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The evolution of ductile iron with martensitic matrix during annealing at 700 °C was studied in the present
study. The results showed that the ultrafine graphite nodules with a count of 8500 nod/mm? and an average
diameter of about 1 um were obtained in ductile iron through annealing treatment. The martensite in
ductile iron was first decomposed into granular cementite, and then, the granular cementite aggregated and
gradually transformed into ultrafine graphite nodules. With the annealing time extended to 90 min, the
martensite was completely transformed into ferrite and ultrafine graphite nodules. These results implied
that martensite in ductile iron was a good starting microstructure for forming the high graphite nodules in
ductile iron by solid phase transition. The precipitation of ultrafine graphite nodules improved strength and
plasticity of ductile iron, which was mainly because ultrafine graphite nodules refined ferrite grains,
weakened stress concentration, and hindered crack propagation during deformation. The present study
provided a new method to increase graphite nodule count in ductile iron.

Keywords annealing, cementite, ductile iron, martensite, ultrafine
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1. Introduction

Cast iron is first found in 500 BC (Ref 1), which is still most
used in modern industry. The morphology of graphite in cast
iron could be flake (in gray cast iron), intermediate (in
compacted or vermicular cast iron), or spheroidal (in nodular
or ductile cast iron) (Ref 2-4), which determines its mechanical
response (Ref 5). The morphology of graphite in cast iron can
be tailored to be spheroid by adding small amounts of Mg in
Fe-Si-C melts during solidification (Ref 6), which attenuates
the detrimental effects of graphite on mechanical properties
(Ref 7). Therefore, nodular cast iron with a good combination
of strength and toughness is widely used in various structural
applications including automotive, mining and railway (Ref 8-
10)

It should be emphasized that the count, homogeneity, and
nodularity of graphite in ductile iron affect the physical and
mechanical properties (Ref 11-13), in which graphite nodule
count is considered to be the critical factor (Ref 14). The
graphite nodule count in ductile iron is mainly determined by
cooling rate, spheroidization and inoculation methods (Ref 15).
For instance, a thin-walled ductile iron casting with a thickness
less than 3 mm contained the graphite nodule count more than
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2000 nod/mm? because of the high cooling rate during
solidification (Ref 16); an ultrafine ductile iron castings with
the graphite nodule count exceeding 3000 nod/mm’ was
obtained via strictly controlling magnesium treatment (Ref 17).
It should be noted that such high cooling rate is only suitable to
produce ductile iron with thin-wall, and magnesium treatment
is complex and immature.

Previous investigations attempted to introduce graphite in
white cast iron or free cutting steels to increase their wear
resistance by solid phase transformation (Ref 18-22). For
instance, the graphitic white iron was developed for abrasive
wear application to enhance thermal and wear properties (Ref
23, 24); a dispersed graphite in medium carbon steel with high
Si and Al contents (Si > 1.8% and Al > 1.3%) was observed
by a solid-state annealing process (Ref 18, 25-27). The addition
of graphitizing elements, such as Al and Si, is required for the
formation of graphite in steels or cast iron via solid phase
transformation (Ref 28). However, the graphite is difficult to
produce in white iron by graphitization treatment due to low
silicon content (< 1%), which requires graphitization at high
temperatures for long time (Ref 29, 30). Additionally, the
formation of graphite is very sensitive to the initial microstruc-
ture during heat treatment (Ref 31). For example, graphite
particles nucleation in ferrite—pearlite starting microstructure is
located in the pearlite regions (Ref 19); graphite particles
nucleation in bainite starting microstructure is evident at
bainitic ferrite plate boundaries and the size of graphite forming
in bainite is smaller than that in ferrite—pearlite (Ref 26, 27). It
was found that graphite could be easily formed in medium
carbon steel with the martensite matrix (Ref 19, 26).

