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manufacturers. The alloy Ni-Resist is one that is affected. This occurred as a result of
nickel being utilized at least 10% of the time as the primary alloying element in Ni-
Resist. It is necessary to test other alloying elements in order to lower the percentage.
Therefore, in order to lower processing costs, the nickel weight used in this work to
create the ductile Ni-resist alloy was decreased. Ten weight percent of nickel and up to
twelve weight percent of chromium and manganese were added during the melting
process. Subsequently, the influence of the alloying elements was examined
concerning its microstructure behavior. After the alloy solidified, the dendritic
Keywords: formation was then characterized in order to assess its size and dimension. Afterwards,
Metal casting; graphite; Ni-Resist the altered alloy was contrasted with traditional ductile iron.

1. Introduction

To compete for market share, product designers and manufacturers nowadays must learn to be
competitive. They are also impacted by the ever-accelerating product life cycle. Extensive research
was done on new alloy types or by altering it to ensure its manufacturing sustainability in order to
stay competitive. This phase will ensure that the part can withstand abrasive and demanding
conditions. Some alloys, such as Ni-Resist alloy, which is primarily used for dynamic load at high
temperatures, have been impacted by the recent research.

The main austenite structure (instead of ferrite or pearlite) and graphite nodules (instead of flake
graphite) are two main structural components of the Ductile Ni-Resist (DNR) alloy. Its exceptional
machinability, high strength-to-weight ratio, and generally good mechanical properties at high
temperatures are all a result of these characteristics. Because it has an austenitic matrix at all
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temperatures, this material was created and is appropriate for high temperature applications. In
contrast, there is a critical temperature range for conventional cast iron and steel applications.

At 675°C, the crystal structure changes from Body-Centered Cubic BCC to Face-Centered Cubic
FCC, which frequently results in castings breaking and distorting. Austenitic structures have never
experienced these problems.

This phenomenon is caused by changes in volume that arise from matrix phase shifts between
austenite and ferrite. Because DNR alloys do not undergo this transformation and maintain an
austenitic matrix at all temperatures, they are beneficial for high temperature applications. It is
achieved by properly alloying base iron during the material casting process. When alloying elements
are added appropriately, the Time-Temperature-Transformation (T-T-T) curve is usually shifted to the
right, avoiding the "nose" of the T-T-T curve [1]. After allowing the molten metal to solidify during
the alloying phase, an austenite microstructure can form and maintain its structure at room
temperature. This process does not use any heat treatment at all. Owing to these exceptional
properties, DNR alloy can be melted and alloyed at a lower melting point (roughly 1200-1400°C) in
oil, gas, and power plant applications than austenitic steel (roughly 1400°C and above) [2]. From a
manufacturing standpoint, the temperature variations offer flexible control over the elevated
temperature of molten metal as well as advantageous electricity usage.

A recent study indicates that nickel (Ni) is an effective primary alloying element for the DNR alloy
processing. The process is influenced by Ni, which is present in the metal composition and acts as an
austenite matrix stabilizer. This results in the emergence of the as-cast austenite microstructure in
the DNR alloy. Ni suppresses the austenite (y) = ferrite (a) transition into conventional ductile iron
by at least 18 weight percent [3]. Nickel is an expensive material to use, even though it is effective at
converting the iron phase into an austenite structure. Due to the high cost of Ni, which is a known to
be a relatively expensive raw material, alloying DNR alloy is economically limited. In an effort to
reduce production costs, studies have been done to decrease the Ni/wt% in the overall composition
of DNR alloys. In order to effectively convert alloyed iron to austenite structure, an attempt was made
to apply as little as thirteen weight percent of Ni/wt% [4]. The attempt was made by combining other
alloys while they were melting. Manganese (Mn) and copper are potential alloying elements that can
replace DNR alloying element; the outcomes of this substitution have been reported in another
study. However, the experiment's results showed a mixed reaction. Morrison [3] argues that while
copper can form an austenite structure, the shape of the nodule graphite in the DNR alloy is
negatively impacted by this process. As the nodule solidified, its shape changed. In the meantime,
Mn, a distinct candidate, stabilizes austenite and concurrently encourages the formation of carbides
rather than the necessary free graphite. Morrison added that an alloy is only contributed towards
free carbide DNR alloy if, at the time of alloying, it contains less than 4 weight percent Mn.

