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Precipitation and evolution of nodular graphite
during solidification process of ductile iron
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Abstract: The quantity and morphology of spheroidal graphite have an important effect on the properties
of ductile iron, and the characteristics of spheroidal graphite are determined by the solidification process. The
aim of this work is to explore the precipitation and evolution of graphite nodules in hypoeutectic, eutectic, and
hypereutectic ductile irons by thermal analysis, liquid quenching and metallographic technique. Results show that
hypoeutectic ductile iron has the longest solidification time and the lowest eutectic temperature; eutectic ductile
iron has the shortest solidification time; hypereutectic ductile iron has the highest eutectic temperature. After
solidification is completed, hypoeutectic ductile iron has the lowest nodule count, nodularity and graphite fraction;
eutectic ductile iron has the highest nodule count, nodularity and the smallest nodule diameter; hypereutectic has
the highest nodule diameter and graphite fraction. The nucleation and growth of graphite nodules in hypereutectic
ductile iron starts before bulk eutectic crystallization stage, however, the precipitation and evolution of graphite
nodules of hypoeutectic and eutectic ductile irons mainly occur in the eutectic crystallization stage. The graphite
precipitated in eutectic crystallization of hypoeutectic, eutectic, and hypereutectic ductile irons, are 61%, 68%
and 43% of total graphite volume fraction, respectively. Simultaneously, there are plenty of austenite dendrites in
hypoeutectic and hypereutectic ductile irons, which are prone to shrinkage defects. Therefore, the eutectic ductile
iron has the smallest shrinkage tendency.
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6.7 and with the

uctile iron is an indispensable engineering

material with excellent mechanical performances.
Its tensile strength is even comparable to that of steel
because the existence of graphite in a spherical shape
reduces the cleavage effect of stress concentration
in the matrix ?. In recent years, it has been found
that austempered ductile iron (ADI) and carbidic
austempered ductile iron (CADI), which are obtained
by the austempering process, have higher strength
and shock absorption, as well as good wear resistance
and plastic toughness, giving rise to ductile iron being
more widely used . The quantity and morphology
of graphite have a great influence on the properties of
ductile iron. For examples, graphite nodules with small
diameter and high roundness can significantly improve
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the mechanical properties of castings
increase of nodules, the risk of carbide precipitation
decreases and the matrix performance improves
significantly ™. The increase of nodules will also make
the eutectic grains profile more round which is conducive
to the flow filling of melt, so that the shrinkage tendency
of ductile iron will be reduced . The characteristics of
graphite are determined by the solidification process of
ductile iron "”. However, the solidification process of
ductile iron is complex, and the transformation mechanism
of the structure in the mushy zone have not been yet
mastered " "%, Therefore, it is necessary to do a further
study on the precipitation and evolution of spheroidal
graphite during the solidification of ductile iron.

Liquid quenching is an effective method to study
the solidification behaviors and characteristics of cast
iron. By quenching the melt, the microstructure at
high temperature can be quickly cooled and obtained,
so the phase transformation during the solidification
process could be studied "> ', In the 1960s, Oldfield
first quantitatively studied the nucleation and growth
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of eutectic grains during the solidification of gray cast iron by
quenching semi-solid samples "', Since then, liquid quenching
has been widely used to study the microstructure evolution of
the cast iron during the solidification process. Additionally,
thermal analysis is a significant tool in the casting production
process. During the solidification of cast iron, latent heat will
be released when the liquid phase transforms to the solid phase,
which will change the slope of the thermal analysis curve of the
melt. Therefore, the structural changes can be understood "%,
Combining thermal analysis with liquid quenching can obtain
a solidified microstructure at a specific time of solidification,
and it can be used to study the solidification process of cast iron
more accurately and efficiently. By this way, Stefanescu ' '
quenched different Mg-containing melts, and systematically
studied the growth mechanism and shape change of vermicular
graphite; Natxiondo A et al. "> " investigated the effects of
inoculation and carbon content on graphite nucleation and
growth during the solidification of hypoeutectic ductile iron;

2 studied the microstructure evolution of the

Fredriksson !
hypoeutectic ductile iron during solidification and explained
the formation mechanism of shrinkage porosity.