Compared with white cast iron and medium carbon steel,
ductile iron contains large amounts of Si (Si > 2%) and C
(C > 3%) elements (Ref 32), which provides composition
prerequisite for the precipitation of graphite during solid phase
transformation. Additionally, carbon atoms can be dissolved
from spheroidal graphite into austenite through austenization
treatment (Ref 33, 34). Hence, referring to the principle of


http://orcid.org/0000-0003-0714-2442
http://crossmark.crossref.org/dialog/?doi=10.1007/s11665-023-08666-y&amp;domain=pdf

graphitization in medium carbon steel, it is inferred that the
graphite can be obtained in ductile iron. Therefore, a ductile
iron with martensite matrix was annealed treatment to inves-
tigate the precipitation process of graphite, in the objective to
provide novelty methods of tailoring graphite nodule count in
ductile iron.

2. Materials and Experimental

A cylindrical ductile iron casting with a diameter of 30 mm
was fabricated via a horizontal continuous casting, as described
previously (Ref 35) in detail. The chemical composite of as-cast
ductile iron used in the present study was 3.52 wt.%C, 2.45
wt.%Si, Mn < 0.1 wt.%, 0.015 wt.% S, 0.022 wt.%P, 0.049
wt.%Mg, 0.011 wt.%RE, and balanced Fe, which was analyzed
using a spark optical emission spectrometer. Two strips with
dimensions of 10 mm x 20 mm x 100 mm were cut from the
cast profiles, and then, one strip was heated to 900 °C and held
for 90 min in a vertical furnace. After that, the sample quenched
into oil to obtain a martensitic matrix. The other of strip was
heated to 900 °C and held for 90 min, and then, the strip was
cooled in furnace to room temperature in order to obtain
traditional ferrite ductile iron as a comparison group. The
quenched specimen was machined into the dimensions of
10 mm x 10 mm x 10 mm. Annealing of the samples was
made at 700 °C from 0 to 90 min.

Characterization of microstructural evolution during anneal-
ing process was performed by OLYMPUS GX71 optical
microscope (OM), and JSM-6700F scanning electron micro-
scopy (SEM) with an accelerating voltage of 30 kV after being
ground, polished and etched by 4% nital solution. Besides,
extensive SEM work was carried out on specimens deep etched
by 20% nital solution for 40 min to reveal the evolution of
spheroidal graphite. XRD was carried out on an XRD-7000

diffractometer with a scanning angle from 35 to 85° and the
scanning speed was 4°/min. The samples were analyzed using
(EDS) to qualitatively characterize microzonal composition.
The working voltage of SEM imaging and EDS was 10 kV.

Ferritic ductile iron with ultrafine graphite nodule (FDI-Gr)
was obtained by quenching and then annealing at 700 °C for
90 min. Ferritic ductile iron without ultrafine graphite nodule
(FDI) was obtained by annealing at 900 °C for 90 min and then
cooled in furnace. Tensile tests were carried out at room
temperature using a universal testing machine (HT-2402) with a
crosshead speed of I mm/min on these two samples to compare
its mechanical properties. Sample cross sections were obtained
with an area of 4 x 2 mm?” and a gauge length of 21 mm. For
each specimen, at least three samples were used to ensure
repeatability. The stress distribution was simulated by the
commercial software ABAQUS during tensile testing, which
was to further assist to explain the mechanical properties
differences of the two samples. The parameters for the
simulation were as follows. Young’s modulus of ferrite matrix
was 19 GPa, and Poisson’s ratio was 0.27. During the loading
process, the left end of the model was fixed and a tension load
of 200 MPa was applied to the right side, with a true strain of
1%.