As was previously mentioned, free graphite will not immediately solidify into the shape of nodule
graphite when more manganese is added during alloying. Instead, it encourages carbide formation.
It is advised to use an inoculation technique to lessen the production of carbide. As proposed by
Jincheng [5], inoculation has been reported to considerably improve the distribution and graphite
form of conventional ductile iron. Additionally, it has been reported by Choi et al., [6] that inoculation
amplifies the undercooling effect that occurs during the casting solidification of traditional cast iron.
Therefore, there is a lower likelihood of carbide forming during solidification as opposed to graphite
nodules. Similarly, he suggested that inoculation can generally improve the distribution and form of
graphite in conventional ductile iron. In their investigation, inoculation is proposed as a potential
solution to augment the undercooling effect during casting solidification. According to Jiyang's [7]
research, the cooling curve can minimize the undercooling zone throughout the solidification process
by optimizing the material structure. As a result, there is less time for the formation of dendritic
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structure and less opportunity for grain boundaries to widen during solidification. Consequently, less
room will exist for carbide to form at the grain boundary. The technique makes it possible to track
the undercooling phenomenon using solidification cooling curves. As a result, the segregation factor
and the area that solidifies last are decreased. Regarding the impact of the modifying alloy on the
modified DNR alloy dendritic structure with a higher manganese weight percentage, however, fewer
studies have been published.

The austenitic region, for steel or iron, is an interesting topic. Boilers, turbochargers, and exhaust
system components are a few examples of applications where the austenitic zone forms and remains
stable at room and elevated temperatures. This is why scientists are keen to alloy steel or iron with
a specific composition in order to maintain the austenitic zone to any temperature, including high
temperatures. Because most researchers concentrated more on austenitic steel than austenitic iron,
the literature on corrosion of DNR austenitic matrix alloy is generally limited. This occurs because
iron is produced more on a customized basis, whereas steel can be melted at a higher volume in bulk.
It was found by Anderson and Vanessa [8] that oxidation resistance happens between 600 and 900
oC when the composition and scale morphology of the Fe-Mn-AlI-Si alloy are examined. The existence
of an extra phase (oxides of Al, Mn, and Fe) after the oxidation test is what results in the moderate
oxidation resistance. Tjong [9] looked into the possibility of using Mn in place of Cr and Ni to produce
FeAIMnC. In his research, he observed mechanical properties that are achievable at cryogenic
temperatures. An increased manganese content DNR alloy was modified, and Rashidi and Hasbullah
[10] examined its mechanical characteristics and microstructure. The analysis found that an
austenitic structure could be achieved in the alloy. The oxidation test was not performed, though.
Heat-resistant Si-Mo ductile cast iron's mechanical characteristics and oxidation resistance were
examined by Kim et al., [11]. The findings demonstrated that the alloy can be improved by changing
certain alloy elements.

The goal of this study is to create a modified DNR alloy by combining both Ni and Mn at a specific
composition. While Ni/wt% falls to as low as 10 wt%, Mn/wt% increases to as high as 12 wt%. An
austenite structure and a graphite nodule should be present in the microstructure of the modified
alloy. The impact of a high manganese weight percentage alloy on the modified DNR alloy's austenitic
dendritic structure is investigated. The objective is to comprehend the relationship between the
microstructural inhomogeneity of the casting and the dendritic dimension of the modified DNR alloy.
The emphasis is considered significant because microstructure, particularly the dendritic structure,
directly imparted to the properties of DNR alloys.

