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Study of shrinkage porosity in spheroidal 
graphite cast iron
Nicolás Tenaglia*, Roberto Boeri, Graciela Rivera and Juan Massone

This study aims at identifying the relationship between the shrinkage cavities and the solidification 
structure in spheroidal graphite cast iron. Cast samples specially designed to contain shrinkage 
cavities were used. The solidification macrostructure was revealed using the Direct Austempering 
After Solidification method, while the solidification microstructure was revealed by using colour etching. 
At the midsection of the pieces, the shrinkage cavities and the solidification structure were observed 
jointly. The study showed that the classification of shrinkage porosity found in literature does not 
correspond to the ductile iron solidification model recognized by most of the scientific community. 
Early solidification models, and therefore shrinkage formation mechanisms, were proposed in instances 
when there was not a thorough knowledge of the morphology of the solid phases during solidification. 
Nowadays, defects formation mechanisms can be described with higher accuracy. Therefore, an 
updated classification of shrinkage porosity for spheroidal graphite iron is proposed.
Keywords: Ductile iron, Solidification structure, Shrinkage porosity

Introduction
Spheroidal graphite cast iron (SGI) or ductile iron is a material 
widely used to manufacture a large number of mechanical 
parts. The main favourable characteristics of SGI include its 
ease of moulding and posterior machining, high availability 
and low cost of raw materials and the variety of heat treat-
ments that can be used to improve its mechanical properties. 
However, the increasing demand on the properties of the fin-
ished products, along with the pressure to reduce costs, create 
a great need to consistently produce better quality castings. A 
major problem affecting SGI castings are shrinkage defects 
that occur during the solidification and subsequent cooling 
in the casting. Shrinkage often leads to the rejection of the 
parts. When high strength pieces are produced, it is critical 
to ensure that they are structurally sound. Avoiding the pres-
ence of microshrinkage demands a thorough understanding 
of its origin.

Recent experiments have shown that the ductile iron mac-
rostructure, formed during solidification, is characterized by 
the formation of large austenite dendrites. The macrostruc-
ture can be revealed to the naked eye using a special tech-
nique referred to as Direct Austempering After Solidification 
method (DAAS).1–3 The microstructural characteristics can 
be revealed by conventional and colour metallography tech-
niques. The examination after regular etching can characterize 
the quantity, size and morphology of graphite and the phases 
forming the metallic matrix, while the use of proper colour 
etching reagents can reveal the distribution and extension of 
last to freeze zones (LTF) through the identification of the 
microsegregation patterns. The joint analysis of macro and 
microscopic features allows a comprehensive characterization 
of ductile iron structure.

Solidification processes can be accompanied by defect 
formation such as shrinkage cavities. Stefanescu4 proposed 
a classic classification of shrinkage defects (Fig. 1). In princi-
ple, three different types of shrinkage cavities can be formed 
in a casting: (a) the concentrated shrinkage; (b) the dispersed 
macroshrinkage, and (c) the dispersed microshrinkage. 
Concentrated shrinkage forms because of metal contraction 
during cooling of the liquid and the phase change. It can be 
open or closed to the atmosphere.

The dispersed macroshrinkage consists of cavities of mil-
limetre size resulting from the lack of feeding during solid-
ification. It appears in heavy sections or at hot spots of the 
casting and could be eliminated through the optimization of 
the riser design. Macroshrinkage usually appears either as 
isolated or as interconnected irregular cavities that can be 
observed with the naked eye on a cross section of the casting. 
The cavity walls are rough.

The microshrinkage is usually dispersed in the whole vol-
ume of the casting. It consists of micron-size cavities that 
are formed between the eutectic grains or dendrite arms at 
the end of the eutectic solidification. It can be observed only 
using microscopes.

The objective of this investigation was to study the corre-
lation of the solidification structure of SGI with the formation 
of shrinkage cavities, in an attempt to gain a better under-
standing of the origin of macro and microshrinkage cavities. 
Concentrated shrinkage cavities will not be studied in this 
work.