3. Results

3.1 The Precipitation of Ultrafine Graphite Nodule
from Martensite in Ductile Iron

Figure 1 presents the optical images of the as-quenched
sample annealed for different times. A typical microstructure
containing high carbon acicular martensite (Fig. 1a) could be
observed for the as-quenched sample. After annealing for
5 min, a small amount of white irregular ferrite appeared
around the graphite nodule (Fig. 1b). With the increase in

Fig. 1 Optical images of as-quenched ductile iron annealed at 700 °C for (a) 0 min, (b) 5 min, (c¢) 10 min, (d) 20 min, (¢) 60 min and (f)

90 min
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annealing time, martensite was decreased (Fig. 1b—d), and only
a small amount of martensite could be detected for sample
annealed for 20 min (Fig. 1d). It should be noted that some
ultrafine graphite nodules appeared in ferrite region. Interest-
ingly, the martensite in the vicinity of spheroidal graphite was
directly transformed into ferrite, but the acicular martensite far
away from the spheroidal graphite was transformed into carbide
particles and ferrite. After annealing 60 min, only tiny graphite
nodule, initial spheroidal graphite and ferrite existed in the
samples (Fig. le). Further prolonging the annealing time
(Fig. 1f), the number of tiny graphite nodule was increased. The
diameter of ultrafine graphite nodule was estimated about
1 um, which was much smaller than the initial spheroidal
graphite (~25 um).

Figure 2 shows the SEM images of the as-quenched sample
annealing for different times. It could be seen that the as-
quenched ductile iron was mainly composed of acicular
martensite and retained austenite (Fig. 2a). After 5 min
annealing (Fig. 2b), the acicular martensite decomposed and
was hardly to be recognized. It is known that martensite would
rapidly decompose into cementite and ferrite during high
temperature tempering (Ref 36) because high carbon martensite
was metastable. After 10 min annealing (Fig. 2c), a large
amount of ferrite appeared around the initial spheroidal
graphite, but carbide particles were mainly distributed far from
initial graphite nodular. This microstructural characteristic was
varied with that in conventional steels (Ref 18). Additionally,
small amounts of tiny graphite were detected in ferrite. With
further prolonging the annealing time to 20 min (Fig. 2d),
martensite was totally disappeared and the tiny graphite
particles and a few carbides distributed around ferrite. Cemen-
tite could hardly be detected when the sample was annealed for
60 min (Fig. 2e), and the microstructure of ductile iron was
composed of ferrite, initial spheroidal graphite, and ultrafine
graphite nodules, which indicated that cementite was trans-
formed into graphite. The count of tiny graphite nodule was
increased when the annealing time increased to 90 min and the

cementite almost completely disappeared, which implied that
the graphitization process was almost completed (Fig. 2f).

Figure 3 presents the variation of volume fraction of ferrite
and count of ultrafine graphite nodules with annealing time.
The volume fraction of ferrite and number of ultrafine graphite
nodules both increased with the increase in annealing time,
which indicated that the formation of ferrite was closely related
to the precipitation of graphite. The ferrite and graphite began
to form after annealing for 10 min. After 90 min annealing, the
martensitic matrix was completely transformed into ferrite, and
the ultrafine spheroidal graphite with a count of 8500 nod/mm?
was obtained. The graphite parameters in martensite ductile
iron after annealing 90 min are summarized in Table 1. The size
of precipitated graphite nodules was small, only about 1 um.
Thus, the nodularity of precipitated ultrafine graphite nodules
cannot be accurately evaluated. Besides, it could be seen that
the nodule count of ultrafine graphite nodules was very high
compared with that of the initial spheroidal graphite in ductile
iron after annealing for 90 min. The average diameter and
average nearest-neighbor distance of ultrafine graphite nodule
were very small compared to the initial spheroidal graphite in
ductile iron.

Figure 4 presents XRD patterns of the quenched samples
annealing for different times. The diffraction peaks of o phase
were detected for all samples (Fig. 4a), which corresponded to
martensite or ferrite. It should be noted that the diffraction peak
of Fe;C was detected for sample after annealing for 5 min,
which indicated that the supersaturated carbon in martensite
precipitated in the form of carbide during initial annealing.
When the annealing time was further prolonged to 10, 20, 60
and 90 min, the diffraction peak of Fe;C disappeared. It
indicated that Fe;C decreased or even completely decomposed.
From the magnified image (Fig. 4b), it could be seen that the
(110) diffraction peaks of o phase shifted to high angle,
indicating that the saturation of solid solution carbon atoms in «
phase decreased.