Carbon content, alloying elements, and inoculation can affect
the solidification characteristics of ductile iron, with the carbon
content playing a decisive role. According to the different
carbon content, ductile iron is divided into hypoeutectic,
eutectic, and hypereutectic, which have obvious differences
in their solidification processes . In practical production, the
composition of ductile iron is usually selected as eutectic or
hypereutectic. However, past research on the solidification of
ductile iron mostly focuses on the hypoeutectic composition.
In this study, three kinds of ductile irons with different carbon
contents were prepared, and the precipitation and evolution of
graphite nodules in hypoeutectic, eutectic and hypereutectic
ductile irons were systematically investigated by thermal
analysis, liquid quenching and metallographic technique.
In addition, the effect of eutectic graphite precipitation on
shrinkage tendency of the ductile iron was also discussed.

1 Experimental procedure

1.1 Liquid quenching experiment

The experimental ductile irons were prepared by a 35 kg
medium frequency induction furnace. The raw materials
were pig iron, scrap steel, ferrosilicon and ferromanganese.
A NSP3601 carbon-silicon analyzer was used to adjust the
carbon and silicon composition of the melt. After the carbon
and silicon content of the melt was adjusted to the target range,
the melt was heated to 1,550 °C and held for 2 min, and then
spheroidized. The spheroidizing treatments were carried out
by the sandwich method: the melt was poured into the ladle,
which contains 455 g of FeSiMg6RE2 nodulizer, 175 g of
inoculant and 350 g of steel sheet.

A DX104 data collection instrument was used to obtain
thermal analysis curves. The instrument has the functions of
amplification, filtering, and A/D conversion, and can record the

received signals and transmit them to a computer. The sampling
cups used in the experiment are made of resin sand, which have
a lid with two holes that can control the flow rate of the melt,
ensuring a uniform sample volume. A K-type thermocouple
is set in the center to collect the temperature signals. Figure 1
shows the internal appearance of the sampling cup.

Pouring basin

Lid

Thermocouple

Fig. 1: Sampling cup

After spheroidizing treatment, slag scraping was performed,
and then the melt was quickly poured into quenching sample
cups and shrinkage sample cups, which are same as the
liquid quenching sample cups except that they have no riser
and thermocouple. The pouring temperature was controlled
between 1,400 to 1,410 °C. When the temperature on the
thermal analysis curve reached the expected liquid quenching
point (Fig. 2), a sample was quickly placed into salt water
of 0-5 °C, while the water is rapidly stirred to accelerate the
sample cooling. A sample was retained in the sample cup
holder to record the whole cooling curve. The definition of
the characteristic values of thermal analysis curve are shown
in Table 1. The chemical composition of the ductile iron in
this experiment is shown in Table 2. It can be seen that the
carbon equivalent (CE) of eutectic ductile iron is 4.50wt.%,
which is far above the expected CE at 4.26wt.%-4.34wt.%.
This is because the spheroidizing elements (Mg, Ce) in ductile
iron will increase the degree of undercooling during the
solidification process, which will increase the eutectic carbon
equivalent of ductile iron.

1.2 Metallographic analysis

In the quenching process, the phases in the solidifying sample
changed as follows: there was no change of the graphite that
had been precipitated in liquid, the austenite transformed into
martensite or pearlite, and the unsolidified liquid was chilled
into ledeburite, simultaneously. Very small chilled graphite
spheres were also precipitated.

After cooling, the pouring basins of the samples were
removed, and then the sample was cut longitudinally with
an electric spark cutting machine. The microstructure of the
sample was analyzed by an optical microscope after being
etched with 4% nital solution. The area of analysis is as
shown in Fig. 3. Image analysis software was used to measure
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Fig. 2: Liquid quenching sequence of three kinds of ductile iron: (a) A (hypoeutectic); (b) B (eutectic);
(c) C (hypereutectic)

Table 1: Definition of characteristic values of thermal analysis curves 2"

Characteristic value Significance

262

Alloy
A (hypoeutectic)
B (eutectic)

C (hypereutectic)

Ta Temperature of commencement of primary austenite precipitation

Teer Temperature of the start of eutectic freezing

TaL Temperature fluctuation caused by primary graphite precipitation

Tos Minimum temperature of pro-e.utectic.al.llstenite precipitation in
hypereutectic ductile iron

Ter Maximum temperature of pro-eytectic_ agstenite precipitation in
hypereutectic ductile iron

Tey Temperature of bulk eutectic initiation

Ter The highest eutectic temperature

Tz Temperature of the end of solidification

Table 2: Chemical composition of ductile irons in this experiment (wt.%)

