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Abstract
Studying the thermo-mechanical behavior of ductile iron is necessary to develop the rolling process for ductile iron sheet/strip production, thus, extending its application by replacing steel in several fields such as machine
casing, constructional applications, etc. In order to predict the safe rolling
conditions for producing sheets and strips, the thermo-mechanical behavior
of a ductile iron alloy, with CE of 4.48, is studied by physical simulation of
hot rolling process using Gleeble-3500 simulator. The test was conducted on
specimens at a range of deformation temperatures from 800˚C to 950˚C while
three different strain rates; namely 0.05, 0.1 and 0.5 s−1 were used. The results
obtained, show minimum values of flow stresses at 850˚C. By increasing the
deformation temperature up to 900˚C, the flow stresses increased to reach
maximum values, beyond which the flow stress decreased again. A remarkable dynamic recrystallization is observed at the deformation temperatures of
850˚C and 800˚C with applied strain rates of 0.05 and 0.1 s−1. Gleeble test results are correlated with microstructure observations on samples quenched at
their deformation temperatures, where the changes in structure and graphite
morphology are reported. The deformation process at high temperatures
namely 950˚C and 900˚C result in changing the graphite shape from a spheroidal-like to a saucer-like shape. However, by decreasing the deformation
temperature to 850˚C as well as 800˚C, graphite with lamellar shape is observed. As a conclusion, ductile iron could be successfully deformed without
cracking at the applied conditions.
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1. Introduction
Ductile iron (DI) is an iron-carbon alloy consisting of graphite nodules embedded in a steel matrix [1]. Despite the metallurgical similarity between steel and
ductile iron [2] [3], a different response to heat treatment is detected due to the
high content of carbon and silicon in ductile iron. The graphite nodules or
spheroids act as a carbon sink or a carbon source in ductile iron, thus playing a
significant role in the treatment process [3] [4]. Moreover, ductile iron compelled a wide recognition as an economical choice for replacing steel parts for its
high toughness [5]. It is so far used in bearing journals and automotive components, for its relatively lower cost than steel, high cast-ability and outstanding
wear resistance [6].
Ductile iron has advantages due to the additional characteristics that can be
customized for applications requiring corrosion resistance, low thermal expansions, vibration damping and lubricating surface [7] [8]. These properties are
required in strips and sheets for several applications namely; machine casing and
constructional applications. Thus, replacing steel sheets by ductile iron sheets is
proposed as an interesting idea. Although ductile iron exhibits high ductility for
the forming process, only a few researchers [9] [10] [11] [12] investigated the
formability and the rolling behavior of ductile iron.
Samuel [13] investigated the phase transformation kinetics in ductile iron by
using a Gleeble machine that was to estimate the CCT curve for 65-45-12 ductile
iron. Moreover, Zaho[14] [15] [16] applied a new severe plastic deformation
process on ductile iron and studied the graphite morphology after applying a hot
compression test on ductile iron alloy. Recently, the hot deformation behavior
and the graphite morphology of ductile iron were investigated using the physical
simulation technique [6] [17] [18]. Additionally, the microstructural changes in
pearlitic-ferritic matrix were reported by increasing the degree of hot plastic deformation [19] [20]. Furthermore, Soliman [21] studied the transformation kinetics of thermo-mechanically processed ductile iron alloys.
In the current work, thermo-mechanical behavior of a ductile iron alloy with
carbon Equivalence (CE) of 4.48 wt% was studied by using Gleeble-3500 physical simulator. By the aid of the physical simulation process, thermo-mechanical
behavior and phase transformations during this process were highlighted. The
data obtained from the physical simulation technique will be used in the rolling
process to produce sheets and/or strips of ductile iron.

2. Experimental Procedures
2.1. Objective and Methodology
The objective of this research is to study the hot deformation behavior of ductile
iron at different temperatures and strain rates. The methodology includes;
1) Dilation test in order to determine the critical phase transformation temperatures,
2) Heat treatment experiments for phase identification before applying the
DOI: 10.4236/msa.2019.106032
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deformation process,
3) Physical simulation using Gleeble-3500 machine for studying the thermo-mechanical behavior of ductile iron at different temperatures and strain
rates.

