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Properties of Ductile Iron with High Strength and Ductility
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The effect of niobium (Nb) on the microstructure and mechanical properties of ductile iron was investigated
by metallographic analysis and mechanical tests. The analysis of precipitates by scanning electron mi-
croscopy (SEM) and energy-dispersive spectroscopy (EDS) reveals that the precipitated phase with a size
less than 5 lm is composed of Nb, Mo and C. The phase diagram obtained by thermodynamic calculation
and cooling curve analysis shows the precipitation of NbC during the solidification. The microstructure
analysis indicates that the addition of Nb deteriorates the morphology of graphite and promotes the
formation of pearlite. The mechanical properties analysis shows that the addition of Nb in ductile iron
increases the hardness and strength, but decreases the elongation and impact toughness. The optimum
value of ultimate tensile strength and yield strength is achieved at the Nb content of 0.14%. With the Nb
addition of 0.14%, the hardness, ultimate tensile strength, yield strength, elongation and impact toughness
are 182.3 HBW, 530.6 MPa, 405.2 MPa, 16.6% and 91.5 J/cm2, respectively.

Keywords ductile iron, microalloying, microstructure,
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1. Introduction

Ductile iron is a kind of cast iron with nodular graphite by
nodularizer addition, and its strength and toughness are higher
than that of gray cast iron with lamellar graphite. The
applications of ductile iron range from mundane (cookwares,
manhole covers) to advanced equipment (nuclear storage casks,
windmills) due to the excellent mechanical properties and low
cost. So the production of ductile iron is more and more, and
the global production of ductile iron in 2019 was 23.66 million
tons, accounting for 21.7% of the total output of metal castings
(Ref 1). However, the requirements for mechanical properties
of ductile iron are demanding, such as 100-ton class nuclear
storage casks and windmills (hubs and rotor housings) (Ref 2,
3). Many researchers tried to improve the mechanical properties
of ductile iron by the method of alloying and heat treatment.
However, heat treatment of such large castings is difficult and

costly, and the best approach to achieve the specification in the
as-cast condition is alloying. The general alloying elements,
such as Cu and Ni, can improve the strength of ductile iron, but
decrease the impact toughness and elongation significantly (Ref
4, 5). Therefore, the ductile iron alloyed by general elements
cannot meet the requirements for mechanical properties. As a
microalloying element, small amounts of Nb (0.05-0.14 wt.%)
in carbon steel can reach an ultimate tensile strength of
450 MPa and an elongation of 30% by the effect of dispersion
strengthening, solid solution strengthening and grain refinement
strengthening (Ref 6). It can be inferred that the ductile iron
alloyed by Nb can obtain a comprehensive mechanical
property.

Nb is precipitated in the formation of polygonal NbC
particles with a microsize and a microhardness of 1600-1800
HV (Ref 7). Yan (Ref 8) found that the addition of 0.69% Nb
deteriorated the morphology of graphite, whose nodularity and
counts of graphite decreased by 8.7 and 40%, respectively.
Chen (Ref 9) indicated that the ultimate tensile strength of
ductile iron was increased 75 MPa for the Nb content up to
0.08% due to the promotion of pearlite formation and the
refinement of pearlite spacing by Nb. Souza (Ref 10) found that
the impact toughness of ductile iron was reduced by nearly
50% with a content of 0.85% Nb since the content of graphite
and ferrite was decreased. Chen (Ref 11) pointed out that the
optimum wear resistance of austempered ductile iron was
achieved in the content of 0.55% Nb, followed by an abrupt
decrease with more Nb contents due to the reduction of bainite.