Cc

3.45

3.65

3.80

Si

2.57

2.55

2.65

Carbon equivalent calculated as CE = C + Si/3

CE Mn P S
4.31 0.324 0.028 0.0172
4.50 0.318 0.026 0.0145
4.68 0.314 0.028 0.0128

Mg
0.047
0.051

0.048
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the nodule count, average diameter, nodularity (percentage
of number of spheroidal graphite in total graphite) and the
graphite fraction of samples according to the standard of GB/T
9441-2009 (Equivalent to ISO 945-1) ™. Five micrographs in
the center of the samples were selected for calculation, and the
average value was taken as the final result. Liquid-quenching
will form chilled graphite which would not be surrounded
by austenitic shells, but would always be in contact with the
liquid phase. In general, the diameter of this type graphite
would not exceed 15 um ¥, Therefore, the graphite spheres
with a diameter less than 20 pm were ignored to avoid the
effect of chilled graphite spheres on statistical results.
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Fig. 3: Microstructure analysis area of quenched
sample (unit: mm)

2 Results and analysis

2.1 Thermal analysis curves

Figure 4 indicates the thermal analysis curves of the three
kinds of ductile irons. It can be seen that the precipitation
of primary austenite leads to an inflection point (7,;) in the
hypoeutectic thermal analysis curve. The thermal analysis
curve of eutectic ductile iron has no inflection point before
the eutectic recalescence. For hypereutectic ductile iron,
the primary graphite precipitation caused the 7T point, and
then the austenite begun to form due to the non-equilibrium
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Fig. 4: Thermal analysis curves obtained from experiment

crystallization. After that, the temperature reaches the highest
point (T5R) because the releasing of latent heat. Subsequently,
the eutectic solidification occurred.

Table 3 shows the characteristic values of the curves in Fig. 4.
It can be found that the eutectic temperature of hypereutectic
ductile iron is the highest, and the hypoeutectic ductile iron is
the lowest. During the solidification process of hypereutectic
ductile iron, primary graphite nodules first precipitated at
high temperature. These nodules can act as the nucleus
substrates of eutectic reaction . Therefore, the eutectic
crystallization of hypereutectic ductile iron does not need a
large undercooling, as the temperature of eutectic stage is the
highest. In order to ensure the progress of the eutectic reaction,
further undercooling is needed, so there is no recalescence on
the thermal analysis curve. Unlike a hypereutectic melt, the
carbon content of hypoeutectic ductile iron is low and a certain
amount of austenite dendrites are formed before eutectic.
So, only when the melt was undercooled largely enough, the
kinetic conditions for the formation of eutectic graphite cores
can be reached. The temperature of the hypoeutectic ductile
iron eutectic stage is relatively low.

The solid phase (graphite or austenite) of hypereutectic,
hypoeutectic and eutectic ductile irons was first precipitated
at 16 s, 26 s and 28 s, respectively. The total freezing time of

Table 3: Characteristic values of thermal analysis curves

Solidifying Percentage of
time eutectic period
Temperature - 1161 - 1,147 1,133 1,137 1,076 - -
A (C)
(Hypoeutectic)
Time (s) - 26 - 37 56 93 196 170 82 %
Temperature § . § 1,156 1,142 1,144 1,090 - -
5 (C)
(Eutectic)
Time (s) - - - 15 28 42 136 121 100 %
Temperature 4 455 . 1147 1149 - 1147 - 1,086 - -
@ (°C)
(Hypereutectic)
Time (s) 16 - 27 - 53 - 173 157 76 %
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hypereutectic, hypoeutectic and eutectic iron is 157 s, 170 s,
and 121 s, respectively. Meanwhile, the proportion of eutectic
time in total freezing time is 76%, 82% and 100%, respectively,
for hypereutectic, hypoeutectic and eutectic ductile irons.
Because the eutectic ductile iron has no primary phase
precipitation, the eutectic crystallization starts early and goes
fast, so that the time to reach the Ty¢ point is shorter and the
Tys temperature is higher. For hypoeutectic and hypereutectic
ductile irons, the primary phase nucleates and grows in high-
temperature liquid before eutectic crystallization stage, and
the great latent heat can’t be quickly transferred to the external
environment, resulting in a slower solidification speed, and
the eutectic crystallization is delayed. Simultaneously, a large
amount of primary phase precipitation leads to a decrease of
liquid volume used for eutectic, so the eutectic latent heat is
low, and the sample temperature decreases rapidly in the last

Y 7~

ot

period of solidification. Therefore, the end temperature of
eutectic solidification (7%g) of hypoeutectic and hypereutectic
ductile irons is lower than eutectic ductile iron.

