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Abstract: In this research, different ductile irons and austempered ductile irons were successfully
developed using several alloying contents of nickel, copper and microalloying with niobium. Ad-
ditionally, special nanocarbon powder was added to the molten iron to enhance the nucleation
tendency of spheroidal graphite and compensate for the possible negative effect of Nb addition on
the nodule morphology. Metallographic analysis showed that increasing the niobium content in the
alloy to 0.1 wt % raises the number of graphite eutectic cells and refines the final structure of the
graphite. Moreover, the nodule count of graphite slightly increased, but it concurrently decreased
the nodularity when the Nb amount reached 0.1 wt %. SEM micrographs illustrated that nano- to
microsized niobium carbides (NbC) particles were dispersed in the matrix of the Nb microalloyed
ductile irons. Both optical and SEM micrographs clearly showed that alloying of ductile irons with
nickel, copper and microalloying with niobium had a significant effect on defining the final pearlite
structure. Coarse, fine, broken and spheroidized pearlite structures were simultaneously observed
in all investigated alloys. Dilatometry studies demonstrated that the nano NbC particles acted as
nucleation sites for graphite and ferrite needles. Therefore, Nb addition accelerated the formation of
ausferrite during the austempering stage. Finally, alloying with Cu, Ni and microalloying with Nb
led to developing novel grades of ADI with excellent strength/ductility property combination.

Keywords: ductile cast irons; austempered ductile irons; nickel and copper additions; niobium
microalloying; NbC particles; tensile and compression properties

1. Introduction

Austempered ductile cast iron (ADI) presents an important material in the ductile
iron family that exhibits an exceptional combination of mechanical and physical properties,
such as an excellent combination of strength and ductility, outstanding fatigue strength
and fracture toughness combined with a lower density as well as improved tribological
behavior compared to steel. This exceptional combination of properties nominates the
ADI to be used in various engineering applications and makes it a strong competitor for
steel castings and forgings [1,2]. According to the ASTM standard A897 [3], ADI alloys are
classified into five main grades based on their strength and ductility. The strongest grade
possesses a nominal ultimate tensile strength (UTS) of 1600 MPa, at a minimum ductility of
1%. The grade with the highest ductility of 9% possesses UTS~900 MPa.

The ADI is produced by applying austempering heat treatment, in which the ductile
iron is austenitized at a high temperature within the range of 850-950 °C, then it is quenched
down to a temperature ranging between 250 and 400 °C and held there for a certain time

Metals 2021, 11, 703. https:/ /doi.org/10.3390/met11050703

https:/ /www.mdpi.com/journal/metals


https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0001-8620-3930
https://orcid.org/0000-0002-5255-086X
https://doi.org/10.3390/met11050703
https://doi.org/10.3390/met11050703
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/met11050703
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met11050703?type=check_update&version=2

Metals 2021, 11, 703

2 0f 22

to allow for the austempering transformation to occur. During the latter holding, two
consecutive reactions may occur as follows: the first reaction, ausferrite transformation,
results in a tailorable microstructure composing of spheroidal graphite in ausferritic matrix
(o-ferrite needles + high carbon stabilized austenite, HC-y) [1,4]. After an extremely
long holding time, the second reaction occurs, where HC-y decomposes to a-ferrite and
undesirable e-iron carbides, which deteriorate the mechanical properties of the ADI. The
period between the end of the first reaction and the start of the second reaction is known as
the process window, in which the optimum mechanical properties could be achieved [4].

Over the years, many investigations have been conducted to study the effect of
different alloying elements, especially copper and nickel, on enhancing the performance
of ADI alloys [5-11]. It has been reported that alloying ADI with 1 wt % Ni results in
increasing the hardenability and the volume fraction of retained austenite by shifting the
ausferritic transformation to lower temperatures [5]. The presence of Cu in the ADI alloys
plays a significant role in delaying the nucleation of the early growth of ferrite needles.
Therefore, it expands the processing window and suppresses the formation of the carbides
in the matrix during the ausferrite transformation [5,6]. Amran et al. [7] extensively studied
the effect of Cu addition on the kinetics of transformation of ADI. It was concluded that Cu
addition increases the volume fraction of austenite in the matrix, but it decreases the final
carbon content of the austenite. Furthermore, alloying with Cu decreases the ferrite volume
fraction and changes the growth kinetics of the ferrite [7,8]. Rajnovic et al. [9] investigated
the effect of both Cu and Ni on the kinetics of transformation and the mechanical properties
of ADL It was also stated that the synergetic effect of both Cu and Ni on expanding the time
for the isothermal reaction and increasing the volume fraction of austenite by lowering the
transformation temperature is purposefully important [5,9,11]. Moreover, alloying with
Cu and Ni creates grades of ADI with high ductility and toughness properties [5,10].