To determine the mechanism of Nb in the cast iron, some
researchers (Ref 11-13) investigated the precipitation of NbC
during the solidification. Thermodynamic calculation by Zhou
(Ref 12) revealed that the temperature of the NbC precipitation
was higher than eutectic reaction when the Nb content above
0.29% in gray cast iron, resulting in the precipitation of NbC
from liquid phase. The graphite and eutectic cell were refined
by the Nb addition (up to 0.85%) in gray cast iron, because the
NbC acted as heterogeneous nucleation cores and can hinder
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the C diffusion. Chen (Ref 11) compared the Nb solubility in
austenite and liquid phase of ductile iron at the eutectic
temperature and found that with the Nb addition below 0.07%,
in 0.07-0.17% and above 0.17% in ductile iron, the NbC will
precipitare from austenite, during the eutectic reaction and from
liquid phase, respectively. The results showed that the Nb
addition of 0.21%-1.06% in ductile iron decreased the nodu-
larity and nodule counts of graphite due to the hinderance of C
diffusion and consumption of C. Ahmed (Ref 13) calculated the
phase diagram of Nb in austempered ductile iron by Thermo-
Calc software, which showed that the NbC will precipitare
during the eutectic reaction with the Nb addition of 0.01-0.11%.
Their results showed that with increasing the Nb content to
0.10%, the nodule counts increased, while the nodularity
decreased slightly. The nano-sized NbC can also act as
nucleation sites for graphite and ferrite needles, thus acceler-
ating the ausferrite formation.

Both the effect and mechanism of Nb in ductile iron were
investigated by some researchers, but this studies mainly
concentrated in low Nb content(< 0.10%) or high Nb
content(> 0.20%) which cannot include the whole eutectic
reaction. To anlyze the effect of Nb in solidification, it is
necessary to study the ductile iron with 0-0.20% Nb. The main
purpose of this paper is to explore the mechanism of Nb in the
solidification of ductile iron by comparing the temperature of
NbC precipitation and eutectic reaction, which are obtained by
thermodynamic calculation and cooling curve analysis, respec-
tively. Based on the mechanism, the influence of Nb on
microstructure and mechanical properties is explained.

2. Experimental Procedures

2.1 Specimen Preparation

The nominal chemical composition of ductile iron contains
3.6 C, 2.7% Si, Nb (0, 0.05, 0.10, 0.15, 0.20%), 0.30 Mo and
0.20% Al, the addition of Mo can improve the precipitation
strengthening effect by forming (Nb, Mo)C with Nb (Ref 14),
and the addition of Al can improve the nucleation rate and the
graphite content (Ref 15). The results of tested chemical
composition are given in Table 1. The raw materials included
pig iron, carbon steel, ferro-molybdenum (56% Mo), ferro-
niobium (60% Nb), nodularizer (8.2 Mg, 2.5% RE, 4-10 mm),
ferro-silicon (72% Si) primary inoculant (4-10 mm) and ferro-
silicon secondary inoculant (0.5-1 mm).

Pig iron, ferro-niobium, ferro-molybdenum and carbon steel
were melted and homogenized at 1500-1550 �C in a medium-
frequency induction furnace with a capacity of 50 kg. The
nodularization treatment was achieved by the ‘‘sandwich’’
method which placed the nodularizer, primary inoculant
covered with iron filings in the bottom of preheated ladle,
and the molten iron was poured into the ladle. After the slag
was skimmed from the surface of nodularizated molten iron, the
secondary inoculant was added into molten iron. The molten
iron was poured into the sand mold to obtain the standard Y-
block specimen according to ISO 1083:2018 standard as shown

Table 1 Chemical composition of investigated ductile iron (wt.%)

Samples C Si Nb Mo Al P S Mg Ce

1 3.62 2.67 0 0.30 0.19 0.03 0.00033 0.076 0.057
2 3.54 2.64 0.05 0.31 0.18 0.02 0.00028 0.068 0.054
3 3.57 2.65 0.10 0.30 0.17 0.03 0.00031 0.065 0.058
4 3.58 2.63 0.14 0.32 0.18 0.03 0.00035 0.072 0.064
5 3.61 2.72 0.19 0.30 0.18 0.02 0.00030 0.070 0.060

Fig. 1 Diagram of the standard Y-block (mm)

Fig. 2 Diagram of the mechanical specimens (mm). (a) Tensile
specimen; (b) impact specimen

Table 2 Interaction coefficient of elements in liquid iron
at 1873 K (Ref 20)

C Si Nb Mo Al

ejC 0.14 0.08 � 0.06 � 0.0083 0.043
ejNb � 0.49 0 0 0 0
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in Fig. 1, and the shaded part was used for microstructural
analysis and mechanical properties testing. The time from
tapping to pouring was controlled within 8 min to obtain a high
pouring temperature.