2.2 Evolution of microstructure during solidification

2.2.1 Solidification of hypoeutectic ductile iron

Figure 5 shows the microstructures of liquid-quenched samples
of hypoeutectic ductile iron at different solidifying periods.
The microstructure of sample quenched at above Ty (Al)
consists of fine austenite dendrites and small graphite spheres.
Of course, there may be some chilled graphite nodules caused
by liquid quenching, but a few of the nodular graphite were
surrounded by thin austenite shells (Fig. 5a). The graphite
spheres formed and grew in the hypoeutectic melt above
the T, temperature and were caused by the constituent and

temperature fluctuations %,

Fig. 5: Microstructure observed in liquid-quenched samples of A (Hypoeutectic): (a) A1, Tse; (b) A2, Tey; (c) A4, 37 s
after Ty (Ter); (d) A5, 53 s after Tg; (e) A7, 109 s after Tg; (f) A8, 140 s after Ty (Tgs)

As the temperature decreased to Ty, the primary and
secondary dendrites of austenite grew significantly, and some
graphite spheres grew up, and the austenite shell around
them became thicker (Fig. 5b). Meanwhile, because of the
composition undercooling in the front of austenite, which
caused the instability of the austenite growth, austenite
dendrites would form and grow on the austenite shells . It
seems that some very small graphite spheres formed at high
temperature liquid had disappeared because of the fading
of inoculation, so only some of larger-sized graphite cores
survived and grew up. Then, bulk eutectic crystallization
began. Because the undercooling was large at Ty, the graphite
nodules and austenite grew fast (Fig. 5c), the quantity of
released latent heat was greater than heat transfer capacity,
resulting in the recalescence (Fig. 4). As the solidification
progressed, the diameter of the graphite nodules increased,
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the austenite shells around them became thicker and thicker.
Since the diffusion rate of carbon atoms in the austenite is
1/20 of that in the melt **, with the increase of the thickness
of the austenite shells, the eutectic crystallization rate reduced,
the release of latent heat became less. Therefore, the melt
temperature gradually decreased.

From Fig. 5(d) and (e), it can be seen that the volume of
liquid phase gradually decreased, the nodules and austenite
dendrites grew further, and they contacted and merged with
each other to form large-sized grains. Eutectic grains also
met and merged with each other. At the same time, some
of the austenite dendrites and shells gradually disappeared.
Additionally, it can be found that new graphite cores were also
formed in the remaining liquid phase after 7. This is because
as the austenite shells around graphite nodules become thicker
and thicker, it is difficult for carbon atoms in the unsolidified
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melt to diffuse into the surface of the graphite through the
austenite shell. Simultaneously, the melt temperature becomes
lower and the degree of undercooling increases, which results
in the kinetics driving force for nucleation of fresh graphite. As
a result, a small quantity of nodules formed in the remaining
melt and grew until all liquid is solidified at Ty, as shown in
Fig. 5(f); so, the number of small nodules was significantly
increased compared with Fig. 5(e).

However, in the final stages of the solidification, if the
inoculation is severely faded or the positive segregation of
the anti-graphitizing element happens, the number of fresh
graphite cores will reduce remarkably. The last remained melt

[27]

will crystallize according to the metastable system ", and

some cementite may form.

2.2.2 Solidification of eutectic ductile iron

Figure 6 shows the microstructures of liquid-quenched samples
of eutectic ductile iron. When the eutectic melt dropped to Ty
temperature, a large number of graphite spheres formed [Fig. 6(a)].
However, the large sized nodules perhaps nucleated in the melt
above the Ty, temperature. After Ty, the austenite nucleated

Py
§ h

(a

g

s ]

on the surface of the large graphite spheres, and grew into
circular shell, indicating that eutectic solidification had begun
[Fig. 6(b)]. Under the action of supercooling, nodular graphite
and austenite shell grew rapidly, and a small amount of
austenite dendrites will be precipitated *”. These result in great
latent heat release and the temperature of the melt increasing to
Ter- When the solidification process in Ty point, the austenite
shells thickened continually, and the growth rate of nodular
graphite formed in the early stage was decreased. In order to
maintain the eutectic crystallization, it is necessary to generate
fresh nuclei of graphite in the unsolidified melt, as shown in
Fig. 6(c), (d) and (e). At this stage, the volume of the retained
liquid phase was decreasing, and the newly formed eutectic
microstructure gradually reduced. Therefore, the released
latent heat became less, and the melt temperature continued to
decrease. At the last freezing region, the temperature was low
and the undercooling was great, so that many fresh graphite
spheres were formed. These small graphite spheres grew fast
until the end of eutectic, as shown in Fig. 6(f). Compared with
hypoeutectic ductile iron, eutectic ductile iron precipitated
more graphite spheres in the late solidification period.