Fig. 2 SEM images of as-quenched ductile iron annealed at 700 °C for (a) 0 min, (b) 5 min, (c¢) 10 min, (d) 20 min, (¢) 60 min and (f) 90 min
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Fig. 3 Variation of volume fraction of ferrite and ultrafine graphite nodules count with annealing time

Table 1 Results of graphite parameters in martensite ductile iron after annealing 90 min

Graphite Nodule count, nod/mm> Average diameter, um  Nodularity, %  Average nearest-neighbor distance, um
Initial spheroidal graphite 310 £+ 20 18 £ 1 85 17+2
Ultrafine graphite nodule 8500 + 360 14+03 2406
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Fig. 4 (a) XRD patterns of the samples annealed at 700 °C for different time and (b) the corresponding magnified XRD patterns of (110) «
diffraction peaks

Journal of Materials Engineering and Performance



600

500

Stress, MPa
w2
—4
(—}

—=— FDI (without ultrafine graphite nodules)
—e— FEDI-Gr (with ultrafine graphite nodules)

200
100
0 1 1 1 1
0 5 10 15 20 25

Strain, %

Fig. 5 Typical stress—strain curves of ductile iron having ferrite matrix with and without ultrafine graphite nodules

3.2 Effects of Graphite Precipitation on the Mechanical
Properties of Ductile Iron

Figure 5 presents the typical stress—strain curves of ductile
iron having ferrite matrix with and without ultrafine graphite
nodule. The two samples were labeled as FDI-Gr and FDI,
respectively, in the present study. It could be seen that the
precipitation of ultrafine graphite nodule not only improved the
strength but also enhanced the plasticity. FDI-Gr exhibited a
yield strength of 398 + 4 MPa, an ultimate tensile strength of
523 £ 8 MPa and an elongation of 24.1 + 0.4%. However,
FDI only possessed the yield strength and ultimate tensile
strength of 364 4+ 2 and 473 + 6 MPa the clongation of
19.8 £+ 0.2%.

4. Discussion

The microstructure showed that the ultrafine graphite
nodules could be introduced in ductile iron with martensitic
matrix by annealing treatment, which simultaneously improved
the strength and plasticity of ferritic ductile iron.

4.1 Precipitation Mechanism of Ultrafine Graphite Nodule
in Ductile Iron

Figure 6 shows the SEM images of the samples annealed for
different times and corresponding EDS spectrum. Martensite
was firstly decomposed into granular cementite and ferrite, and
then, some ultrafine graphite nodules formed on ferrite
(Fig. 6a). The phase A mainly contained iron atoms and a
small amount of carbon atoms (Fig. 6A), indicating that A
might be cementite. However, B contained about 70 at.%
carbon atoms, which was far higher than the atomic fraction in
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Fe;C. This indicated that the cementite was undergoing
graphitization (Fig. 6B). C exhibited a few carbon atoms and
the rest were iron atoms, which indicated the white small
particles were residual cementite (Fig. 6b and C). It could be
observed that ultrafine graphite nodules were formed on the
ferrite matrix after annealing 90 min (Fig.6¢). Pure graphite
phase was observed in D (Fig. 6D).