2.2 Microstructural Analysis

Metallographic specimens were grinded followed by pol-
ishing and etching with 4% Nital. The microstructure of the
ductile iron was observed by optical microscopy (OLYMPUS-
GX71) and scanning electron microscopy (Thermo Scientific
TM Apreo C).

The graphite morphology was analyzed by image analysis
software following the ISO 945-4:2019 standard. The graphite
roundness(r) was calculated by the following equation:

r ¼ A

Am
¼ 4A

pl2m
ðEq 1Þ

where lm is the maximum Féret diameter of the graphite
particle, A is the area of graphite particle and Am is the area of
circle diameter lm.

The nodularity (P) of graphite particles was calculated by
the following formula:

P ¼ A0

Aall
ðEq 2Þ

where A0 is the total area of graphite particles with r ‡ 0.6
and Aall is the total area of all graphite particles. Graphite
particles with lm less than 10 lm should be excluded from the
evaluation.

The lamellar spacing of pearlite was measured by the
method provided by Voort (Ref 16). Test circle was randomly
applied on the pearlite, and the number of intersections of
cementite with test circle was counted. The lamellar spacing of
pearlite was calculated by the following formula:

S ¼ pd
nM

ðEq 3Þ

where S is the random lamellar spacing of pearlite, d is the
diameter of test circle, n is the number of intersections of
cementite with test circle and M is the magnification. At least
50 circles were drawn on each specimen to obtain the average
pearlite lamellar spacing.

2.3 Solidification Analysis

To obtain the cooling curves of ductile iron, a K-type
thermocouple sheathed by a ceramic tube was set in the central
point of a sand cup with dimensions of U30 mm 9 45 mm and
with a thickness of 5 mm. The temperature data were recorded
per 0.1 s by the data acquisition system to obtain the cooling

Fig. 5 Precipitated phase in ductile iron with different Nb contents. (a) 0.05%; (b) 0.19%

Fig. 4 Phase diagram of Nb in ductile iron

Fig. 3 Cooling curve and cooling rate curve of ductile iron with
the Nb content of 0.05%

Table 3 Precipitation temperature of NbC in ductile iron
with different Nb contents

Nb content, % 0.05 0.10 0.14 0.19

Precipitation temperature of
NbC, K

1304.5 1374.7 1411.3 1446.0
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curves, which were derived in Origin software to identify the
critical temperatures.

2.4 Mechanical Testing

The Brinell hardness of ductile iron was tested by a
310HBS-3000 Brinell durometer (load of 750 kg and spherical
indenter with diameter 5 mm) according to ISO 6506-1:2014
standard. The tensile specimens with a diameter of 6 mm and a

gauge length of 30 mm were tested by XYB305C universal
mechanical testing machine according to ISO 6892-1:2019
standard. The non-notched impact specimens were tested by the
JBN-300B impact testing machine according to ISO 148-
1:2016 standard (Fig. 2).

3. Results and Discussion

3.1 The Mechanism of Nb in Solidification

The melting point of ferro-niobium (60% Nb) is about 1500-
1510 �C (Ref 17), which is lower than the temperature of liquid
iron, so ferro-niobium can be melted in liquid iron to form
solute Nb. As the temperature of liquid iron decreases, the
solute Nb will combine with solute C to form NbC with a face-
centered cubic structure (Ref 18). To determine the influence of
Nb contents on the precipitation temperature of NbC in ductile
iron, the thermodynamic calculation is carried out according to
the method of Zhou (Ref 12).