Fig. 6: Microstructures observed in liquid-quenched samples of B (Eutectic): (a) B2, T; (b) B4, 14 s after T, (Tex);
(c) B5, 24 s after Tgy; (d) B7, 47 s after Tg; (e) B9, 87 s after T; (f) B10, 108 s after Ty, (T¢s)

2.2.3 Solidification of hypereutectic ductile iron

Figure 7 shows the microstructures of liquid-quenched
samples of hypereutectic ductile iron. It can be seen that the
primary graphite precipitated and grew to a larger size in the
melt above the Ty, temperature [Fig. 7(a)]. The rapid growth of
primary graphite nodules in liquid caused a poor carbon liquid
around them, which promoted the precipitation of the austenite
shells and dendrites [Fig. 7(b)] ***”. Due to the rapid growth of
austenite, a large amount of latent heat was released, and caused
the emergence of extreme point 7, on the thermal analysis

curve. However, due to the surrounding by austenite shells,
the growth rate of primary graphite reduced. At the same time,
the growth of austenite dendrites caused rich carbon around its
melt, which reduced the solidification rate of austenite. So, the
melt temperature began to decrease again due to the decrease of
latent heat. When the melt temperature dropped to about 7y, the
bulk eutectic crystallization begun. Some new nodular graphite
formed, as shown in Fig. 7(c), (d) and (e). During the late
eutectic period, the austenite dendrites merged with the graphite
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nodules to form big grains, and the rate of eutectic crystallization
will slow down. As the eutectic crystallization progressed, the
proportion of liquid phase decreased and the liquid was isolated
by big grains at the last stage to freeze, as shown in Fig. 7(f).
Meanwhile, it became more difficult for carbon atoms in the
melt to diffuse into the early-formed graphite. The solidification
of the retained melt must be depended on the formation and
growth of new nodules. However, there was not enough melt to
provide the growth of new nodular graphite, and the diameter of
new graphite was smaller. Therefore, the diameters distribution
of graphite nodules in hypereutectic ductile iron is not uniform,
as shown in Fig. 7(g).

According to analysis of the cooling curves and the
microstructure, it can be found that most of the liquid solidifies
between Ty and Tpg. The graphite nodules can nucleate
directly in the liquid above the T}, temperature and grow to
a certain size. Both hypoeutectic and hypereutectic ductile
irons can form the austenite dendrites during solidification.
However, their formation mechanisms are different. During
the eutectic crystallization, the austenite dendrites and nodules
will fuse into larger sized eutectic grains and continue to grow.
In the final stage of eutectic crystallization, it is necessary to
rely on the formation of new graphite spheres to promote the
completion of eutectic crystallization.
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Fig. 7: Microstructures observed in liquid-quenched
samples of C (hypereutectic): (a) C2, Tgy;
(b) C3, Tgr; (c) C4, Tgy; (d) C5, 29 s after Tgy;
(e) C6, 49 s after T; (f) C8, 97 s after T;
(g) C9, 120 s after Tgy (Tes)

2.3 Evolution of graphite during solidification

Figure 8 shows the evolution of nodule count, average
diameter, graphite fraction and nodularity during the
solidification of three kinds of ductile irons. As shown in
Fig. 8(a), the nodule count of the three kinds of ductile irons
increased gradually with the increase of freezing time. When
the solidification is finished, the eutectic cast iron had the
highest nodule count, while the hypoeutectic had the least.
It can also be seen from Fig. 8(b) and (c) that the average
diameter of graphite nodules and graphite fraction increased
with the solidification time. However, in the final stage of the
solidification, the average diameter of graphite nodules was
reduced due to the size of the new nodules being restricted in
the retained melt. At the end of solidification, the hypereutectic
ductile iron had the largest nodule diameter and the highest
graphite fraction; the eutectic ductile iron had the smallest
nodule diameter and its graphite fraction was lower than that
in hypereutectic ductile iron; the hypoeutectic ductile iron
had the smallest graphite fraction, and its size of nodules is
between the other two ductile irons.