It is widely acknowledged that combining high ductility with high strength values is
essential to produce dynamically loaded parts. Such premise intrigued many researchers to
study the effect of small additions of niobium on different types of cast iron alloys [12-24].
The effect of Nb alloying differs to some extent according to the type of cast irons. In
white cast irons, Nb is added to control the final microstructure. It has been reported that
alloying white cast irons with up to ~2 wt% Nb refines the primary M;C3 carbides and
forms fine NbC carbides within the matrix; both carbides notably enhance not only wear
resistance but also the toughness properties of the produced castings [12,13]. In grey cast
irons, Nb combines with carbon and forms nano NbC precipitates, which act as nucleation
sites for graphite, causing the refinement of graphite structure and increasing the number
of graphite eutectic cells [14-16]. Pan et al. [16] established that alloying grey iron with
up to 0.2 wt % Nb increases the volume fraction of pearlite and refines its structure by
reducing its lamellar spacing. Furthermore, Nb strengthens the matrix with extremely
fine NbC carbides. This results in remarkable improvement in tensile strength, toughness,
and thermal fatigue properties. Recently, many research efforts have been performed
to enhance the mechanical properties of solution strengthened ferritic ductile iron alloy
(SSFDI) [17-20]. SSFDI provides a unique combination of strength and ductility as well
as high fatigue strength. Additionally, the microstructure of the SSFDI alloy is a fully
ferritic matrix, which makes this alloy less sensitive to the property variation along the
thickness. Therefore, SSFDI introduces excellent machinability properties compared to
ferritic-pearlitic cast irons with the same tensile strength [19]. Riebisch et al. [20] extensively
studied the combined effect of the carbide promoting elements, such as Cr, Mn, Mo, Nb
and V on the mechanical properties of SSFDI alloy at different cooling conditions. It
was concluded that Nb has a positive impact on the overall mechanical properties by
increasing the tensile strength of the SSFDI alloy with a minor decrease in ductility. In
conventional ductile irons, there is a significant conflict over the effect of Nb on the
final microstructure [21,22]. Bedolla-Jacuinde et al. [21] produced a series of Ni alloyed
ductile irons modified with up to 0.8 wt % Nb. It was concluded that Nb did not affect the
spheroidal graphite morphology, and the nodule count, as well as the modularity, remain
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constant at the level of 150 mm 2 and 90%, respectively, with only a slight increase in the
volume fraction of pearlite observed at 0.8 wt % Nb. Moreover, rectangular NbC carbides
were observed in the matrix; the volume fraction and size of these carbides considerably
increased as the Nb content increased. It should be noted that these large carbides increased
both the hardness and the wear resistance of the produced alloys but dramatically reduced
the ductility and the impact toughness properties. On the other hand, Chen et al. [22]
had recently noted a remarkable change in the spheroidal graphite morphology when
Nb was added. Nodule count decreased from 287 mm 2 to 212 mm~? and nodularity
also decreased from 92.4% to 84.5% when the Nb content increased from 0 to 0.11 wt %.
However, increasing the Nb content to 0.11 wt % refined the pearlite structure by decreasing
the lamellar spacing from 1.04 to 0.79 um as the Nb content increased from 0 to 0.11 wt %.
The authors [22] also pointed out that having a fine pearlite structure in the matrix of
the Nb-modified ductile irons, in turn, significantly improved the mechanical properties
despite the irregularity of the graphite morphology. Chen et al. [23] also evaluated the
toughness, as well as the wear resistance of a series of Nb, modified ADI grades. It
was illustrated that NbC nano precipitates act as nucleation sites for the graphite as well
as for the ferrite needles; hence, increasing the volume fraction of the ausferrite in the
matrix of the ADI. Moreover, Nb prevented the grain growth of the austenite during the
austenitization stage of the austempering heat-treatment process. It has been demonstrated
that the optimum alloying range of Nb in this study to achieve the best combination of
toughness and wear resistance ranged between 0.2 and 0.5 wt % Nb [23]. It was also
established that Nb-modified ADI (up to 0.2 wt % Nb) showed a considerable influence on
the strength and ductility properties as a result of the fine ausferritic structure along with
the NbC nano precipitates dispersed in the matrix [24].

There is a general discrepancy so far concerning the effect of Nb on the microstructure
and the properties of the ductile iron and ADI alloys. Therefore, taking into consideration
the previous studies, it is quite interesting to investigate the effect of Nb microalloying on
the solidification as well as the microstructure development for different ductile iron and
ADI grades.

The main objective of this research was to produce high-strength/toughness ductile
iron and ADI alloys by using different alloying contents of Ni, Cu and microalloying
with Nb. Additionally, special nanocarbon additives were used to enhance the nucleation
tendency of the spheroidal graphite to compensate for the possible negative effect of
Nb addition on the nodule morphology, such as that reported in [22] because of the Nb
addition. Moreover, different austempering heat-treatment schemes were applied, in which
the contents of the proeutectoid ferrite and ausferrite were controlled. Optical microscope
and scanning electron microscope analyses were performed to study the influence of Nb
addition on microstructure development. The kinetics of transformation were evaluated
by using a quenching dilatometer. Finally, the mechanical properties were characterized in
terms of tensile, compression and hardness properties.

2. Materials and Methods
2.1. Melting and Casting Processes

The melting process was carried out in a 100 kg medium-frequency induction furnace.
The main raw materials were steel scrap and high purity pig iron. The additions charged
into the furnace to achieve the targeted chemical composition were a carburizer (99.0 wt %
C), ferroalloys FeSi (65.0 wt % Si) and FeNDb (70.0 wt % Nb). It should be noted that the
FeNb was added in the latest stage of the melting process in the form of very fine-grained
particles (1-3 mm) for the following reasons: (1) To avoid the formation of small lumps of
FeND in the final castings as the FeNb has a high melting point with a solidus- and liquidus
temperatures of 1580 °C and 1630 °C, respectively; such temperatures are well above the
production temperature of the ductile irons; (2) The Nb has a high affinity to carbon and
form strong niobium carbides at a high temperature and could segregate in the molten
iron or even combine with the slag; thus, decreasing the recovery of the niobium in the
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solidified castings. Therefore, the addition of the FeNb to the molten iron must be carried
out just before pouring the molten iron into the transfer ladle. After completing the melting
process, the molten iron is tapped at a temperature of 1500 °C into the transfer ladle.

A commercial FeSiMg (9.0 wt % Mg) with an amount of 1.5% of the total charge was
used throughout the spheroidization process. For the inoculation treatment, a special
inoculant powder (with an amount of 0.5% of the total charge), modified with nanocarbon
additives, was added to the molten iron. This special inoculant was locally prepared to
improve the final graphite morphology of the produced alloys. A simple ball mill was
adopted to mix a commercial Ce inoculant (70-76 wt % Si, 0.5-0.75 wt % Ca, 1.5-2.0 wt
% Ce, 0.75-1.25 wt % Al) with a graphene nanopowder for the following purposes: (1)
To obviate the agglomeration of the nanopowder when in contact with the molten iron,
(2) To ensure that the nanopowder weldability on the surface of the inoculant powder.
The following steps were implemented to produce an effective inoculant with diverse
particle sizes: (1) 200 g of the nanopowder was mixed with 200 g with the commercial
inoculant using a simple ball mill for 20 h; (2) 100 g of the commercial inoculant was added
to the mixture and thoroughly mixed by hand. The final inoculating material consisted of
60% commercial inoculant and 40% nanopowder. Figure 1 shows the SEM images of both
powders before and after the mixing process.