The formation of NbC is shown as follows:

Nb½ � þ C½ � ¼ NbCðsÞ ðEq 4Þ

Its standard Gibbs free energy can be calculated (Ref 12) as:

ðEq 5Þ

Gibbs free energy at atmospheric pressure can be expressed
(Ref 19) as:

ðEq 6Þ

Fig. 7 EDS map of ductile iron with the Nb content of 0.19%. (a) Microstructure; (b) C; (c) Nb; (d) Mo

Table 4 Atomic percentage of elements corresponding to
point A and point B in Fig. 5, at. %

Point C Fe Nb Mo

A 64.10 1.86 26.09 7.95
B 68.02 2.42 27.51 2.05

Fig. 6 Precipitated phase size distributions of ductile iron with
different Nb contents
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where fc and fNb are the activity coefficients and can be
calculated using Eq 7 and 8, respectively (Ref 20). R is the
molar gas constant, and its value is 8.314 J/(molÆK).

lg fC ¼eCCwC%þ eSiCwSi%þ eNbC wNb%

þ eMO
C wMO%þ eAlC wAl%

ðEq 7Þ

lg fNb ¼eCNbwC%þ eSiNbwSi%þ eNbNbwNb%

þ eMO
Nb wMO%þ eAlNbwAl%

ðEq 8Þ

where eCC; e
Si
C are the interaction coefficients of different

elements in the liquid iron, and wC% and wNb% are the
contents of different elements.

The thermodynamic data of eji in 1873 K are shown in
Table 2. The eji in T can be calculated using Eq 9 by regarding
the liquid iron as a regular solution.

ejiðTÞ ¼
1879

T
ejið1873KÞ ðEq 9Þ

Gibbs free energy at atmospheric pressure can be obtained
as follows by substituting the thermodynamic data of Table 2
into Eq 6.

DG ¼ �145275:28þ 86:34T þ 2151:37wNb%
� 8:314T ln wNbð Þ% ðEq 10Þ

When DG=0,

Fig. 8 Graphite morphology of ductile iron with different Nb contents. (a) 0%; (b) 0.05%; (c) 0.10%; (d) 0.14%; (e) 0.19%

Table 5 Graphite morphology statistics of ductile iron
with different Nb contents

Nb
content,
%

Nodularity,
%

Graphite
diameter,

lm

Graphite
particle,

counts/mm2

Graphite
content,

%

0 80 50 142 10.8
0.05 77 55 133 10.2
0.10 69 46 115 7.2
0.14 61 52 98 6.6
0.19 57 48 99 5.4
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T ¼ �145275:28þ 2151:37wNb%

86:34� 8:314T ln wNbð Þ% ðEq 11Þ

The precipitation temperature of NbC can be obtained
according to Eq 11, and the specific values are shown in
Table 3.

The cooling curve of ductile iron was obtained to determine
the temperature relationship between NbC precipitation and
eutectic reaction. Figure 3 shows the cooling curve and its first
derivative (cooling rate curve). T�EN and T�EE are the local
minimum points on the cooling rate curve, corresponding to the
eutectic start temperature(TEN) and eutectic end tempera-
ture(TEE), respectively (Ref 21). The analysis shows that the
TEN and TEE are 1432.8 and 1365.9 K with 0.05% Nb addition
in ductile iron.

The phase diagram of Nb in ductile iron (primary austenite
is not included) as shown in Fig. 4 can be obtained by the
temperature date of NbC precipitation and eutectic reaction. It
can be seen from the phase diagram that ductile iron with a Nb
content of 0.05% cannot precipitate NbC during the solidifi-
cation, and is only affected by the drag of solute Nb. Solute

drag refers to the motion of boundaries and is retarded due to
the heterogeneous distribution of Nb on both sides of the
boundaries (Ref 22). The ductile iron with a Nb content of
0.10-0.14% will precipitate NbC during the eutectic reaction
and is affected by the Zener pinning of NbC and the drag of
solute Nb. Zener pinning means that the migration velocity of
boundaries is decreased due to the surface tension of NbC in
the boundaries (Ref 23). The ductile iron alloyed by 0.19% Nb
will precipitate NbC in liquid phase. The minimum lattice
misfit between the NbC and graphite is 7.2% (Ref 24), so NbC
can be considered as a potent graphite nucleation site (Ref 25).
Therefore, ductile iron with a Nb addition of 0.19% is
influenced by the comprehensive effect of Zener pinning and
nucleation sites.