Experimental procedure
Casting sample
The sample used in this work was designed with the following 
objectives:

•  To obtain macro and microporosity in the pieces.INTEMA, UNMdP – CONICET, Mar del Plata, Argentina
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•  To allow hot shakeout when the temperature of the entire 
part is above the higher limit of the upper intercritical 
temperature range (Tcu) of the Fe–C–Si diagram, where 
α, γ, and graphite coexist (DAAS technique).

•  To allow correct feeding to the entire piece, ensuring a 
non-turbulent filling.

In the first design, dimensions and geometric relations 
that violate the rules of good art were used intentionally, 
such as right angles; hot spots; intricate areas with feeding 
difficulty; abrupt changes in section size; zones of low met-
allostatic pressure; long feeder roads; thin sections, among 
others. The solidification of a casting corresponding to the 
proposed design was then simulated using the MagmaSoft® 
software, making further adjustments to the geometry in order 
to maintain the presence of micro-cavities and to obtain the 
temperature profile required by the DAAS technique.

For the prediction of shrinkage porosity, MagmaSoft crite-
ria called Soundness, Porosity and Hot Spots were used. For 
proper filling, the filling speed and temperature criteria were 
followed during the simulations, attempting to obtain in all 
cases filling rates below 1 m s−1 in order to avoid turbulent 
flow, and filling temperatures above the liquidus to avoid the 
flow of metal in mushy condition

In order to guarantee that the temperature of every point 
of the parts is above Tcu at the time of shake out, Tcu was 
calculated using the following equation5:

 

The simulations were performed using the properties of nod-
ular iron eutectic GJS-600 listed in the MagmaSoft database 
with the following temperatures:

•  Liquidus temperature = 1169 °C
•  Solidus temperature = 1166 °C

Other simulation parameters employed were:
•  Filling temperature = 1360 °C
•  Filling time = 5 s.
•  Feeding efficiency = 70%
•  Inoculation treatment = 70%
•  Graphite precipitation = 7
•  Silica-dry mould at 25 °C.
For the chemical composition of GJS-600 on the 

MagmaSoft database (wt% 3.6C-2.55Si-0.12Mn-0.016P-
0.6Cu-0.05Mg) Tcu is 824 °C. A conservative value of temper-
ature of 850 °C was adopted as the minimum acceptable for 
shake out. During the simulations both liquid fraction and the 

(1)
TCU(

◦C) = 723 − 0.3 × wt%C + 43 × wt%Si
− 33 × wt%Mn − 6 × wt%Cu

1 
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temperature are monitored, seeking to define a time interval 
ranging from the time at which the sample has developed a 
thick solidified layer, to the time at which the temperature is 
above 850 °C at all points of the part.

Figure 2 shows a schematic drawing of the part designed.
The shakeout time is defined as the time elapsed from the 

completion of the filling of the mould so that the piece is at the 

right temperature for mould opening and the implementation 
of the DAAS technique. This time is dependent on the pouring 
temperature, which is assumed at 1360 °C. Figure 3-1 shows 
that a significant solid layer is formed after 164 s from the start 
of pouring. Figure 3-2 shows that the temperature is above 
850 °C at all points after 235 s. These time values define the 
interval along which the shakeout is possible.
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for 30 min to stabilize the temperature. An austempering 
treatment was then performed in a molten salt bath held at 
360 °C for 60 min.

The solidification microstructure was revealed by a colour 
etching technique.2 Specimens were previously ferritized to 
improve etching efficiency, as recommended in the literature.6 
Etchant consisted of 10 g of NaOH, 40 g of KOH, 10 g of 
picric acid and 50 ml of distilled water and must be applied 
while boiling.

Results and discussion
The solidification macrostructure obtained at the cross section 
of one specimen is shown in Fig. 5. The piece was sectioned, 
ground, polished and etched with Nital. A typical grained 
structure can be seen, characterized by the presence of equi-
axed and columnar grains. The central part of the sample 
displays some orange colouring that is caused by an oxidation 
induced by the presence of dispersed shrinkage.

When the colour etching is applied in order to reveal the 
solidification microstructure (Fig. 6) most of the sample sur-
face shows green colouration, while some zones appear as 
isolated portions of yellow colouration, surrounded by red and 
blue halos. One of these zones is pointed by white arrows in 
Fig. 6. These isolated portions are Si depleted zones, which 
correspond with the LTF portions of melt. It is important 
to recognize that the colouration of each zone depends on 
the etching time, however colour sequences (from first to 
LTF zones) are always the same: yellow, green, blue, red 
and yellow again.