2. Methodology

An induction furnace with a 50 kg holding capacity, 200 kW of power, and a frequency range of
1000-3000 Hz was used to conduct the current investigation. The following charge materials (steel
scrap, pig iron, and pure nickel) were used to create modified DNR alloy with the desired
composition: (a) 9Mn-10Ni; (b) 10Mn-10Ni; (c) 11Mn-10Ni; and (d) 12Mn-10Ni wt%. According to
Rashidi and Hasbullah [10], ferro-manganese (FeMn) and ferro-chrome (FeCr) were added following
stirring sessions to increase the content of manganese and chromium. In order to make a green sand
mold, bentonite, water, and silica sand were mixed together. The in-mould technique was used for
both the magnesium treatment and the inoculation. With a weight percentage of 1.1 in the mold
reaction chamber, FeSiMg—a magnesium-containing material with a sizing of approximately 1-4
mm—was added [10]. The melt was cleaned and superheated to 1500+20°C before it was poured
into a mold at 1400+20°C. As illustrated in Figure 1, the inoculant was added to the mold reaction
chamber at a weight percentage of 0.5 after the nodulant had been covered in molten metal. Table
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1 lists the chemical compositions of all varieties of experimental nickel, iron, FeMn, FeCr, nodularizer,
and inoculant. The nodulant and inoculant were introduced into a well-built chamber in each
casting's runner system. There was a 120 mm gap between the in-gate location and the reaction
chamber design. An inoculant with a grading size of 0.2 to 0.7 mm was utilized in order to minimize
fading and encourage inoculant dissolution. Test specimens from ASTM A439 Y-blocks were
sectioned, grounded, and polished using 0.3 um alumina powder in order to obtain microstructural
specimens. The dimensions of the second set of sample coupons were cut to 15.0 x 15.0 x 2.0 mm.
They were mechanically ground to 2400 mesh on SiC paper and then polished with 1.0 um diamond
paste. The samples were polished to a mirror shine and then cleaned with ultrasonic agitation for ten
minutes in ethanol and acetone. The samples were dried and stored in a desiccator prior to being
exposed. Following microstructure characterization by scanning electron microscopy (SEM), the
specimens' chemical compositions were examined using X-ray energy dispersive spectroscopy (EDS).
The chemical analysis was carried out using the EDS model Philips XL40 system.

Fig. 1. Experimental setup during molten metal pouring

Table 1
Chemical composition of iron, alloyed materials, nodularizer, inoculant, FeMn and FeCr (wt %)
Element
C Si Mn P S Mg Ni Ca Cr R.E Fe
Pig iron 291 2.28 0.12 0.07 0.02 - 0.02 - - - Balance
Steel 0.20 0.15 0.60 0.03 0.02 - - - - - Balance
Nickel - - - - - - 99.00 - - - Balance
FeMn - 1.00 86.00 0.10 0.02 - - - - - -
FeCr 8.00 4.00 - 0.04 0.04 - - - 60.0 - -
Nodularizer - 4400 - - - 5.00 - 2.00 - 1.90 -
Inoculant - 70.00 - - - - - 2.00 - - Balance

162



Journal of Advanced Research in Applied Mechanics
Volume 130, Issue 1 (2025) 159-167

3. Results
3.1 Microstructure Evaluation

During the casting process, an alloy with a hypoeutectic composition was created, comprising
various component alloys with Fe, C, Si, Mn, Ni, and other elements. Segregation, element solubility,
and phase formation were a few of the processes involved in solidification. This alloyed iron is made
up of several phases, including carbides, graphite aggregate, eutectic austenite, austenite matrix, and
impurity inclusion, according to further analysis [12]. None of the specimens' graphite forms seem to
be fully nodular. Additionally, a flake graphite microstructure was found, which had an impact on
how much of the nodule graphite shape was overall. The graphite of modified DNR alloy was found
to be less spherical than that of common ductile iron, as indicated by these results (Figure 2).
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Fig. 2. Distribution of nodule graphite shape in alloyed grain (a) by microscope iron and (b) by SEM
micrograph

According to a qualitative investigation using microstructure analysis, 1.0% and above of
magnesium treatment is the appropriate percentage to convert graphite shape. Before the casting
was allowed to solidify, the magnesium treatment method was added to change the flake-shaped
graphite into a nodule-shaped material. The nodule's parameter size was divided into groups of one
to ten micrometers, ten to twenty micrometers, and so on.