Figure 7 illustrates the schematic diagram of precipitation
process of the ultrafine graphite nodules in ductile iron during
annealing. The precipitation of ultrafine graphite nodules from
martensite contained the following four stages: martensitic
decomposition, carbide aggregation and growth, graphitization
of granular cementite and ultrafine graphite nodules formation.
The as-cast ductile iron was composed of ferrite and pearlite
(Fig. 7a). During austenitizing, ferrite and pearlite transform
into austenite and carbon atoms of graphite diffuses toward
austenite until the dissolved carbon atoms in graphite and
austenite reach equilibrium state. Therefore, it is known that no
less than 1.2% carbon atoms are dissolved in the austenitic
matrix in ductile iron (Ref 37). Consequently, high carbon
martensite with the acicular morphology was obtained after
quenching treatment (Fig. 7b and c). During annealing, carbon
atoms came out from supersaturated solid solution and form
transitional e-carbide or cementite precipitates in martensite
(Ref 38, 39). Carbides precipitated in a very short time during
annealing because of the high carbon contents in martensite
(Ref 26, 40). In the following annealing treatment, fine carbide
particles gathered (Ref 41) and formed larger particles (Fig. 7d
and e). With the extension of annealing time, the cementite
would decompose and the carbon atoms would like to move
toward the initial spheroidal graphite or form new graphite in
the region far away from initial spheroidal graphite from the
point view of thermodynamics. However, as a result, fine
graphite nodules form far away from the initial spheroidal
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Fig. 6 SEM images for annealing in martensite region: (a) 20 min, (b) 60 min and (c) 90 min; A, B, C and D are EDS spectrum collected

from the corresponding areas

graphite. Additionally, the fine graphite nodules formed on the
surface of initial spheroidal graphite integrate with the initial
spheroidal graphite, which led to a rough surface of the initial
spheroidal graphite after annealing (Fig. 7f).

4.2 Effect of Ultrafine Graphite Nodule on Mechanical
Properties

It has been indicated that the ductile iron with tiny graphite
(FDI-Gr) exhibited a superior mechanical property compared
with the ferritic ductile iron (FDI). Figure 8 shows the optical
images of FDI and FDI-Gr. Although the two samples had
ferrite matrix, the grain size of ferrite was different. The size of
ferrite was about 37 £ 2.3 and 19 £ 1.6 um for FDI and FDI-
Gr, respectively. The results indicated that the formation
ultrafine graphite nodule in ductile iron after graphitizing
annealing at 700 °C for 90 min hindered the movement of
ferrite boundary resulting in the formation of small ferritic
grains, which should also be responsible for the enhanced
mechanical properties of ductile iron after graphitizing anneal-
ing at 700 °C for 90 min. The strength of graphite could be
ignored compared ferrite matrix. Therefore, the FDI-Gr con-
taining a fine ferrite exhibited a higher yield strength due to fine
grain strengthening.

It should be noted that the interface of graphite/matrix is
critical factor affecting the formation of cracks. Figure 9
illustrates the SEM images of deep-etched FDI and FDI-Gr

samples. It could be seen that the spheroidal graphite with
relatively smooth surface could be observed for FDI, but FDI-
Gr exhibited a very coarse surface. This was mainly because the
migration of carbon atoms toward the spheroidal graphite
during annealing treatment caused the formation of ultrafine
graphite on the surface of initial spheroidal graphite. The fine
graphite nodules were aggregated and tended to attach to the
initial spheroidal graphite giving rise to a rough surface of
initial spheroidal graphite for FDI-Gr. The rough surface of
spheroidal graphite would reduce the bonds of graphite/matrix
and induce the crack formation during deformation, which was
harmful to the plasticity. However, the formation of ultrafine
graphite nodule directly affects the stress distribution during
tensile tests and thus the early cracking formation (Ref 42, 43).
High graphite nodules were beneficial to the homogeneous
distribution of stress. Compared with FDI, FDI-Gr had more
graphite nodules but larger size difference. In order to analyze
the effects of graphite on mechanical properties, the stress
distribution in the two samples was simulated by 2D FE-model
based on the microstructure in Fig. 8, given in Fig. 10. In the
simulation process, spheroidal graphite was temporarily con-
sidered as voids. It could be seen that high stress preferred to
distribute in the vicinity of the initial spheroidal graphite for the
two samples. The stress near the ultrafine graphite nodule was
very small. The stress distribution in FDI was more inhomo-
geneous than that of FDI-Gr (Fig. 10a and b), thus crack was
easily initiated in FDI. Additionally, the ultrafine graphite