SEl 20kV WD11mmSS30 x5,000

1 Nano-powder
2 inoculant particle |
SB

A i - 2 Bl SEl 20kV WD11mmSS30 x20,000 1pm
(0) (d)

Figure 1. SEM images of (a) a commercial Ce inoculant powder; (b) flakes of the graphene nanopow-
der; (c) mixture of the two powders after mixing for 20 h; (d) magnified image of the mixture showing
how the nanopowder welded on the surface of the commercial inoculant particle.

The vortex method [25] was used throughout this investigation for both spheroidiza-
tion and inoculation processes (see Figure 2). The inoculation was performed in two steps,
where 25% of the total inoculant amount was added in the vortex unit, whereas the rest of
the inoculant was added in-stream during transferring the molten iron into another ladle.
Finally, the molten ductile iron was poured at a temperature of 1400 °C into green sand
molds in the shape of 30 mm thickness keel-blocks, then the molds were left for cooling
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to the room temperature. The final chemical composition of the investigated alloys is
shown in Table 1. The chemical composition for the casting samples was measured using a
spectrometry device, Oxford FOUNDRY-MASTER Pro (Hitachi Ltd, Tokyo Japan).

Hopper feeding for
FeSiMg master alloy

Vibratory feeder for
inoculant additions

interchangeable
calibrated orifice

Transfer ladle containing
the untreated molten iron

Refractory lined
tundish

Hydraulic lifting Molten ductile iron
L]

Power supply
unit

Figure 2. A schematic drawing of a vortex unit showing the main parts.

Table 1. Chemical composition in wt % of the produced ductile iron alloys.

Sample C Si Mn Ni Cu Nb Al Ti Ce P S Mg Fe
DI-1 3.62 2.69 0.13 0.75 0.49 0 0.01 0.004 0.02 0.014 0.014 0.039 Bal.
DI-2 3.59 2.65 0.12 0.89 0.45 0.05 0.01 0.006 0.02 0.018 0.013 0.041 Bal.
DI-3 3.48 2.63 0.11 0.85 0.44 0.10 0.01 0.005 0.02 0.019 0.014 0.049 Bal.

2.2. Thermodynamic Calculations

Thermodynamic calculations for predicting the phases under equilibrium and their
compositions were performed using the ThermoCalc software implementing the database
TCFE9. The thermodynamic simulations of the precipitation process of NbC were carried
out using the software MatCalc version 6.00 (MatCalc Engineering, Vienna, Austria),
applying the database mc_fe_V2.058.2.2.

2.3. Dilatometry Studies

The dilatometry experiments were conducted to study the influence of the alloying
elements of Cu, Ni and microalloying with Nb together with the graphite morphology on
the eutectoid transformation- as well as on the ausferrite transformation kinetics. Dilatom-
etry tests were performed using a quenching dilatometer, LINSEIS L78/RITA (Linseis
Messgeraete GmbH, Selb, Germany). Cylindrical specimens with 3 mm diameter and
10 mm length were used for these experiments, and the change in length was recorded
against temperature and time during the computer-controlled test cycle. All thermal cycles
were conducted under a vacuum of 5 x 103 Pa using a high-frequency induction heating
generator. High purity helium gas was used for the cooling.

2.4. Austempering Heat-Treatment Cycles

Three different austempering heat-treatment schedules (see Figure 3) were applied
to the produced cast alloys. The heat-treatment processes were started by heating the
research samples using an electric resistance furnace to reach the austenitizing temperature.
Subsequently, all the samples were quenched in a salt bath furnace for achieving the
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targeted austempering temperatures. Finally, the research samples were quenched in water
to room temperature.

Austenitization step

o .
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Figure 3. The heat-treatment schemes applied for this research.
2.5. Metallographic Characterization

The samples used for metallographic investigation were cut from the bottom side
of the keel blocks. The austempered metallographic samples were heat-treated together
with the tensile and compression samples. The samples were prepared to apply the
conventional procedure, which comprised mounting, grinding, and polishing. A 3%
nital solution was used for etching the samples. The microstructure characterization
was performed using a digital microscope, KEYENCE VHX-5000 (Keyence Corporation
of America, ElImwood Park, NJ, USA). Scanning electron microscopy (SEM) was also
conducted on deep-etched samples using FEI XL30 ESEM (Thermo Fisher Scientific Inc,
Waltham, MA, USA)equipped with an EDS analyzer. The microstructures were analyzed
in terms of the graphite characteristics and matrix constituents of all cast alloys. Graphite
morphology was evaluated using image analyzer software, ZEISS (Carl ZEISS Microscopy
GmbH, Jena, Germany) in terms of nodule count and nodularity according to EN ISO 945-1.

2.6. Mechanical Characterization

Tensile and compression tests were carried out using a computerized 250 KN universal
testing machine, INSPEKT 250 (Hegewald & Peschke Mef3- und Priiftechnik GmbH, Nossen,
Germany). The tensile specimens were machined based on the ASTM standard E8M before
heat treatment to avoid possible transformation of retained austenite to martensite during
machining. The samples had a gauge diameter of 9.0 mm and a gauge length of 45 mm.
The machine was programmed to pull the specimen by upward movement of the crosshead
at a rate of 5 mm/min to fracture.