According to the solidification model of SGI proposed 
originally by Rickert and Engler7 and later on adopted and 
experimentally improved by Rivera et al.2 austenite and 
graphite nodules nucleate independently in the liquid. As 

Figure 4 shows the predicted profile of porosity at the 
middle section of the casting. As intended, different portions 
of the casting show shrinkage defects.

Material
Melt was prepared using a 50-kg capacity medium-frequency 
induction furnace. Pig iron, steel scrap, ferroalloys and carbon 
raiser were used as raw materials in order to obtain ductile 
iron with near-eutectic chemical composition. Also, the melt 
was alloyed with nickel and copper to attain sufficient aus-
temperability to carry out the DAAS technique. The melt 
was treated with 1.6% of Fe–Si-(9%)Mg and inoculated with 
0.65% Fe–Si(75%). Moulds were made using resin-bonded 
silica sand. Table 1 lists the chemical composition of the melt.

The Tcu of this melt, as calculated by Eq. 1, is 830 °C, not 
very different from the value for GJS-600. Therefore, the 
same time interval for shake out was used in the experiments.

Revealing of solidification macro and 
microstructures
The solidification macrostructure was revealed by apply-
ing the DAAS technique. It consists of an austempering 
heat treatment that must be carried out immediately after 
solidification, which leads to the formation of an ausfer-
ritic microstructure (mix of ferrite and retained austenite). 
The retained austenite is the primary phase. After etching, 
austenite grains are revealed macroscopically. A detailed 
description of the technique can be found elsewhere2. In 
this study, the parts were shaken out after 180 s from full 
filling. Then the parts were quickly transferred to an elec-
tric furnace held at 900 °C, where they were maintained 

4

Table 1 Chemical composition

%C %Si %Mn %S %P %Mg %Cu %Ni

3.31 2.76 0.13 0.021 0.039 0.053 0.85 0.53
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solidification progress. Near the completion of solidification 
the last portions of melt are located within the dendrite arms, 
as shown in Fig. 7-5 and 7-6 (green areas). Ideally, as solidi-
fication proceeds austenite dendrite branches coarsen and the 
graphite spheroids continue to grow enveloped in austenite. 
Nevertheless, in the actual solidification, some regions of the 
sample may show limited liquid feeding, especially after den-
drites coherence, resulting in empty volumes called dispersed 
shrinkage porosity.

the solid fraction increases, the austenite grows dendritically 
touching and enveloping the graphite nodules. The advance 
of the austenite dendrites leaves significant amounts of liquid 
between the secondary arms. In this manner, at the point at 
which dendrite coherence is reached, defining the grain size, 
there are still “liquid pockets” inside each grain. This process 
can be described graphically in good detail using the 2D draw-
ing of Fig. 7 which shows a sequence of the interaction of 
two dendrites of austenite and graphite spheroids8 during the 
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9 after colour etching. In Fig. 9-1 the arrows point at micro-
shrinkage cavities, which are surrounded by yellow, green, 
red and orange halos, suggesting that they locate at a LTF 
zone. Figure 9-2 shows a higher magnification image of a 
microshrinkage cavity.

Zone B analysis
Zone B locates at a thermal or geometrical centre of the 
casting, therefore it will be the macroscopic LTF zone. 
At such location, feeding is less efficient than in zone A 
because by the time of completing the solidification, ther-
mal centres are surrounded by solid material and the liquid 

Figure 8 shows the polished surface of one of the samples. 
A defective area (B), and an apparently sound area (A) can 
be identified.