Journal of Materials Engineering and Performance
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Fig. 8 Optical images of ductile iron: (a) FDI and (b) FDI-Gr

nodule distributed between the initial large spheroidal graphite
could hindered the propagation of cracks (Fig. 10b). Therefore,
the precipitation of ultrafine graphite nodules in ductile iron
benefited for the improvement of plasticity.

Figure 11 presents the typical fracture morphology of FDI
and FDI-Gr after tensile tests. Dimples could be clearly
observed for two samples (Fig. 11c and d), indicating plastic
fracture. During the tensile testing, as plastic deformation
increased, the interface between the large spheroidal graphite
and the matrix debonding occurred, and tearing ridges were
ultimately formed between the large spheroidal graphite,
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indicating the occurrence of ductile fracture (Fig. 11c). How-
ever, it could be seen that a small degree of debonding occurred
at the interface between the spheroidal graphite and the matrix.
The interface between the ultrafine graphite nodule and the
matrix mainly undergone debonding, which resulted in the
formation of large number of small dimples around the small
ultrafine graphite nodule (Fig. 11d). These small dimples would
aggregate and merge during fracture, requiring more deforma-
tion energy. Thus, FDI-Gr exhibited a higher plasticity
compared with FDI.



Fig. 9 SEM images of deep etched microstructure of spheroidal graphite in (a) FDI and (b) FDI-Gr
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Fig. 10 Results of simulating stress distribution in the matrix based on Fig. 8: (a) FDI and (b) FDI-Gr

5. Implications for Further Modification
of Graphite Nodules in Ductile Iron

The present study indicated that ultrafine graphite nodule
could be obtained by heat treatment in ductile iron. Martensite
as the staring microstructure in ductile iron was conducive to
produce high graphite nodules count for ductile iron. A high
austenitizing temperature and long austenitizing time could
increase the solid solubility of carbon atoms in austenitic
matrix; then, the ultra-high carbon martensite could be formed
in the subsequent quenching process, which provided a new
method to produce ductile iron with high graphite nodule count.
The annealing time for obtaining the ultrafine graphite nodule
was no more than 2 h, which was much shorter than that for
white cast iron (5-8 h) (Ref 24). Additionally, the content of Si
also played an important role in the formation of ultrafine
graphite, which could inhibit the formation of carbides and
promote their decomposition to form the graphite (Ref 44). For
example, the formation of graphite usually required to specially
add more than 1.8% Si in steels (Ref 26, 27). Coincidentally,
the composition of ductile iron usually containing a large
amount of Si (> 2%) was produced. Therefore, the ductile iron
exhibited great advantages to form high graphite nodules count
by solid phase transformation.

6. Conclusions

The microstructure evolution of ductile iron with martensite
matrix was investigated during annealing treatment in the
present study. The following conclusions could be drawn.

(1) The ultrafine graphite nodules with a count of
8500 nod/mm® and an average diameter of 1 um were
produced in ductile iron with the starting microstructure
of martensite via annealing treatment.

(2) The martensite was first decomposed into granular
cementite, and the aggregated granular cementite gradu-
ally transformed into ultrafine graphite nodules.

(3) The ductile iron with the precipitated ultrafine graphite
nodules exhibited a superior combination of strength
and plasticity compared with ferritic ductile iron, which
was because ultrafine graphite nodule refined ferrite
grains, weakened stress concentration and hindered
crack propagation during deformation.

(4) This study provided a new approach to enhance graphite
nodule counts in ductile iron through solid phase trans-
formation.

Journal of Materials Engineering and Performance



Fig. 11 SEM images of fracture morphology: (a, ¢) FDI and (b, d) FDI-Gr
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