Quasi-static uniaxial compression tests were conducted on 5 mm diameter x 10 mm
length specimens. The investigated samples were pinched between two rigid steel blocks

and compressed with a strain rate of 1 mm/min.
3. Results

3.1. Characterization of the Cast Alloys
3.1.1. Microstructure Evaluation

Figure 4 illustrates the microstructure (non-etched and etched micrographs) of the
three developed ductile iron alloys. The microstructure of the three casting alloys consisted
of well-spheroidized graphite in a pearlitic matrix (~80%) and a limited ferrite content
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(~10%) in the form of a thin halo surrounding the graphite spheroids. By increasing the
niobium content in the alloy to 0.1 wt %, the nodule count (N.C.) of the graphite increased
from a level around 250 mm~2 to more than 320 mm~2 but it concurrently decreased
the nodularity (N) from 90% to around 80% when the Nb amount reaches 0.1 wt %. Fras
et al. [26] studied the effect of small additions of niobium (up to 0.038 wt % Nb) on the
structure and mechanical properties of ductile irons. It was indicated that small addition
of Nb slightly decreased graphite nodule count and increased the fraction of carbides in
the matrix, although the effect of small additions of niobium on the type of the matrix
was negligible.

Figure 4. Optical micrographs of the ductile iron alloys at the three investigated niobium contents; (a) DI-1, 0 wt % Nb, (b)
DI-2, 0.05 wt % Nb, (c) DI-3, 0.1 wt % Nb.

The optical micrographs also show the increase in the number of eutectic cells and the
reduction in the graphite diameter in the presence of the niobium element. Furthermore,
thanks to the nanocarbon additions, extremely fine graphite with a diameter ranging
between (3-5 um) was homogeneously distributed in the matrix. It is well established
that high graphite nodule count plays a significant role in enhancing the final mechanical
properties of the ductile irons—especially the ductility and toughness properties. In
addition, increasing the nodule count in the matrix effectively reduces the tendency of
carbide formation [27-29].

Nb microalloyed ductile iron alloys, DI-2 and DI-3, showed different sizes and mor-
phology of niobium carbide particles. With a view to identifying the nature of these
precipitated, EDS analysis was conducted (Figure 5). Nanosized NbC particles were ob-
served in the 0.05 wt % Nb alloy (see Figure 5a, marked by the red rectangle). By increasing
the Nb content to 0.1 wt %, the size and volume fraction of the NbC particles increased.
(NbC primary carbides with a size of 3.5-4.0 pm were observed in the ductile iron alloyed
with up to 0.1 wt % Nb (see Figure 5b). The EDS analysis revealed Ti. Indeed, both ductile
irons contained Ti, an impurity of 0.005 wt %. The Ti remains as an accompanying element
in the NbC. According to the thermodynamic calculations with ThermoCalc, this impurity
level of Ti was reflected in the chemistry of NbC particles in an amount of 7.9 wt % in DI-2
and 4.3 wt % in DI-3. The predicted Nb and C contents were 79.5 wt % and 12.3 wt %, re-
spectively, in DI-2 and 84.0 wt % and 11.7 wt %, respectively, in DI-3. The Fe was predicted
to had a negligible quantity in NbC. The source of Fe in the analyses of Figure 5 was the
matrix, therefore, decreased the accuracy of the analyses. Transmission electron microscopy
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(TEM) analysis was carried out by Chen et al. [22] and Fra$ et al. [30] on Nb-microalloyed
ductile irons. The TEM analysis revealed that nano and microsized carbide precipitated
formed in the matrix, acting as a nucleation site for graphite nodules.

Element Wt.% At. %
C 12.04 43.48
Si 0.90 1.39
Nb 41.40 19.32
Ti 3.05 2.76
Fe 42.12 32.70
Ni 0.48 0.35
Counts i
§
&' CPZ '
N 3 F.
. ¢ 1 N Ni
10 ym ]
DI-NiCuNb0.04 090 180 270 360 450 540 630 720 810 9.00 keV
Element Wt.% At. %
G 16.96 58.23
Nb 68.04 30.20
Ti 3.99 3.44
Fe 11.00 8.12

0.5k

Fo

Ti !
No SN

Fe
C "Fe Ti Feo.

090 180 270 360 450 540 630 7.20 810 9.00 keV

(b)

Figure 5. SEM micrographs and EDS analysis of the Nb microalloyed ductile iron alloys, (a) DI-2,
0.05 wt % Nb, (b) DI-3, 0.1 wt % Nb; G: graphite, F: ferrite, CPZ: coarse pearlite zone, FPZ: fine
pearlite zone. SPZ: spheroidized pearlite zone.

On the other hand, alloying modification of ductile irons with Ni, Cu, and microal-
loying with Nb had a significant effect on defining the final pearlite structure. Figure 6
shows three different pearlite structures in all investigated alloys. The pearlite structure in
DI-1 consisted of both coarse and fine lamellar pearlite together with a small amount of
broken lamellar and spheroidized pearlite structure (see Figure 6). The graphite spheroids
were surrounded with a layer of rather coarse pearlite structure, whereas fine pearlite
was located in the rest of the structure at the intercellular area. It is well established [1,7]
that at the early stage of eutectoid transformation, ferrite starts to form at the v/G inter-
face. In the meantime, pearlite forms at the austenite grain boundaries. Since the final
peatrlite structure depends on the carbon content of the austenite, the rather coarse pearlite
around the graphite spheroids may have been a result of decreased carbon content in
the volumes around the graphite spheroids. It was claimed that [31-33] copper atoms
segregate at the y/G interface during solidification and further cooling to the eutectoid
range. The accumulated copper atoms at those areas will represent a barrier against carbon
diffusion from austenite to graphite associated with the decrease of C-stability in austenite
upon cooling. This will result in the formation of a C-enriched zone around the graphite



Metals 2021, 11, 703

9of 22

spheroids. Furthermore, copper atoms could also dissolve in the ferrite and pearlite; thus,
that copper could have refined the interlamellar spacing of the pearlite and enhances the
strength of the ductile iron through solid solution strengthening of the ferrite and pearlite
in the matrix [33].