Zone A analysis
Zone A is located near the sample surface, therefore it will 
solidify early and the liquid feeding to the local LTF zones 
should be sufficient to prevent the formation of shrinkage 
cavities. The macroscopic examination reveals no dispersed 
shrinkage porosity. Nevertheless, when careful microscopic 
examination is carried out, very small and dispersed shrinkage 
(microshrinkage) cavities can be identified, as shown in Fig. 
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in zone B obtained by the DAAS technique and Nital (2%) 
etchant. Red areas correspond to rusty porosity. In Fig. 11-2, 
the grain boundaries have been remarked by dots to improve 
the observation. It is clear that the shrinkage porosity develops 
within a grain or a primary austenite dendrite; therefore, it 
will be referred to as “intradendritic”.

Figure 12 shows the dispersed shrinkage porosity, observed 
by SEM. The intradendritic nature of cavities is evident by 
observing that their walls are conformed by dendrite arms.

Figure 13 shows a summary of the different types of inter-
nal shrinkage porosity that may be present in a ductile iron 
cast part. Figure 13 (left) shows the midsection of one of 
the samples submitted to DAAS and etched with Nital (2%), 
where the macrostructure is revealed. A higher magnification 
view of the centre of the sample shows some grains with red 

cannot flow from feeders to compensate contraction. Colour 
etching of these zones is shown in Figs. 10-1 and 10-2 at 
higher magnification. It is possible to identify shrinkage 
cavities of two different extents. Some small and dispersed 
microshrinkages located at some LTF zones (indicated by 
white arrows in Fig. 10) are similar to those observed at 
zone A. In addition, other larger cavities (dispersed mac-
roshrinkage) which are not surrounded by coloured halos 
are also observed and pointed by black arrows in Fig. 10. 
This suggests that the larger dispersed porosity is formed 
at a stage in which the remaining liquid phase exhibits no 
marked microsegregation.

It is important to note that the dispersed porosity is mostly 
intragranular. This characteristic can be observed clearly in 
Fig. 11. Figure 11-1 shows the solidification macrostructure 
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sample, shows both dispersed macroshrinkage (black arrow) 
and microshrinkage (white arrows).

These results support the proposal of a classification of the 
shrinkage cavities in spheroidal cast iron as follows:

•  Concentrated macroshrinkage (not observed in the 
image): defect that occurs by a material deficit because 
of contractions in liquid state and phase change. It can 
be open or closed to the atmosphere. This definition 
coincides with that of the literature.

spots, caused by the intense attack of the Nital when shrink-
age cavities are present. Two different types of zones can 
be marked, one showing grains apparently free from corro-
sion spots (zone A), and zones having corroded grains (zone 
B). Higher magnification observations after colour etching 
(right of Fig. 13) shows that only very small microshrinkage 
cavities (noted by the sequence of colours surrounding them 
and pointed by white arrows) are present in zone A. On the 
other hand, zone B, corresponding to the thermal centre of the 
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(2)  Dispersed macroshrinkage cavities develop inside 
solidification units or primary austenite grains.

(3)  Dispersed microshrinkage cavities develop along sim-
ilar areas than dispersed macroshrinkage, but creating 
much smaller cavities in coincidence with LTF zones. 
They form along areas of greater microsegregation.

(4)  The contraction defects classification was updated for 
SGI.
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•  Dispersed macroshrinkage: defect that locates at the 
thermal centres of the casting. At macroscopic scale, it 
is possible to observe an agglomeration of cavities that 
can occupy some millimetres. The microscopic exami-
nation reveals the intradendritic nature of its shape, hav-
ing sizes of about 200 μm for the present experimental 
conditions. When the surroundings of the cavities are 
observed after colour etching, they do not appear to be 
surrounded by coloured halos, suggesting that they form 
from a liquid that is not highly segregated. Nevertheless, 
this hypothesis remains to be proved experimentally.

•  Dispersed microshrinkage: defects of about 10–20 μm 
that locate at LTF zones, showing an intense microseg-
regation at their surroundings. It is proposed that their 
formation process is similar to that of dispersed mac-
roporosity, but in this case feeding is interrupted at a 
very advanced stage of solidification, and the porosity 
reaches very small dimensions. They are typically intra-
granular or intradendritic, and can be present along the 
entire piece.

Conclusions
(1)  The combined observation of the macrostructure and 

the microstructure of samples of spheroidal cast iron 
showing the presence of shrinkage defects has allowed 
to identify the location of the macro and microshrink-
age defects with respect to the solidification structure.
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