At the beginning of the solidification, the nodularity of
the three ductile irons was relatively high, the nodularity of
hypereutectic ductile iron was the highest among them, and
the hypoeutectic one was the smallest. The changing trends
of the nodularity with the freezing time are different. For
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Fig. 8: Evolutions of graphite during the solidification of three kinds of ductile iron: (a) nodule count;
(b) average diameter; (c) graphite fraction; (d) nodularity

hypereutectic and hypoeutectic ductile irons, their nodularities
all decreased with the progress of solidification, and the
nodularity of the hypoeutectic ductile iron decreased more
quickly than hypereutectic iron. However, the nodularity of
eutectic ductile iron did not change much in the early stage
of solidification, and only decreased in the middle stage of
the eutectic process. In the final stage of solidification, the
nodularity of all the three ductile irons did not change much.
Finally, the nodularity of eutectic ductile iron was the highest,
the hypoeutectic was the lowest, as shown in Fig. 8(d).

When all the melts were transformed into solid phase, the
carbon in the austenite separated out with the decrease of
temperature. One part of them, near the graphite nodules,
diffused on the surface of the nodules, and the other part was
far away from the graphite nodules. It was difficult for them
to diffuse into the surface of graphite nodules during rapid
cooling, so, they nucleated on the boundaries of austenite

[23.30 A a result, the nodule

grain to form small new nodules
diameter and the volume fraction of graphite increased to some
extent. However, the nodularity reduced due to the uneven

diffusion of carbon atoms.

3 Discussion

The solidification of ductile iron can be classified to two stages,
which are the pro-eutectic stage and the eutectic stage. The
eutectic crystallization of ductile iron is the most important
process from liquid to solid transformation. It determines
the microstructure and properties of ductile iron. Therefore,
researchers pay great attention to the eutectic crystallization

process of ductile iron. In order to easily understand the
evolution of nodular graphite during the eutectic process, the
Ty point (bulk eutectic start) was taken as the zero point, and
the variation of nodule count, nodularity, volume fraction and
precipitation ratio of nodular graphite were studied as functions
of eutectic freezing time. The results are shown in Fig. 9.

3.1 Nucleation rate of eutectic graphite and
its effect on nodule count

According to the data in Fig. 9(a), the nucleation rates of
eutectic graphite nodules were calculated within different
stages of eutectic crystallization, and a plot of nucleation rate
versus eutectic time was obtained, as shown in Fig. 10. It can
be seen that the nucleation rate of eutectic graphite nodules
of three kinds of ductile irons keep growing after Tj,, and
then reach the highest value. The maximum nucleation rate of
eutectic iron, hypereutectic iron and hypoeutectic iron are about
130 mm™min™, 39 mm™min”', and 49 mm™min’', respectively.
The nucleation rate is proportional to the fraction of remaining
liquid phase. Therefore, with the decrease of residual melt, the
nucleation rates decrease after the peak value. At the last stage
of eutectic, the temperature of the retained melt becomes lower
and the undercooling gradually becomes greater. The driving
force of nucleation increased and new nuclei precipitated.
Therefore, the nucleation rate does not remarkable decrease,
and even increased to some extent.

As for eutectic ductile iron, no primary phases form before
the starting of eutectic (7}), all melts solidified in the eutectic
crystallization process. When eutectic crystallization stage
began, a large number of eutectic graphite nuclei were produced,
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Fig. 10: Nucleation rate of graphite nodules in three
ductile irons during the eutectic crystallization
stage

and the number of eutectic graphite nodules increased very
quickly [Fig. 9(a)]. The hypoeutectic ductile iron has the lowest
eutectic nucleation rate due to the formation of primary austenite
dendrites, and its eutectic graphite nodules was much less than
that of eutectic ductile iron. The hypereutectic melt with a high
carbon equivalent contains many more clusters of carbon atoms,
which promotes the graphite nucleation. A certain number of
primary graphite are produced before eutectic, which can be
acted as the nucleation substrates of eutectic crystallization.
So, the eutectic crystallization of hypereutectic melt can be
performed under the condition of lower undercooling, which
weakened the ability of formation of new nucleus. This leads
to the lower nucleation rate of graphite during eutectic process.
The increment of eutectic graphite nodules was the same as
that of hypoeutectic cast iron during earlier stage of eutectic
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solidification. However, the nucleation rate of hypereutectic
cast iron in the last to freeze region is the lowest. Therefore, the
increment of eutectic graphite number is the lowest.