2.2. Material Stock
The chemical composition of the ductile iron alloy used in this work is given in
Table 1, where the carbon Equivalence (CE) of the alloy is 4.48. Specimens for
dilation test, heat treatment experiments, and thermo-mechanical processing
were machined under cooling conditions.

2.3. Dilation Test
The objective of the dilation test was to determine the critical phase transformation temperatures during heating (Ac11 and Ac12). The experiments are carried
out on a cylindrical specimen with 4 mm in diameter and 30 mm in length by
using differential dilatometer L76. Sheathed S-type thermocouple was spot
welded on the specimen surface. Afterward, the specimen was placed horizontally between two Quartz stamps. The dilation test involved heating the specimen to a temperature of 950˚C with a heating rate of 30˚C/min. Afterward, the
specimen was soaked for 20 minutes and followed by air cooling to room temperature.

2.4. Heat Treatment Experiments
After determining the phase transformation temperatures (Ac11 and Ac12), four
heat treatment schedules were applied on the ductile iron cubic specimens of 10
× 10 × 10 mm. The schedules involved heating the specimens (H-I, H-II, H-III
and H-IV) in a muffle furnace to four different temperatures namely; 950˚C,
900˚C, 850˚C, and 800˚C respectively. Subsequently, the specimens were soaked
for 20 minutes and followed by water-quenching to room temperature. These
cycles were applied in order to identify the phases formed at the mentioned
temperatures.

2.5. Physical Simulation Using Gleeble-3500
The hot deformation behavior of the ductile iron was studied using a computer
servo-controlled Gleeble-3500 machine, which was adapted to apply uniaxial
compression test. In accordance with that machine, the test was performed on
cylindrical specimens with 10 mm in diameter and 120 mm long, as shown in
Figure 1. The axial compression was confined to the central specimen length of
30 mm, due to test specimen fixation as shown in Figure 2. K-type thermo
Table 1. Chemical composition of Ductile Iron used in this work.
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Mn

Fe
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3.54

2.87

0.212

93.71

4.48
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Figure 1. Gleeble Test specimen used in the physical simulation.

Figure 2. Gleeble test specimen before and after deformation.

couple wire was spot-welded in the middle of the specimen in order to measure
and control the specimen’s temperature. More details about the test are found
elsewhere [22] [23].
After identifying the phases evolved due to the heat treatment experiment,
four thermo-mechanical schedules were designed in order to study the hot deformation behavior of the ductile iron alloy at four different temperatures
namely; 950˚C, 900˚C, 850˚C, and 800˚C with three different applied strain rates
of 0.05, 0.1 and 0.5 s−1. The schedules involved heating the specimens with a
heating rate of 10˚C/s to the desired deformation temperatures (T) and keeping
for 20 minutes (see Table 2) to ensure structure homogenization and allow grain
growth. Afterward, 39% deformation was applied on the specimens which are
equivalent to a true strain of (−0.5 mm/mm) with three different applied strain
rates ( ε ) of 0.05, 0.1 and 0.5 s−1 and followed by quenching to room temperature with cooling rate of 50˚C/s, Figure 3.

2.6. Microstructure Investigation
In order to investigate the microstructural constituents, specimens were prepared by mechanical grinding followed by polishing up to 1 μm-grade diamond
paste. The microstructures were examined by the aid of a light optical microscope (LOM) after etching with Picral and/or 2% Nital. For superior microstructural analysis and phase identification, the specimens were investigated by
SEM and EDX analysis.

3. Results and Discussion
3.1. Dilation Results
Phase transformations are indicated by the deviation from linearity of (temperature-relative change in length) curve upon heating and cooling the specimens,
as the structure changes. Ac11 and Ac12 critical transformation temperatures
DOI: 10.4236/msa.2019.106032
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Figure 3. Schematic presentation of deformation schedules applied to ductile iron specimens.
Table 2. Deformation schedules of ductile iron specimens.
Schedule Deformation Temperature (T) Soaking Time (t) True Strain ( ε ) Strain Rate ( ε )
0.05 s−1
I