}+| 10 um
DI-NiCu

Figure 6. SEM micrographs of the Ni-Cu-modified ductile iron alloy, DI-1; G: graphite, F: ferrite,
CPZ: coarse pearlite zone, FPZ: fine pearlite zone. SPZ: spheroidized pearlite zone.

The finer pearlitic structure is illustrated in both Nb microalloyed ductile iron alloys,
DI-2 and DI-3 (see Figure 7a—c). The pearlite lamellar spacing of the three investigated
alloys was measured in order to analyze the effect of Nb quantitatively. The measurements
of the pearlite lamellar spacing were calculated according to the point intersection method
described elsewhere [16,34] by using at least three high magnification SEM micrographs
for each sample. For DI-1, the average lamellar spacing of pearlite was ranging between
0.87 and 1.13 pm. Increasing the Nb content from 0.05 wt % to 0.1 wt % significantly
shortened and narrowed the lamellar spacing of pearlite. The average lamellar spacing
ranged from 0.71 and 0.80 pum in DI-2 and ranged from 0.60 to 0.77 um in DI-3. Pan et al. [16]
reported the same phenomena in the Nb-modified gray cast iron alloys. Moreover, large
areas of broken lamellar and spheroidized pearlite were observed in both Nb microalloyed
ductile iron alloys. As formerly mentioned, Nb had a strong affinity to carbon and resulting
in nano-, and microsized NbC precipitates. Taking into account that NbC precipitates are
very strong carbides, the pearlite lamellae were no longer able to grow in their lowest
energy habit plane and direction as a result of insufficient carbon diffusion to develop
continuous lamellae. The lamellae then gradually turn back to their habit orientation,
resulting in curved lamellae or spheroidized pearlite structure [35].

Figure 8a,b clearly reveals the effect of NbC precipitates on defining the final pearlite
structure in the ductile iron alloy modified with 0.1 wt % Nb. Figure 8a shows a completely
spheroidized pearlite structure at the cell boundaries between two neighboring graphite
nodules. As Nb is a carbide stabilizing element, it was expected to concentrate at the cell
boundaries. It may be assumed that the spheroidized pearlite was associated with higher
levels of Nb. The appearance of NbC particles at these zones supports the probabilities of
Nb segregation at the cell boundaries. However, a relatively coarse and broken pearlite
structure also appeared in the area between another two neighboring graphite in the same
sample (see Figure 8b). Subsequently, this region contains much fewer NbC precipitated.
Furthermore, Figure 9 demonstrated incomplete spheroidal graphite growth in the ductile
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iron sample DI-3 due to lacking carbon in this region as it may be consumed during the
formation of NbC particles during solidification at high temperatures.

Figure 7. Magnified SEM micrographs showing the pearlite structure of the developed ductile iron alloys; (a) DI-1, 0 wt %
Nb, (b) DI-2, 0.05 wt % Nb, (c¢) DI-3, 0.1 wt % Nb.

-

NbC L—

carbides

Rich Nb
Zone

(b)

Figure 8. SEM micrographs showing the effect of 0.1 wt % Nb on the final pearlite structure of the ductile iron sample DI-3

at two different regions: (a) spheroidized pearlite structure, (b) broken lamellar pearlite structure appears at the region
between two neighboring graphite nodules.
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Element Wt.% At. %

G 5.70 2238
si 1.63 2.74
p 1.44 2.19
Ce 5.16 1.74
Fe 78.05 65.91
As 8.03 5.05

090 180 270 360 450 540 630 720 810 9.00 keV

Figure 9. SEM micrographs illustrate the effect of Nb addition on the spheroidal graphite growth of
the ductile iron alloy microalloyed with 0.1 wt % Nb DI-3.

3.1.2. Effect of Nb on the Eutectoid Transformation

The influence of the niobium additions on the eutectoid temperature was investigated
using the dilatometric experiments (described in Section 2.2). The three investigated ductile
iron alloys were cooled from 950 °C with a slow cooling rate of 0.2 K/s. After reaching the
target temperature, the samples were held for 15 min, and then slowly cooled at 0.2 K/s.
The relative expansion of the samples was determined based on the following Equation (1):

¢ =(L — Lo)/(Lo) x 100 [%] 1)

where L, is the initial length of the sample (mm), L is the final length of the specimen.

Figure 10 illustrates a part of the dilatation curve during cooling of the investigated
ductile iron samples. When the sample cooled from the austenite zone, it showed a linear
reduction of the ¢ values until it reaches the eutectoid transformation, where the austenite
starts to decompose into ferrite and pearlite. Such decomposition caused deviation from lin-
earity. The austenite decomposition starts at a slow rate due to the formation of ferrite. The
rate of austenite decomposition continued at a higher rate by the growth of pearlite within
the austenite and the redistribution of carbon between both of the microconstituents [36]. In
this way, the eutectoid transformation of the austenite could be defined by the start and end
temperatures (Arl, Ar3), which were determined by the deviation from linearity using the
tangent method. Figure 10 reveals that microalloying with niobium had a significant effect
on the eutectoid temperature of the ductile iron. The Ar1 of the eutectoid transformation
for the DI-1 sample was 741.7 °C, while the samples DI-2 and DI-3 had approximately the
same Arl of ~761.2 °C and 762.4 °C, respectively. The three ductile iron samples nearly
had the same Ar3 of the eutectoid transformation, close to ~661-665 °C. Therefore, it could
be concluded that small additions of niobium (0.05-0.1%) could widen the eutectoid range
(ATEytectoid) of the ductile iron by approximately 20 °C.

