, with the 
highest volume fraction (4.5%) being reached at the 
plate thickness of 4.3 mm. The carbides were mainly 
concentrated in the center of the plates at points b, d, 
and e, as shown in Fig. 2b. Only a minimal amount of 
carbides was found near the perimeter.  

The formation of carbides is attributed to different 
factors such as [62]; high cooling rate during 
solidification, carbide-forming elements during the 
melting step, low CE, low Si content, inadequate or 
poor inoculation, excessive magnesium content, and 
high overheating.  

In the case of small thicknesses plates where high 
cooling rates are required, the solidification of ductile 
iron can occur entirely or partially according to the 
metastable phase diagram, causing the transformation 
of the melt into ledeburite [63]. In addition, the 
carbide content is increased by adding carburizing 
elements. During solidification, reverse cooling can 
occur, i.e., segregation of carbide-forming elements 
such as manganese, vanadium, chromium, 
molybdenum, or titanium, which increases the 
concentration of these elements in the remaining 
liquid to be solidified and promotes carbide 
formation. The formation of carbides is aided by 
increasing the concentration of these elements [64]. 
Although the morphology of carbides is irregular and 
complex, two distinctive forms can be identified: 
plate and ledeburite forms [63]. 

A scanning electron microscope (SEM) was 
employed to determine the elements inside the carbide 
plates and the ledeburitics. Fig. 14 shows a SEM 
micrograph and its punctual analysis in carbides. Fig. 
14a shows carbide plates and regions of transformed 
ledeburite. Fig. 14b shows two points with a chemical 
composition; this presents a homogeneous 
distribution and similar main elements, e.g. carbide 
formation, such as V, Mn, and C. 

The addition of nickel and silicon elements 
together with a low cooling rate prevents carbide 
formation in plate thickness of 16.9, 21.1, to 25.4 mm. 
Silicon delays carbide formation [41]. Nickel shows a 
positive effect on solidification due to the reduction of 
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Characteristic 4.3 mm 8.5 mm 12.7 mm 16.9 mm 21.1 mm 25.4 mm

Ferrite 11.13 27.16 40.04 44.57 48.22 53.68

Pearlite 74.67 60.95 46.97 43.6 32.9 33.7

Ferrite/pearlite ratio 0.15 0.44 0.85 1.02 1.23 1.60

Table 3. Ferrite/pearlite ratio for plate thickness from 4.3 to 25.4 mm



carbon content in the eutectic; the interval between 
the γ-graphite and γ-Fe3C transformation is increased, 
which suppresses carbide formation, and therefore 
nickel prevents a cooling tendency [65]. 

It has been reported [64] that the addition of 
vanadium for contents higher than 0.2 % to ductile 
iron affects the nodule count and nodularity due to 
carbide formation. However, the low content of 
vanadium added to the ductile cast iron had a 
negligible effect on the solidification pattern, which 
was mainly due to the graphitizer impact of the nickel 
and silicon addition. The graphite features, and the 
phase results obtained are related to the effect of the 
cooling rate, which is dictated by the different 
thicknesses evaluated. 

 
Hardness of ductile iron 3.4.

 
The hardness values on the Rockwell C scale for 

ductile iron at plate thickness 4.3 to 25.4 mm are 
shown in Fig. 15. The hardness increases as the plate 
thickness decreases. This behavior depends on the 
phases and micro-constituents within the metallic 
matrix. These result from the cooling rate which is 
determined by the thickness during the solidification. 
As expected, low values of the ferrite/pearlite ratio 
exhibit higher hardness, such as plate thickness of 4.3 
to 12.7 mm, while higher values of the pearlite/ferrite 
ratio exhibit a low hardness, such as thicknesses of 

21.1 and 25.4 mm. 
The correct balance of the ferrite/pearlite ratio 

with a hardness of 19.83 HRC was achieved at a plate 
thickness of 16.9 mm. The maximum hardness (31.56 
HRC) was obtained in the plate thickness of 4.3 mm, 
which contains the highest volume fraction of pearlite 
and carbides. It has been reported that the hardness is 
increased by addition of the carburizing elements such 
as vanadium or chromium as both contribute to 
obtaining a higher volume fraction of carbides [24, 
66].  

On the other hand, the lowest hardness (17.33 
HRC) was found in plate thickness of 25.4 mm, which 
was attributed to the highest volume fraction of ferrite 
and graphite, both of which are considered soft phases 
in ductile iron [67]. The results on hardness and its 
behavior when varying the thickness of the plates are 
similar to those reported by Guzel E. [68], who 
worked with plates thicknesses ranging of 12.7 to 76.2 
mm. 

It must be mentioned that the accuracy of the 
results depends on the region analyzed. Therefore, a 
representative area of the ductile iron sample must be 
considered in order to obtain reliable results during 
the measurements of the phases or micro-constituents 
and nodular characteristics, to obtain the maximum 
possible data information, and to obtain a correct 
distribution of the results [55].  