950˚C

1200 s

−0.5 mm/mm

0.1 s−1
0.5 s−1
0.05 s−1

II

900˚C

1200 s

−0.5 mm/mm

0.1 s−1
0.5 s−1
0.05 s−1

III

850˚C

1200 s

−0.5 mm/mm

0.1 s−1
0.5 s−1
0.05 s−1

IV

800˚C

1200 s

−0.5 mm/mm

0.1 s−1
0.5 s−1

are determined from the (temperature-relative change in length) curve, Figure
4, during the heating of the specimen. Due to the thermal expansion, the specimen’s length increases linearly upon heating. The austenite is formed at the interface of ferrite-cementite within the pearlite. The decomposition of the cementite (found in pearlite) into austenite began at 792˚C as a non-linear increase is
observed. Due to the decomposition of compacted cementite which has an orthorhombic structure, carbon atoms diffuse from the cementite resulting in a
non-linear increase in the length of the specimen to 825˚C. Moreover, pro-eutectoid
ferrite transformation to austenite is accompanied by a non-linear decrease in
length up to a temperature of 867˚C, as an open structure (BCC-ferrite) transformed to closed packed structure (FCC-austenite). Further heating resulted in
an increase in the specimen’s length, indicating the diffusion of carbon atoms
from graphite nodules into the austenitic matrix [24] and/or thermal expansion
of the specimen.
DOI: 10.4236/msa.2019.106032
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Figure 4. Enlarged part from (Relative change in length-Temperature) during the heating
of ductile iron specimen.

3.2. Heat Treatment Results
The as-cast specimen which consists of the pearlitic-ferritic matrix is given in
Figure 5(a). The observed microstructures of H-I, H-II, and H-III specimens
aregraphite nodules embedded in martensitic colonies, Figures 5(b)-(d) respectively. Thus, the austenite phase is formed at the mentioned temperatures before quenching the specimens to room temperatures. While in H-IV specimen,
Figure 5(e), the obtained microstructure is martensite and pro-eutectoid ferrite surrounding the graphite nodules. That is due to the heating of H-IV specimen in the inter-critical annealing region which results in the growth of the
pro-eutectoid ferrite as well as the formation of the austenite. Later, the austenite
is transformed to martensite after quenching H-IV specimen to room temperature.

3.3. Physical Simulation Results
3.3.1. Flow Stresses during the Thermo-Mechanical Processing
The effect of the deformation temperatures on the mechanical behavior of the
ductile iron alloy with applied strain rates of 0.05, 0.1 and 0.5 s−1 is shown in
Figures 6(a)-(c) respectively. The minimum values of flow stresses are observed
during the deformation of the ductile iron at 850˚C. However, the flow stresses
increased to reach the maximum values by increasing the deformation temperature up to 900˚C, beyond which the flow stresses decrease again. It is clearly observed that the thermo-mechanical behavior of the ductile iron alloy is nearly the
same as the deformation temperatures 850˚C and 800˚C. Moreover, a remarkable dynamic recrystallization is observed at deformation temperatures of 850˚C
and 800˚C with applied strain rates of 0.05 and 0.1 s−1.
Figure 7 shows the effect of the applied strain rate on the thermo-mechanical
behavior of the ductile iron alloy. It was noticed that the flow stress is directly
DOI: 10.4236/msa.2019.106032

438

Materials Sciences and Applications

M. Faisal et al.

Figure 5. Microstructures of as-cast, H-I, H-II, H-III and H-IV specimens respectively.

proportional to the strain rate, as by increasing the strain rate, the flow stress
values of the alloy increase at the same deformation temperature. Anelasticplastic flow behavior is observed by deforming the ductile iron alloy at 950˚C
and 900˚C with applied strain rates of 0.05 and 0.1 s−1. While by increasing the
strain rate to 0.5 s−1, a strain hardening behavior is detected. In contrast, a dynamic recrystallization occurred by applying strain rates of 0.05 and 0.1 s−1 at
deformation temperatures of 850˚C and 800˚C.
3.3.2. Microstructure Evolution
The microstructure of deformed specimens, after quenching to room temperature is observed in directions perpendicular and parallel to the applied force, as
shown in Figure 8. At all strain rates applied (0.05, 0.1, and 0.5 s−1), varying the
deformation temperature cause variation in the microstructure. At a deformation temperature of 950˚C, a fully martensitic matrix surrounding the graphite
nodules is observed in the quenched specimens. While by decreasing the deformation temperature to 900˚C, graphite nodules embedded in a martensitic-pearlitic matrix is detected. Both indicate a completely austenitic matrix at the
mentioned temperatures after the deformation process, i.e. the austenite phase
DOI: 10.4236/msa.2019.106032