The discrete structures that emerge from the graphite nodules within the sample suggest that
the production of graphite took place during the casting or solidification process. The size, shape, and
distribution of these nodules can vary, adding to the overall microstructure of the material. The
process of solidification which was influenced by magnesium treatment, in which the carbon in the
molten metal separates and crystallizes into graphite structures, is most likely what causes the
graphite nodules [13]. Nonetheless, a semi-spheroidal structure observed in some of these graphite
nodules suggests that they are incomplete growth. This suggests that either the growth of these
graphite structures was stopped during solidification, or the graphite development process may not
have been completed, or the modified DNR alloy altered the overall solidification process compared
to conventional iron [14].

The provided fracture images (Figure 3) show the evaluation of microstructures using a scanning
electron microscope (SEM). Three images were captured at different magnifications: image a) at 50x,
image b) at 200x, and image c) at 500x. Upon closer inspection, these images show that the
microstructure contains dendrites. Within the observation are dendrites, which are branching
structures resembling tree or fern formations. The terms secondary arm spacing (SDAS) and dendritic
arm spacing (DAS) refer to the microstructural characteristics of dendritic growth patterns [15].
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Fig. 3. Distribution of DAS and SDAS structure revealed by SEM micrograph (a) macro view of
macrostructure, (b) close up showing DAS structure and (c) close up at higher magnification
identifying SDAS morphology

The distance between a dendritic structure's individual arms or branches is referred to as
dendritic arm spacing. It shows the typical distance between neighbouring dendritic network arms.
A number of variables, including the material's composition, processing conditions, and rate of
cooling, affect DAS. Dendrite arm spacing generally increases with slower cooling rates and decreases
with faster cooling rates. The terms secondary arm spacing (SDAS) and dendritic arm spacing (DAS)
refer to the microstructural characteristics of dendritic growth patterns (Figure 4). The distance
between a dendritic structure's individual arms or branches is referred to as dendritic arm spacing. It
shows the typical distance between neighbouring dendritic network arms. A number of variables,
including the material's composition, processing conditions, and rate of cooling, affect DAS [16].
Dendrite arm spacing generally increases with slower cooling rates and decreases with faster cooling
rates.

The SEM micrograph was used to measure and observe the size of DAS. The average dimension
is found to be between 200 and 300 um, which is relatively large (Figure 5). The SDAS structure
shown in Figure 6 is comparable in this regard. In this study, the SDAS size ranges from 20 to 28 um.
This indicates that the solidification process is proceeding very slowly overall, which is conducive to
the undercooling phase occurring (Figure 7). Ultimately, this allowed the structure of the DAS and
SDAS to expand [17]. Higher porosity was anticipated to be trapped with this microstructure in this
dimension after solidification was complete. Figure 4's observations, which demonstrate a great deal
of porosity, void, and free graphite trapped between the DAS and SDAS structure, provide evidence
for this. The smaller DAS structure will trap less porosity, so theoretically, this structure is probably
weaker than the smaller one. Future property testing of this hypothesis is necessary.

The temperature gradient in the liquid (GL) and the solidification front velocity (R) are related to
the formation of dendritic structure. With latent heat flows into both solid and liquid, the
comparatively lower ratio of GL to R resulted in a negative GL. There was an unstable planar interface.
Dendritic protuberances quickly grew into the liquid that was undercooling and absorbed the latent
heat they were accumulating. This condition is closely associated with the coring phenomenon that
happens during the undercooling phase and cellular morphology as summarized by Sangame et al.,
[14].
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Fig. 4. Closer view of the microstructure at higher magnification, displaying the modified DNR
alloyed overall DAS and SDAS structure
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Fig. 7. Thermal analysis and cooling curve of modified DNR alloy solidification

4. Conclusions

The assessment and development of DAS and SDAS structure sizes and dimensions in an alloyed
iron are discussed in this paper. Instead of being in the form of untreated flake, the dendritic
formation immediately following the magnesium treatment was allowed to solidify to room
temperature and contained nodule graphite shape. Despite sharing a nearly identical pattern, the
size of those dendritic structures is average. Most of the measurements appeared as 200-300 um
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sizes. A porosity, void, and free graphite that became trapped during the solidification phase were
present next to this DAS and SDAS structure.
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