3.2 Effect of austenite dendrites on nodularity

Previous studies illustrate that austenite dendrites not only exist
in hypoeutectic ductile iron but also in eutectic and hypereutectic
ductile iron P"**. In this study, it was found that austenite
dendrites have important effects on the nucleation position and
growth of graphite nodules, as shown in Fig. 5 and Fig. 7. At the
beginning of solidification, the roundness of graphite was very
high, but as the eutectic crystallization progresses, the nodularity
of the hypoeutectic and hypereutectic ductile iron decreased
remarkably, while the nodularity of the eutectic ductile iron still
kept a high degree.

For hypoeutectic and hypereutectic ductile irons, a large
number of graphite nodules formed between the dendrites,
enveloped by austenite shell quickly when eutectic
crystallization started. As the graphite nodules grew, they
merged with austenite dendrites to form larger grains, and the
thickness of their austenite shell became uneven. The uniformity
of thickness will further become worsen with the eutectic
time, which resulted in un-uniform supply of carbon atoms
for nodular graphite in all directions. Therefore, the nodularity
of hypoeutectic and hypereutectic ductile irons reduced
significantly with the continuing eutectic crystallization.

For eutectic ductile iron, when the eutectic crystallization
began, a great number of graphite nodules directly formed
in the melt, and then grew in a more uniform austenite shell
(Fig. 5). The growth rate in all directions was basically the
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same. Therefore, the nodularity was high in the early stage
of eutectic, as shown in Fig. 8(b). But when the eutectic
solidification was more than halfway, the thickness of the
austenite shell became greater, and the austenite shells merged
with each other to form big eutectic grains. In the same way,
this would lead to non-uniform diffusion of carbon atoms,
and the nodularity of eutectic ductile iron decreased to some
extent. However, the reduction was much smaller than that of
hypoeutectic and hypereutectic ductile irons.

In the final stage of eutectic, since all the three ductile irons
formed many fresh and fine graphite spheres, the average
nodularity decreased little. It can be found in Fig. 9(b), at the
end of eutectic time, the nodularity of eutectic ductile iron
was only reduced 3% compared with the beginning, while the
hypoeutectic and hypereutectic ductile irons were reduced 7% and
8%, respectively. In summary, the primary austenite dendrites
in ductile iron are harmful in obtaining a high nodularity. In
addition, it can be seen that the nodularity was further reduced
by 1%-2% during the solid phase transformation.

3.3 Effect of eutectic graphite precipitation on
shrinkage

The formation of shrinkage defects of castings is closely
related to the contraction of liquid and solidification, and it also
depends on the precipitation volume and the rate of graphite
during eutectic solidification. Figure 11 shows the growing
rate of graphite fraction in ductile iron during different stages
of eutectic solidification. The density of austenite is greater
than that of the melt. When the austenite precipitated from the
melt, the solidifying shrinkage occurred. Because the density
of graphite is less than 1/3 that of the melt, the formation of
graphite will bring expansion, which could compensate for a
part of liquid and solidification shrinkage ****. Traditionally,
it is believed that the higher carbon content of ductile iron
will produce a greater expansion, which is more helpful in
eliminating the shrinkage defects of castings. However, what
is confusing is that when the carbon equivalent of ductile
iron is too high, the shrinkage defect increases **. Actually,
the shrinkage is not only related to the total volume of graphite
precipitation, but also to the precipitation rate at different stages.

As shown in Fig. 8c, Fig. 9c and Fig. 11, the precipitation
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Fig. 11: Graphite fraction growth rate of three ductile iron
during the eutectic crystallization

behavior of graphite in the three kinds of ductile irons was
significantly different. In the period of eutectic, the growth
rate of graphite fraction increases rapidly in the beginning,
afterwards decreases in the middle. Finally, the rate does not
change remarkably. In this study, the total graphite fraction
of hypoeutectic, eutectic, and hypereutectic ductile iron was
11.2%, 12.8% and 13.4%, respectively. And a part of graphite
had already precipitated before eutectic, of which hypereutectic
ductile iron is about 5.8% (43% of the total graphite), the
hypoeutectic about 2.6% (23% of the total graphite), and the
eutectic about 1.8%, only accounting for 14% of the total
graphite.

When the primary graphite precipitates before eutectic, the
casting has a high liquid phase fraction, and its liquid shrinkage
can be compensated for from the gating and riser system. In
contrast, the expansion caused by graphite precipitation at this
time will cause the melt to flow back into the riser. Moreover,
if the riser neck is frozen and the rigidity of mold is low, it
will also cause the mold cavity to expand, which affects the
dimensional accuracy of castings ">**. On the other hand, the
formation of primary graphite will result in the decrease of
eutectic graphite precipitation, and reduce the ability of eutectic
self-feeding. It is concluded that the more the pro-eutectic
graphite precipitates, the more serious the shrinkage defects in
ductile iron castings.