439

Materials Sciences and Applications

M. Faisal et al.

(a)

(b)

(c)

Figure 6. Thermo-mechanical behavior of the ductile iron alloy at applied strain rates of
(a) 0.05 s−1; (b) 0.1 s−1 and (c) 0.5 s−1.
DOI: 10.4236/msa.2019.106032
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Figure 7. The effect of the applied strain rates on the thermo-mechanical behavior of the
ductile iron alloy at deformation temperatures of (a) 950˚C; (b) 900˚C; (c) 850˚C and (d)
800˚C.

formed by heating at such temperatures above Ac12 did not change upon deformation. The carbon content in the austenitic matrix decreases by decreasing
the temperature, [25] i.e. at the deformation temperature of 900˚C, the amount
of dissolved carbon in the austenitic matrix is less than that at 950˚C. Thus upon
quenching the specimens, the pearlite phase is formed around the graphite nodules, due to the diffusion of carbon atoms from the austenite phase to the graphite nodules [26].
At 850˚C and temperature below Ac12 of 800˚C, a similar microstructure of
pearlite and pro-eutectoid ferrite surrounding the graphite nodules are observed
in the deformed specimens, indicating austenitic-ferritic matrix prior to
quenching. Although the revealed microstructure before deforming the specimens at 850˚C is an austenitic matrix, the microstructure of the deformed specimens at the same temperature is an austenitic-ferritic matrix. Low carbon
content in the austenite resulted in pearlite and/or pro-eutectoid ferrite formation. In addition, pro-eutectoid ferrite is found around the graphite nodules and
in regions far from the graphite nodules. SEM on the deformed specimen at
850˚C and strain rate of 0.05 s−1, reveal fine pro-eutectoid ferrite surrounding
the graphite nodules, while EDX analysis indicates high silicon content of 3.15
wt% Si in this phase. Within the matrix and far from the graphite nodules, fine
pro-eutectoid ferrite grains are also observed with lower Si content of 2.72 wt%
as shown in Figure 9. At a lower deformation temperature of 800˚C and strain
DOI: 10.4236/msa.2019.106032
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Figure 8. The revealed microstructure of the deformed specimens at different conditions
in direction perpendicular (⊥) & parallel (∥) to the applied force.

rate of 0.05 s−1, a higher Si content of 3.33 wt% was detected in the pro-eutectoid
ferrite within the matrix, Figure 10.
The pro-eutectoid ferrite formation and/or growth—which is detected at
850˚C and 800˚C—contributes in increasing the graphite volume fraction as the
carbon atoms diffuse from the austenitic matrix to the graphite nodules during
the pro-eutectoid ferrite formation. At any deformation temperature, no significant effect on the graphite morphology is observed through varying the applied
strain rates. However, a pronounced variation of graphite volume fraction is
DOI: 10.4236/msa.2019.106032
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Figure 9. SEM and EDX analysis of the deformed specimen at 850˚C with an applied strain rate of 0.05 s−1.

observed by varying deformation temperature, Figure 11. With decreasing the
deformation temperature, the graphite volume fraction increases as more graphite has been formed.
3.3.3. Thermo-Mechanical Behavior and Microstructure
Figure 12 schematically correlates the microstructure with the thermo-mechanical behavior of the ductile iron specimens at different temperatures with an
applied strain rate of 0.05 s−1. By decreasing the deformation temperature from
950˚C to 900˚C, the flow stress values increase at the same applied strain rate.
The microstructure of the ductile iron prior to the deformation process at the
mentioned temperatures is graphite nodules embedded in an austenitic matrix.
Thus, deforming the ductile iron at 950˚C and 900˚C is mainly deforming the
austenite phase (single phase deformation).
Although the microstructure of the ductile iron revealed an austenitic matrix
DOI: 10.4236/msa.2019.106032
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Figure 10. SEM and EDX analysis of the deformed specimen at 800˚C with an applied strain rate of 0.05 s−1.