Nevertheless, the Nb addition showed no thermodynamic effect on the austenite
start and end temperatures under equilibrium, Ael and Ae3, respectively, as revealed
by the thermodynamic calculations and illustrated in Figure 11. Therefore, it could be
deduced that the varied starting microstructure was the reason for the higher Ar3 of the
Nb alloyed DI. The preexisting NbC particles, which represent nucleation sites during
continuous cooling and the finer eutectoid cells, both favored the transformation process
in such a way that the austenite decomposition took place earlier in the Nb alloyed DI. On
the other hand, the reason for the significantly lower measured Arl and Ar3 temperatures
than the calculated Ael and Ae3 could be attributed to the sluggish kinetics of austenite
decomposition during cooling. The calculated start and end temperatures of the eutectoid
transformation were 773 °C and 811 °C, respectively.
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Figure 10. The dilatation chart during continuous cooling of ductile iron alloys with three different niobium contents. The
investigated samples were heated to 950 °C at 0.2 K/s, held at that temperature for 15 min, and then slowly cooled at
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Figure 11. Nb-based equilibrium diagram calculated using Thermo-Calc software of the studied ductile irons.
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3.2. Ausferrite Formation in the ADI Alloys
3.2.1. Kinetics of Transformation

The dilatometric diagrams of the investigated alloys subjected to the three different
austempering cycles are illustrated in Figure 12. Although the Nb addition did not affect
the driving force of ausferrite formation (AGY%), as shown in Figure 13, the existence
of NbC as a nucleator of the ausferrite phase influenced accelerating the formation of
ausferrite during the austempering stage. Additionally, the smaller size of the eutectoid
cell in the Nb alloyed ductile iron promoted the ausferrite formation kinetics. This was
because the greater number of nucleation sites, resulting from the higher grain boundary
areas, enhances the transformation kinetics. The following observations could be noticed
from the dilatometry study:

—ADI-1-A
ADI-2-A
ADI-3-A

Relative Length Change, [%]

—ADI-1-B
— ADI-2-B
ADI-3-B

Relative Length Change, [%]
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1500

2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500 4000
Time, [s] Time, [s]

(a) (b)

—IADI-1-C
IADI-2-C
IADI-3-C

0.1

Relative Length Change, [%)]

0 500 1000 1500 2000 2500 3000 3500 4000
Time, [s]

()

Figure 12. The dilatation charts during continuous cooling of ductile iron alloys alloyed with different niobium contents:
(a,b) samples were heated to 900 °C at 2 K/s, held at that temperature for 25 min, and then cooled at a high cooling rate of
20 K/s to the temperature of 275 °C and 375 °C, (c) samples were heated near to the eutectoid region (780 °C) at 2 K/s, held
at that temperature for 25 min, and then quenched at a high cooling rate of 20 K/s to the temperature of 325 °C.

Figure 12a illustrates the kinetics of ausferrite transformation at low austempering
temperature, 275 °C. At the beginning of the transformation, a particular incubation
time was required for the carbon atoms in the austenite to diffuse away to allow the
ferrite needles to nucleate. Low austempering transformation revealed long incubation
time than high austempering one (see Figure 12b) because the diffusion rate was slow at
low temperatures. Alloys DI-2 and DI-3 displayed short incubation times than the alloy
DI-1. This implies that NbC precipitates influenced the ausferrite transformation rate by
providing more nucleation sites for the ausferrite formation.
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Figure 13. Driving force of ausferrite formation transformation, AGyx of the three ductile irons (the
curves of the three irons are almost coincident). The calculations are based on the composition of
austenite at 900 °C.

At high austempering temperatures, 375 °C, Nb microalloyed DI alloys showed a
higher transformation rate than in the DI-1 alloy. In addition, the presence of the NbC
precipitated, and the high nodule count of the fine graphite in the matrix of DI-2 and
DI-3 significantly reduces the time required for the cessation of ausferrite transformation.
Ahmadabadi et al. [37] defined the end of reaction I of the ausferrite transformation by
reaching a plateau in the transformation curve. Horizontal dotted line illustrators were
plotted nearby these points to determine them (see Figure 12b).

Figure 12c depicts the ausferrite transformation curves for the investigated alloys
after the intercritical austenitizing at 780 °C and austempering at 325 °C. It is obvious
that the three alloys provide lower dilatation values compared to the other mentioned
austempering heat-treatment cycles in Figure 12a,b. The presence of proeutectoid ferrite
in the matrix in addition to the small amount of ausferrite formation explains the lower
dilatation values for the intercritically annealed austempered ductile iron (IADI) samples.
Furthermore, the intercritical austenite formed at 780 °C was predicted to contain 0.50 wt %
carbon, whereas that formed by annealing at 900 °C was predicted to contain 0.75 wt %
of carbon. The lower hardenability of the intercritically annealed austenite resulted in an
additional motivation of the ausferrite transformation kinetics.

In the context of microalloying with Nb, the high carbon content of irons resulted
in stabilizing the NbC in DI-2 and DI-3 such that it could only be completely dissolved
above the melting temperature, as shown in Figure 11. Indeed, in order for any precipitate-
forming microalloying elements to effectively provide strengthening, they must be first
brought into the solution at the stage of austenitization. The subsequent deformation [38]
or isothermal holding heat treatments [39] results in the formation of nanosized particles
(nano-precipitates). Therefore, the high carbon content of cast irons presents a hindrance
for exploiting the potential of microalloying because of the increased NbC dissolution
temperature. The NbC in the DI-2 and DI-3 formed during solidification (Figure 11) remains
almost intact during heat treatments. In contrast, in microalloyed steels, which had NbC
with lower stability compared to cast iron (due to the lower carbon content of the steels), the
Nb can form nanosized precipitates because it was amenable to be dissolved in austenite
during reheating.
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Nevertheless, the NbC particles in ductile irons could partially dissolve in austenite
during annealing, which resulted in increasing its Nb content and subsequent formation of
nanosized NbC. Figure 13 shows the predicted dependence of dissolved Nb in austenite
on the annealing temperature. Actually, the austenite annealed at 900 °C was predicted to
contain negligible content of Nb, as shown in Figure 14a. The thermodynamic calculation
using MatCalc software illustrates that this trifling dissolution results in the formation of a

venial quantity of nano-precipitates during holding at the austempering temperature, as
shown in Figure 14b.
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Figure 14. (a) Predicted dependence of the dissolved Nb in austenite on the annealing temperature and (b) predicted
development of volume percentage of the NbC particles during annealing at 900 °C and austempering at 375 °C of ductile

irons DI-1 and DI-2.