Another source of error in the quantification is 
obtaining incorrect micrographs due to incorrect 
metallographic preparation of the sample. Thus, 
adequate metallographic procedures must be applied 
[69] to obtain high-quality micrographs that increase 
the accuracy of quantification. 

 
Conclusions 4.

 
The nodular characteristics, phases, or micro-

constituents and their relation with the cooling rate 
imposed by different casting thicknesses were 
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Figure 14. a) SEM micrograph and b) Punctual X-ray 
microanalysis of the ductile iron

Figure 15. Rockwell C hardness for plate thickness from 
4.3 to 25.4 mm



analyzed in detail in a hypo-eutectic ductile iron 
alloyed with 0.8 % Ni and 0.15 % V. The results are 
summarized as follows: 

1. The cooling rate imposed by different 
thicknesses casting strongly changes the nodular 
characteristics, phases, micro-constituents, and 
hardness. 

2. The area method for determining the average 
nodule size and nodularity provides more reliable 
results than the perimeter and total particle count 
methods. 

3. The nodular features of nodule count, 
sphericity, and nodularity are improved when the 
casting thickness is decreased. With a casting plate of 
4.3 mm the highest nodule count of 414 Nod/mm2, a 
sphericity of 0.96 and nodularity of 96.21 % can be 
achieved. In contrast, the highest volume fraction of 
graphite and the lowest volume fraction of unwanted 
particles were achieved with the thickest casting plate. 

4. The low content of vanadium added to the 
ductile cast iron had a negligible effect on the 
solidification pattern, which was mainly due to the 
graphitizer effect of the nickel and silicon addition. 

5. The higher volume fraction of carbides was 
achieved in the thinner casting plate due to the high 
cooling rate during solidification. Carbide formation 
was suppressed in the casting plate thicknesses of 
16.9 to 25.4 mm by a reduction in the cooling rate and 
the effect of the nickel and silicon addition. 

6. The highest hardness of 31.56 HRC was 
achieved at a casting plate thickness of 4.3 mm due to 
the higher contents of the volume fraction of pearlite 
and carbides. 
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UTICAJ REGULARNE DEBLJINE NA MIKROSTRUKTURNU I 
KVANTITATIVNU ANALIZU HIPOEUTEKTIČKOG DUKTILNOG GVOŽĐA 

LEGIRANOG SA Ni I V 
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Apstrakt 
 
Duktilno gvožđe sadrži slobodne grafitne nodule unutar metalne matrice, koja se uglavnom sastoji od ferita i perlita u 
livenom stanju. Debljina odlivaka ima veliki uticaj na veličinu, oblik i količinu mikrokomponenti metalne matrice i grafitnih 
nodula, a time i na mehanička svojstva. U ovoj studiji ispitivana je brzina hlađenja (prouzrokovana debljinom odlivaka) na 
metalnoj matrici i sferna svojstva niskolegiranog duktilnog gvožđa sa 0,8 %Ni i 0,15 %V. Duktilno gvožđe je proizvedeno 
u sendvič procesu sa inokulacijom lopaticom. U kalupu od sirovog peska proizvedeno je šest ploča različite debljine, od 4,3 
mm do 25,4 mm. Mikrostrukturna karakterizacija je izvršena optičkom mikroskopijom (OM), skenirajućom elektronskom 
mikroskopijom (SEM) i softverom Image J korišćenjem različitih metoda kvantifikacije. Metoda površine za određivanje 
prosečne veličine nodula i strukture nodula dala je pouzdanije rezultate od metoda perimetra i ukupnog broja čestica. Za 
mehaničku karakterizaciju korišćen je test tvrdoće na Rockvell C skali. Nizak sadržaj vanadijuma koji je dodat duktilnom 
livenom gvožđu imao je zanemarljiv uticaj na obrazac očvršćavanja, što je uglavnom bilo zbog efekta formiranja grafita 
dodatka nikla i silicijuma. Rezultati mikrostrukturnih karakteristika su ovakvi prvenstveno zbog brzine hlađenja, koja je 
određena debljinom odlivaka. Najtanja livena ploča značajno je poboljšala broj nodula (414 Nod/mm2), sferičnost (0,96) i 
nodularnost (96,21 %). Nasuprot tome, najdeblja ploča za livenje postigla je najveći zapreminski udeo grafita (10,85 %) i 
najmanji zapreminski udeo neželjenih čestica (0,36 %). Visoka brzina hlađenja najtanje ploče za livenje rezultirala je 
najvećom tvrdoćom od 31,56 HRC zbog većeg zapreminskog udela perlita (33,7 %) i karbida (4,5 %). 
 
Ključne reči: Duktilno gvožđe; Debljina; Mikrostruktura; Brzina hlađenja; Kvantitativna analiza; Nodularne 
karakteristike
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