Figure 11. Dependence of the graphite volume fraction on the deformation temperatures.
DOI: 10.4236/msa.2019.106032
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Figure 12. Flow Stress-True strain curves obtained by deforming the ductile iron at an applied strain rate of 0.05 s−1, where the
schematic presentation of the evolved microstructures before and after deformation were superimposed.

prior to deformation at 850˚C, the arose flow stresses at 850˚C are lower than
that at 900˚C and 950˚C. Isothermal soaking for the ductile iron at 850˚C is just
above the critical austenite transformation temperature namely; Ac12. Consequently, at the early stage of the deformation process, austenite is transformed to
pro-eutectoid ferrite surrounding the graphite nodules and within the high silicon concentration regions. Hence, the pro-eutectoid ferrite is introduced and
stabilized by the aid of the silicon atoms. That results in decreasing the volume
fraction of the austenite as well as decreasing the flow stresses. Therefore, deforming the ductile iron at 850˚C is mainly deforming dualphase namely; austenite and pro-eutectoid ferritephases. It is observed that the thermo-mechanical
behavior of the ductile iron at 800˚C and 850˚C is almost the same, as deforming the ductile iron at 800˚C is also deforming a dual phase matrix of
austenite and pro-eutectoid ferrite. Thus, introducing the soft pro-eutectoid
ferrite to the austenitic matrix which simultaneously increases the graphite volume fraction results in decreasing the stress required to deform the ductile iron
alloy. In a previous work, Qi [5] investigated the hot deformation behavior of
ductile iron with CE = 4.8 at a range of temperatures between 600˚C and 950˚C
with a high strain rate of 10 s−1. The stress-strain curves obtained from his work
showed stress values at the deformation temperature of 750˚C lower than that of
800˚C. Qi claimed that dynamic softening occurred upon deforming the alloy at
750˚C.
DOI: 10.4236/msa.2019.106032
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Additionally, a remarkable dynamic recrystallization is observed upon deforming the ductile iron at 850˚C and 800˚C with applied strain rates of 0.05 and
0.1 s−1. At the early stages of the deformation process, pro-eutectoid ferrite is introduced and/or existed around the graphite nodules at the mentioned temperatures. Moreover, the high amount of silicon is found at the interface of the graphite nodules [25]. Hence, a barrier of high silicon content in the pro-eutectoid
ferrite is formed and restricted the role of the graphite nodules as a carbon sink.
Therefore, the austenite phase is isolated by the stabilized pro-eutectoid ferrite.
Nevertheless, the carbon atoms favor diffusing from the austenite phase as the
temperature decreased upon further deformation. However, the formed barrier
hindered and/or dropped the diffusion rate of the carbon atoms to the graphite
nodules. In addition, the increase of the dislocation densities by further deformation results in a dynamic recrystallization to eliminate the defects and become
thermodynamically stable [27]. Also, it is suggested that the graphite nodules at
high temperatures are cheese-liked, while at low temperature the graphite nodules become harder. The occurrence of dynamic recrystallization is due to the
pileup of dislocations [16].
Moreover, due to the plastic deformation of the specimens, the graphite nodules shape is changed in a direction parallel to the applied force in comparison
with the as-cast structure. The deformation process at high temperatures namely
950˚C and 900˚C results in changing the graphite shape from a spheroidal-like
to a saucer-like shape. However, by decreasing the deformation temperature to
850˚C as well as 800˚C, graphite with lamellar shape is observed. Therefore, the
austenitic matrix containing graphite nodules are in the shape of saucers. However, after the deformation process, the graphite nodules become lamellar graphite surrounded by the pro-eutectoid ferrite phase. Similar graphite shape is
also reported elsewhere [6]. Hence, the matrix surrounding the graphite nodules
as well as the deformation temperature strongly affect the final shape of graphite
nodules after the deformation process, as schematically presented in Figure 12.
The effect of the deformation temperature on the graphite volume fraction is
compared to other work [6], Figure 13. The graphite volume fraction increases
by decreasing the deformation temperature of the ductile iron with CE = 4.48.
However, it is detected—in ductile iron with CE = 4.8—that the general trend of
the graphite volume fraction decreases within [800 - 950]˚C by decreasing the
deformation temperature. The cooling rate of the specimens with CE = 4.8 was
slow (air cooled to room temperature) which might have promoted time for the
diffusion of carbon atoms to graphite nodules upon cooling resulting in increasing the graphite volume fraction.
The effect of the deformation temperature on the elastic modulus of the ductile iron is given in Figure 14. It is clear that the elastic modulus of the ductile
iron increases by decreasing the deformation temperature from 950˚C to 900˚C
at the same applied strain rate. Thus, the resistance of the austenitic matrix to
deformation is much higher at 900˚C. Further decrease in the deformation temperature to 850˚C and 800˚C results in a significant decrease in the elastic
DOI: 10.4236/msa.2019.106032
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Figure 13. The effect of the deformation temperature on the graphite volume fractionin
comparison with other work.