(d) ADI-1-B

3.2.2. Metallographic Characterization

As noted earlier, the microstructure of austempered ductile iron consisted of spheroidal
graphite, which was dispersed in a matrix of high carbon austenite and ferrite needles
called ausferrite. The final morphology of the ausferrite structure was determined accord-
ing to the austenitization and the austempering temperature. Figure 15a—f illustrates the
resulting microstructures of the dilatometry samples, which were austenitized at 900 °C
and then austempered at two different temperatures of 275 °C and 375 °C. The main
features of the microstructures could be described as follows:

(e)ADI2-B ' (f) ADL-3-B

Figure 15. Optical micrographs of the austempered ductile iron alloys produced using two different austempering heat-
treatment schemes indicating the effect of different niobium additions on the final ausferrite morphology.



Metals 2021, 11, 703

16 of 22

C

a) IAD

S

-

1-C

At low austempering temperature, i.e., 275 °C, the graphite spheroids were dispersed
in a matrix of fine ausferrite due to enhanced ferrite nucleation at a higher degree of
undercooling and hence more refined ausferritic structure (Figure 15a—c). The ferrite
phase appears as dark areas, whereas the austenite appears as bright areas. Increasing
the austempering temperature to 375 °C led to coarsening of the ausferrite needles from
the parent austenite together with the increased carbon diffusion rate, which rendered the
ferrite to be coarser with feathery morphology (Figure 15d—f).

Niobium addition had a remarkable effect on the ausferrite formation. It seems that
Nb addition gave rise to an increase in the volume fraction of ausferrite at the expense of
retained austenite when the Nb content increased from 0 to 0.1 wt %. This might happen
because of the existence of the NbC precipitates, which acted as nucleation sites for the
lamellar ferrite of the ausferritic structure during the ausferrite transformation. At low
austempering temperature, a finer ausferrite structure was noticed at the intercellular area
of the graphite in the three investigated alloys. As mentioned above in Section 3.1.1, copper
atoms segregated at the y/G interface during solidification and represented a barrier
against carbon diffusion from austenite to graphite. In such cases, a decrease in C-stability
in austenite will take place upon cooling and resulted in forming different ausferrite
morphology in the matrix. The inhomogeneity of carbon content may be enhanced at a
lower austempering temperature of 275 °C, where the diffusion rate of carbon was rather
low. Moreover, a finer ausferrite structure was observed in Nb microalloyed ductile iron
samples that were austempered at low and high austempering temperatures.

Figure 16a—c shows the optical micrographs of the dilatometry samples that intercriti-
cally austenitized at 780 °C and austempered at 325 °C. The microstructure of the IADI
samples consisted of ausferrite and proeutectoid ferritic islands in the ausferrite continuous
phase. As a result of the low austenitizing temperature, the austenite was relatively low in
carbon, which raised the Mg temperature during water quenching, resulting in increased
martensite formation during cooling. As previously mentioned, Nb addition results in
multiplying the eutectic cells. As a result, the amount of proeutectoid ferrite increased
when the Nb content increased from 0 wt % to 0.1 wt % Nb.

(b) IADI-2-C (¢) IADI-3-C

Figure 16. Optical micrographs of the dilatometry samples intercritically austenitized at 780 °C and austempered at 325 °C:
(a) IADI-1-C, 0 wt % Nb, (b) IADI-2-C, 0.05 wt % Nb, (c) IADI-3-C, 0.1 wt % Nb.

3.3. Mechanical Properties of the ADI Alloys
3.3.1. Tensile Behavior

The values of the ultimate tensile strength (UTS), yield strength (YS) and elongation
(e) are listed in Table 2, which concludes the average values of the three specimens. It is
obvious that the heat-treatment parameters, as well as the alloying additions, had a great
impact on the mechanical behavior of the developed ADI alloys. Figure 17 represents
the engineering stress—strain curves for all investigated ADI samples. Some remarks of
interest may be summarized as follows:

e ADI samples, austempered at low temperature showed superior strength values; ulti-
mate tensile strength ranged between 1411 Mpa (0 wt % Nb), 1412 Mpa (0.05 wt % Nb)
and 1538 Mpa (0.1 wt % Nb). The yield strength values fell between 1112 Mpa
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(0 wt % Nb), 1087 Mpa (0.05 wt % Nb) and 1027 Mpa (0.1 wt % Nb). These surpris-
ingly high-strength values, which exceed those of most alloyed steels, were associated
with low elongations levels of 1.45% (0 wt % Nb), 2.8% (0.05 wt % Nb) and 3.5%
(0.1 wt % Nb);

Increasing the austempering temperature resulted in a considerable decrease in the
strength values, whereas the ductility significantly increased. The ultimate tensile
strength ranged between 1026 Mpa (0 wt % Nb), 1088 Mpa (0.05 wt % Nb) and
1113 Mpa (0.1 wt % Nb). The yield strength values fell between 767 Mpa (0 wt % Nb),
774 Mpa (0.05 wt % Nb) and 805 Mpa (0.1 wt % Nb). Thanks to the Nb addition, these
ADI grade seemed to have excellent strength/ductility combination. The ductility
value exceeded the levels of 7.6% (0 wt % Nb) and 18% in both Nb microalloyed samples;
Finally, the IADI samples show elongation value very close to ferritic grades of DI,
with strength values increased by about 50%. Apparently, the enhanced elongation
was related to the presence of proeutectoid ferrite and NbC precipitates, whereas the
increased strength was attributed to the reinforcing effect of ausferrite in the structure.

Table 2. Effect of Nb contents and austempering heat treatment on the tensile properties of ADI.