Researchers have proven that the graphite growth during the
eutectic crystallization, especially at the last period, contributes
a lot to the elimination of shrinkage porosity *>*"\. It can be
seen from Fig. 9(c) and d that with the progress of eutectic, the
graphite fraction of the three kinds of ductile irons gradually
increased. During the eutectic crystallization stage, the eutectic
ductile iron had the largest amount of graphite precipitation,
up to 8.7%, accounting for 68% of the total graphite, the
hypereutectic ductile iron had the least graphite precipitation
at 6%, accounting for 43% of the total graphite, and the
hypoeutectic ductile iron was in the middle at 7%, accounting
for 61% of the total. Therefore, the eutectic composition ductile
iron has the least shrinkage tendency.

In addition, after the end of solidification, as the temperature
decreases, the carbon in the austenite precipitates to allow
the graphite nodules to continue to grow. The graphitization
expansion also happens at solid state. It is helpful to eliminate
the intergranular micro porosity. Because the nodule count of
eutectic ductile iron is the highest and their distribution is the
most uniform, the diffusion distance of carbon atoms is shorter
from austenite to surface of nodular graphite. The secondary
graphitization of eutectic iron is easier and more than that of
hypo and hyper eutectic irons. As a result, the graphite fraction
of the secondary precipitation of eutectic iron is higher, about
2.3%, more than that of hypoeutectic (1.8%) and hypereutectic
iron (1.7%).

Figure 12 shows the shrinkage of hypoeutectic, eutectic
and hypereutectic unquenched samples without riser and
thermocouple. For hypoeutectic and hypereutectic samples,
there are bigger surface buckling defects and many porosities
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Fig. 12: Shrinkage of unquenched samples: (a) A (Hypoeutectic); (b) B (Eutectic); (c) C (Hypereutectic)

inside. Because ductile iron has the characteristic of mushy
solidification, a solid skin layer of sample cannot form sooner.
Due to the precipitation of much pre-eutectic austenite, the
liquid contracts greatly in the earlier stage of solidification,
which leads to a decrease of liquid volume inside the
sample. An inner vacuum may be formed. Under the action
of atmospheric pressure, the surface buckling will happen.
Also, owing to less volume fraction of eutectic graphite, the
graphitizing expansion is small and the ability of self-feeding
is reduced. This results in the formation of much porosity
inside sample.

There is no surface buckling on the eutectic ductile iron
sample except a small shrinkage hole. In addition, the shrinkage
hole has a bulge due to the great graphitizing expansion
during the eutectic solidification process. During the last stage
of eutectic, the retained melt was squeezed to the shrinkage
cavity to form the bulge and reduce the shrinkage. If a suitable
liquid compensation is provided for the sample, there will be
no shrinkage defects inside the eutectic sample. However, for
hypo and hyper eutectic samples, even if some of the liquid
compensation is designed, it cannot ensure the production of a
compact sample.

4 Conclusions

(1) The first nucleus of nodular graphite in ductile iron
directly forms in the liquid above the T}, temperature and grows
to a certain size. The count, diameter and volume fraction of
nodular graphite increase with the increase of solidification time,
while the nodularity decreases gradually.

(2) The nucleation rate, nodularity and expansion rate of
graphite are the greatest at the beginning stage of eutectic
crystallization, then decrease and change unremarkably at the
end. The eutectic graphitizing ratio in eutectic ductile iron is the
largest. Therefore, the self-feeding ability of eutectic ductile iron
is the best among three kinds of ductile iron.

(3) The precipitation and growth of austenite dendrites in
hypoeutectic and hypereutectic ductile irons are harmful to
obtain a high nodularity, and also significantly increase the
shrinkage tendency of the castings.

(4) After the solidification, the nodule count and nodularity
of eutectic ductile iron are the highest, and that of hypoeutectic
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ductile iron are the lowest, and that of the hypereutectic are
in the middle. The diameter and volume fraction of nodular
graphite in hypereutectic ductile iron are the largest. The
nodules diameter of eutectic cast iron and the graphite fraction
of hypoeutectic cast iron are the smallest. The graphite diameter
of hypoeutectic and the graphite fraction of eutectic are in
between.

(5) In the process of solid transformation, the nodularity of
graphite in ductile iron decreases, and the count, diameter, and
graphite fraction of nodular graphite increase to some extent.
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