Figure 14. The effect of deformation temperature on the Elastic modulus of the ductile
iron at applied strain rates of 0.05, 0.1 and 0.5 s−1.

modulus. Therefore, the resistance of the dual matrix to deformation decreases
by introducing the soft pro-eutectoid ferrite phase to the matrix. Figure 15
shows the effect of the deformation temperature on the strain hardening exponent of the ductile iron at applied strain rates of 0.05, 0.1 and 0.5 s−1. The highest
strain hardening exponent value is detected by deforming the ductile iron within
the austenitic zone with a high strain rate of 0.5 s−1. However, the lowest strain
hardening value is observed by deforming the ductile iron within the dual phase
region with the same applied strain rate of 0.5 s−1. Moreover, it is clearly showed
that by decreasing the deformation temperature from the austenitic region to the
ferritic + austenitic region results in decreasing the strain hardening exponent
[28]. Consequently, introducing the soft pro-eutectoid ferrite phase during the
deformation process resulted in decreasing the strain hardening exponent.
DOI: 10.4236/msa.2019.106032
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Figure 15. The effect of deformation temperature on the strain hardening exponent of
the ductile iron at applied strain rates of 0.05, 0.1 and 0.5 s−1.

4. Conclusions
 Thermo-mechanical simulation using Gleeble System conducted on a ductile
iron alloy (CE of 4.48, and Ac11 and Ac12 of 792˚C and 867˚C respectively,
as detected by dilation test) applying strain rates of 0.05, 0.1, and 0.5 s−1 and
varying deformation temperatures causes variation in structure and flow
stress behavior as follows:
 The microstructure at deformation temperatures of 950˚C, consists of a fully
martensitic matrix surrounding the graphite phase. At lower temperature of
900˚C, graphite nodules embedded in a martensitic-pearlitic matrix is detected. At these temperatures, the graphite shape changes from spheroidal-like to saucer-like shape.
 The microstructure at the lower deformation temperatures of 850˚C and
800˚C, below Ac12, 867˚C, consists of pearlite and pro-eutectoid ferrite surrounding the graphite nodules were observed in the deformed specimens, indicating austenitic-ferritic matrix. Formation of pro-eutectoid ferrite contributes to increasing graphite volume fraction as the carbon atoms diffuse
from the austenitic matrix to the graphite nodules during the ferrite formation. Within the matrix and far from the graphite nodules, fine pro-eutectoid
ferrite grains were also observed. At these temperatures, the graphite shape is
lamellar.
 At any strain rate applied, physical simulation results show minimum values
of flow stresses at 850˚C and 800˚C. Thus, the introduction of the pro-eutectoid
ferrite to the austenitic matrix reduces the stress during the deformation
process. Applying strain rates of 0.05 and 0.1 s−1, a remarkable dynamic recrystallization is observed at these temperatures. At higher temperatures of
900˚C and 900˚C, the flow stress increase to reach maximum values, beyond
which the flow stress decreases again.
DOI: 10.4236/msa.2019.106032
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