3.2 Precipitated Phase

Figure 5 shows the morphology of the precipitated phase in
ductile iron with a Nb content of 0.05 and 0.19%. It can be seen
that the precipitated phases are microsized due to the coarsen-
ing during the long time solidification at high temperature. The
morphology of precipitates includes triangles, quadrilaterals

Fig. 9 Matrix microstructure of ductile iron with different Nb contents. (a) 0%; (b) 0.05%; (c) 0.10%; (d) 0.14%; (e) 0.19%
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and polygons at a ratio of 1:17:13. The size distributions of
precipitates are shown in Fig. 6. It can be seen that the size of
all precipitates is less than 5 lm, and most of the precipitates
size is around 3 lm. The size distribution of precipitates in
ductile iron with a Nb content of 0.05-0.14% is coincident, but
the proportion of large precipitates(> 3 lm) increases signif-
icantly at the Nb content of 0.19% because the precipitates
formed in liquid phase have a higher growth rate.

To determine the chemical composition of precipitated
phases, the EDS point was carried out in the arrow position of
Fig. 5. The analysis of the EDS point in Table 4 shows that the
precipitated phases are mainly composed of C, Fe, Nb and Mo.
The Nb: Mo ratio of precipitated phases in ductile iron with the
Nb content of 0.05 and 0.19% are closed to 3:1 and 13:1,
respectively.

To obtain the distribution of precipitated phases, the EDS
map of ductile iron alloyed by 0.19% Nb was carried out.
Figure 7 shows that the highlight position of Nb and Mo is
coincident. It can be also confirmed that the precipitated phases
are heterogeneously distributed in both ferrite and pearlite.

3.3 Graphite Morphology

Figure 8 presents the graphite micrograph of unetched
specimens. It is evident that the addition of Nb deteriorates the
morphology of graphite. Table 5 shows that the Nb addition

decreases the nodularity, counts and content of graphite, while
it has little influence on the graphite diameter. The variation of
graphite morphology is significant in the Nb content of 0.05-
0.14%, but negligible in other contents.

The Zener pinning of NbC is more effective than the darg of
solute Nb in eutectic reaction, so the morphology of graphite is
mainly affected by the NbC (Ref 22). The ductile iron with the
Nb content of 0.05% cannot precipitate NbC during the eutectic
reaction, resulting in little influence on the morphology of
ductile iron. The ductile iron with 0.10-0.14% Nb addition
precipitates NbC during the eutectic reaction, and the counts of
NbC increase with the Nb content increasing. The austenite
shell will be formed around the graphite when graphite contacts
austenitee (Ref 26), and the NbC around the austenite will
decrease the closing rate of austenite shell by the effect of Zener
pinning (Ref 27). The diffusion rate of C in liquid and austenite
is different (Ref 28), so the reduction in the closing rate in
austenite shell leads to the anisotropic growth of graphite to
decrease nodularity. The addition of Nb in ductile iron
decreases the graphite eutectic temperature and has little
influence on the cementite eutectic temperature (Ref 29),
resulting in the reduction in the graphite nucleation rate to
decrease the graphite counts. The ductile iron with the Nb
content of 0.19% will precipitate NbC before the eutectic
reaction which can be the nucleation sites of graphite. With the
Nb addition of 0.14-0.19%, the variation of graphite morphol-

Fig. 10 Pearlite morphology of ductile iron with different Nb contents. (a) 0%; (b) 0.10%; (c) 0.19%

Table 6 Matrix microstructure statistics of ductile iron with different Nb contents

Nb content, % Pearlite content, % Pearlite lamellar spacing, lm Ferrite diameter, lm

0 10.0 0.51 26.3
0.05 15.1 0.48 27.5
0.10 24.5 0.43 26.3
0.14 32.0 0.40 26.8
0.19 38.8 0.36 27.0
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ogy is negligible due to the comprehensive effect of Zener
pinning and nucleation sites.