Sample Nb, wt % Ty/Ta°C YS, Mpa UTS, Mpa e, %
ADI-1-A 0 900/275 °C 1112.4 1411.7 1.45
ADI-2-A 0.04 900/275 °C 1086.9 1412.7 2.8
ADI-3-A 0.10 900/275 °C 1027.1 1538.2 35
ADI-1-B 0 900/375 °C 767.3 1025.8 7.55
ADI-2-B 0.04 900/375 °C 774.7 1088.3 18.60
ADI-3-B 0.10 900/375 °C 804.8 1110.3 18.1
IADI-1-C 0 780/325 °C 459.4 770.1 7.85
IADI-2-C 0.04 780/325 °C 467.3 758.1 13.5
IADI-3-C 0.10 780/325 °C 443.3 692.6 16.6

Ty: austenitization temperature, Ta: austempering temperature.
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Figure 17. Engineering stress—strain curves obtained during tensile testing of the investigated ADI

alloys microalloyed with three different niobium contents.

To confirm the decisive role of the morphology of the ausferrite on the tensile behavior

of the Nb microalloyed ADI samples, SEM micrographs were obtained (see Figure 18).



Metals 2021, 11, 703 18 of 22

It was mentioned earlier that Nb addition resulted in refining the graphite structure and
increasing the number of eutectic cells. This would explain the short-length ausferrite
structure and the fine austenite blocks that appeared in the Nb microalloyed ADI samples.
Moreover, the inhomogeneity of C-content in the matrix resulted in the formation of coarse
ausferrite structure and fine sheaves of ausferrite (marked by a red circle).

(d) ADI-3-B

Figure 18. SEM micrographs at different magnifications of the tensile test samples of two ADI alloys alloyed two different
Nb contents: (a,b) ADI samples austempered at 275 °C and alloyed with 0.04 wt % Nb and 0.1% wt % Nb, respectively, (c,d)
ADI samples austempered at 375 °C and alloyed with 0.04 Nb and 0.1% Nb, respectively.

Figure 19 illustrates the microstructure of the IADI tensile samples. It could be noticed
that the amount of proeutectoid ferrite increased as the Nb content increased from 0 wt % to
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0.1 wt % Nb. This would certainly interpret the increase in the elongation values with increasing
from 8.0% to 16.8%when the Nb content increased from 0 wt % to 0.1 wt %, respectively.

Figure 19. Optical micrographs at two different magnifications of the tensile samples intercritically austenitized at 780 °C
and austempered at 325 °C: (a) IADI-1-C, 0 wt % Nb, (b) IADI-2-C, 0.05 wt % Nb, (c) IADI-3-C, 0.1 wt % Nb.

3.3.2. Compression Testing

Figure 20 displays the true stress—true strain curves measured during compression
tests of the ADI samples. In general, low austempering temperature, 275 °C samples
showed the highest compression strength values (over 2000 MPa) and low ductility results.
By increasing the austempering temperature to 375 °C, the best combination of compression
strength and ductility was evident. It seems that the presence of proeutectoid ferrite in the
IADI alloys resulted in increased ductility at the expense of both yield and compression
strength. It was also obvious that Nb addition resulted in increasing the ductility at high
austempered temperatures and IADI samples.

——ADI-1-A —ADI-2-A ——ADI-3-A

----- ADI-1-B ~~-ADI-2-B ---ADI-3-B
300 A

150 A ~ ~ IADI-1-C - —ADI-2-C —— IADI-3-C
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Figure 20. True stress—strain curves obtained during compression of the investigated ADI alloys
microalloyed with three different niobium contents.
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4. Conclusions

The effect of Nb microalloying on the microstructure and the mechanical properties
of Ni-Cu alloyed ductile iron, and different ADI alloys were investigated. The following
observations could be concluded:

Effect of Nb on ductile irons:

1. By increasing the niobium content in the alloy to 0.1 wt %, the nodule count (N.C.) of
the graphite increased, but concurrently, it slightly decreased the nodularity (N). In ad-
dition, Nb addition significantly increased the number of eutectic cells and refined the
graphite structure. Furthermore, thanks to the nanocarbon additions, extremely fine
graphite with a diameter ranging between (3-5 um) were homogeneously distributed
in the matrix;

2. Coarse, fine, broken lamellae and spheroidized pearlite structures were observed in
all investigated ductile iron samples. SEM micrographs clearly revealed that with
increasing the Nb content, the finer pearlite structure formed in the matrix;

3. Nb microalloyed ductile iron alloys showed different sizes and morphologies of
niobium carbide particles. Nanosized NbC precipitates were observed in the 0.05 wt
% Nb alloy. By increasing the Nb content to 0.1 wt %, the size and volume fraction of
the NbC particles increased. (NbC primary carbides with a size of 3.5-4.0 um) were
observed in the ductile iron alloyed with up to 0.1 wt % Nb.

Effect of Nb on ADI:

1.  The dilatometry studies together with the thermodynamic calculations proved that
NbC nanoparticles acted as nucleation sites for the graphite as well as for the ferrite
needles of the ausferrite. Therefore, Nb addition accelerated the formation of ausfer-
rite during the austempering stage. Additionally, the smaller size of the eutectoid cell
in the Nb alloyed ductile iron promoted the ausferrite formation kinetics. Moreover,
Nb prevented the grain growth of the austenite during the austenitization stage of
the austempering heat-treatment process;

2. The more Nb content in the ADI alloys, the finer ausferrite structure was produced in
the matrix. A short-length ausferrite structure with fine austenite blocks was formed
in the Nb microalloyed ADI samples. Moreover, the inhomogeneity of C- content in
the matrix was caused by Cu additions; thus, resulting in the formation of both coarse
ausferrite and fine sheaves of ausferrite structure;

3. In all developed ADI alloys, Ni, Cu, and microalloying with Nb additions pos-
itively affected increasing both strength and ductility properties. The excellent
strength /ductility combination was achieved in the Nb microalloyed ADI samples,
which austenitized at 900 °C and austempered at a temperature of 375 °C.
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