3.4 Matrix Microstructure

Figure 9 displays the optical micrographs of etched spec-
imens. It is obvious that the ferrite around graphite becomes
thinner and the pearlite content rises with the increase in the Nb
content. Figure 10 shows the pearlite morphology of ductile
iron with different Nb contents, and the test circle in Fig. 10(c)
represents the region for measuring the lamellar spacing of
pearlite. Table 6 shows the results of Nb effect in matrix
microstructure, and it can be seen that the Nb addition increases

the pearlite content, decreases the pearlite lamellar spacing and
has little effect in the ferrite diameter.

During the eutectoid reaction, austenite can transform into
ferrite + graphite or ferrite + cementite (pearlite), and both the
ferrite content and pearlite lamellar spacing are related to the
carbon diffusion (Ref 30). On the one hand, the Nb addition in
ductile iron can reduce the counts of graphite, increasing the
distance of carbon diffusion. On the other hand, the Nb addition
in ductile iron decreases the temperature of eutectoid reaction,
which causes a reduction in carbon diffusion rate. Sun et al.
concluded that the start temperature of eutectoid reaction was
reduced 38 �C (cooling rate was 5 �C/s) with the addition of
0.04% Nb (Ref 6). Therefore, the addition of Nb in ductile can

Fig. 11 Mechanical properties of ductile iron with different Nb contents. (a) hardness; (b) impact toughness; (c) engineering strain–stress curve;
(d) strength and elongation

Fig. 12 Impact fracture surface of ductile iron with 0.10% Nb
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retard the diffusion of carbon to promote the pearlite formation
and decrease the pearlite lamellar spacing.

3.5 Mechanical Properties

The mechanical properties are shown in Fig. 11, and it can
be seen that the addition of Nb in ductile iron increases the
hardness and strength, while it decreases the impact toughness
and elongation. The addition of Nb increases the pearlite and
NbC content, resulting in the decrease in the impact toughness
and the increase in the hardness. The impact toughness is
mainly related to the graphite, so the variation of impact
toughness is similar to the graphite morphology which is
significant in the Nb content of 0.05-0.14%, but negligible in
other contents. The strength is improved by the precipitation
strengthening of NbC, the increase in the pearlite content and
the refinement of pearlite lamellar spacing. However, the
addition of 0.20% Nb in ductile iron decreases the strength
because of the NbC precipitate from liquid phase with a larger
size, leading to the stress concentration.

To describe the detachment characteristics of NbC during
the testing, the impact and tensile fracture surfaces were
analyzed. The impact fracture surfaces in Fig. 12 consist of
cleavage facets, and a micropore after NbC detachment in
Fig. 12(b) is in a cleavage facet. Therefore, the NbC separates
from matrix microstructure when the cracks propagate along
the cleavage plane. The tensile fracture surfaces in Fig. 13
consist of dimples, and the NbC in Fig. 13(b) is distributed in
the microvoids. It can be inferred that the cracks initiate at both
NbC–matrix and graphite–matrix interfaces, so the size of NbC
can affect the tensile properties due to the stress concentration.

4. Conclusions

In this paper, the effect of Nb content on the microstructure
and mechanical properties of ductile iron with high strength and
ductility was studied, and the following conclusions were
drawn:

(1) The phase diagram of Nb in ductile iron was drawn
from the temperature date of NbC precipitation and
eutectic reaction which were obtained by thermody-
namic calculation and cooling curve analysis, respec-
tively.

(2) The precipitated phases with a size less than 5 lm were
composed of Nb, Mo and C. The addition of Nb in duc-
tile iron increased the content of pearlite and decreased

the nodularity, counts and content of graphite, while it
had little effect in the diameter of graphite and ferrite.

(3) The influence of Nb on the mechanical properties of
ductile iron was significant. The comprehensive proper-
ties of ductile iron at the Nb addition of 0.14% with the
hardness, yield strength, ultimate tensile strength, elon-
gation and impact toughness were 182.3 HBW,
405.2 MPa, 530.6 MPa, 16.6% and 91.5 J/cm2, respec-
tively.
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