
Mater. Res. Express 10 (2023) 056506 https://doi.org/10.1088/2053-1591/acd23b

PAPER

Effect of zirconium and niobium on themicrostructure and
mechanical properties of high-strength low-alloy cast steels

MMakeshkumar1 , J Anburaj2,M Sasi Kumar3 andA Johnson Santhosh4,∗

1 Department ofMechanical Engineering, KPR Institute of Engineering andTechnology, Coimbatore, TamilNadu, India
2 Department ofMetallurgical Engineering, PSGCollege of Technology, Coimbatore, TamilNadu, India
3 Department of Aeronautical Engineering, KIT-Kalaignarkarunanidhi Institute of Technology, Coimbatore, TamilNadu, India
4 Faculty ofMechanical Engineering, Jimma Institute of Technology, Jimma, Ethiopia
∗ Author towhomany correspondence should be addressed.

E-mail:makeshmech@gmail.com, janburaj@gmail.com, sasikumar.mak@gmail.com and johnson.antony@ju.edu.et

Keywords:HSLA steel,micro-alloying element, SEM, TEM,mechanical properties

Abstract
The aimof this work is to study the effect of zirconium and niobiumon the refinement of grain size
andmechanical properties ofmicro-alloyed cast steels in heat treated conditions. Fivemicro-alloyed
cast steels with different compositions, as steel withoutmicroalloying elements andmicro-alloyed
steel with (i) 0.05%Zirconium (Zr), (ii) 0.05%Zirconium (Zr) and 0.05%Niobium (Nb), (iii) 0.10%
Zirconium (Zr), and (iv) 0.10%Zirconium (Zr) and 0.10%Niobium (Nb)were investigated. The heat
treated samples are normalized at 1000 °C followed by air cooling andwere characterized to study the
characteristics of carbide precipitates by SEMandTEMandmechanical properties were evaluated by
tensile test as per ASTMA370. Among these five cast steels, steel containing 0.10%Zr and 0.10%Nb
showed a higher tensile strength of 1184MPa and yield strength of 740MPawith reasonable impact
energy of 42 J compared to other steels under the same heat treated conditions. Due to the combined
addition of Zr andNb elements in themicro-alloyed steel, a remarkable improvement ofmechanical
properties particularly strength and impact energy was observed. As evident frommicrostructure
investigation, these improvedmechanical properties in the present steel could be attributed due to the
effective refinement of ferritic grain size in the normalized condition.

Introduction

Micro-Alloyed Steels (MAS) are considered potentmaterials for applications in the automobile industry because
they havemany superiormechanical properties and better formability comparedwith conventional carbon
steels. The addition of themicro amount of alloying elements like titanium, vanadium, zirconium and niobium
plays a key role in strengthening of these steel by precipitation hardening and grain boundary strengthening
mechanisms [1–5]. The effect onmicrostructure andmechanical properties onMASwith combinations of V
andNb content has been studied extensively bymany researchers [6–9]. Themain purpose of addingmicro-
alloying elements in the steel is tomodify themicrostructure consisting of afine fully ferritic grains instead of a
ferrite-pearlitematrix [10–13]. The addition of Zr in theMicroAlloyedCast Steels (MACS) is tomodify the
morphology of inclusions from elongated to globular shape, thus improving toughness under the impact load
[14].Many researchers studied the influence of niobium, titanium, and vanadium alloys on themechanical
characteristics andmicrostructure ofMACS [15–19]. Some of the researchwork reported that high strength low
alloy (HSLA) steels with niobiumhave improved strength than titanium and vanadiummicro-alloying elements
[20]. However, the effect of Zr andNb combinations on themicrostructure andmechanical properties ofMACS
is reported in limitedwork. Taking these findings into account, it can be understood that zirconiumhas a
remarkable effect compared to titanium, vanadium, and niobium inmicro-alloyed steels to enhance their
mechanical properties [21–26]. This article aims at investigating the influence of zirconium aswell as combined
with niobiumon themetallurgical characterization andmechanical properties of low-carbon cast steel under
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heat treated conditions. Themicrostructures of these steels were analyzed using an opticalmicroscope, SEMand
TEM.The Impact energy, hardness and tensile properties were evaluated by Impact tests,micro hardness tests
and tension tests.

Materials and experimental

Five Samples ofNonMicro-Alloyed Cast Steel (NMACS) andMicro-AlloyedCast Steels (MACS)with
0.05–0.10 wt%Nb andZrwere produced bymelting in a 50 kg capacity air induction furnace. The
identifications and composition of these five cast steels are reported in table 1. Duringmelting, calculated
quantities of rawmaterials were added into themelting furnace in the order of steel scrap and ferroalloys.When
liquidmetal attained the required temperature of 1600 °C, calculatedmicro-alloying elements (0.05% and
0.10%)were added to themoltenmetal in order to get required composition. Before pouring, themoltenwas
deoxidized in the ladle by the addition of 0.15 wt%of Al andCa-Si deoxidizing agents. Then, the deoxidized
liquidmetal ofNMACS andMACSwas poured into Y blockCO2 sandmolds as per ASTMA774 standard. The
dimension of the test bar sample is 230 mm length, 75 mmwidth and 30 mm thickness. After proper cooling and
fettling operations, all the test blocks were subjected to stress relieving treatment at 650 °Cprior to abrasive
wheel cutting. Then the required dimensions of all the test bar samples were subjected to normalizing treatment
by heating at 1000 °C in amuffle furnace, soaking for 1 h per inch at that temperature followed by air cooling.

The heat treated samples of all the investigated steel castingsweremachined to required dimensions for
tensile tests and impact tests as per ASTMA370 standard. Tensile tests were conducted using the Aimil universal
tensile testmachine at ambient temperature at a speed of 1millimeter perminute. Impact tests were conducted
using aCharpy impact testmachinewith range of 0–300 J at 25 °C.Hardness tests were performed using a
Mitutoyomicro-hardness (VHN) testermachinewith 10 kg load and 15 s holding time. Themetallographic
technique andNital solution 4%were used to produceNMACS andMACS samples. Themicrostructural
investigations were carried out for all the heat treated steels usingOMwith an image analyzer, SEMandTEM.
After etchingwithNital solution 2%, the volume fraction of phases as well as grain size in the present steels were
determined by image analyzer software (Metal-Plue software). For TEM investigation, heated samples were
thinned to 100μmand physically polished to 50 μmbefore being electrically thinned in perchloric acid 10%and
ethanol 90% solution. The composition of the precipitates wasmeasured by SEM (LN2-type detector)with
EnergyDispersive Spectroscopy (EDS) andTEM.

Results and discussion

Microstructural investigation ofNMACS andMACS in the as-cast condition
Figure 1 shows an opticalmicrograph of as-castNMACS. Thismicrostructure reveals widmanstatten ferrite i.e.
tooth like structure prior to austenitic grain boundaries alongwith polygonal ferrite and pearlite. The
widmanstatten ferrite is formed due to the non-uniform cooling rate caused by sandmolds during solidification.
Figure 2 shows opticalmicrographs ofMACS samples in the as-cast condition. All four samples ofMACS reveal
a typical ferrite (around 80%volume) and pearlite (20%volume) in thematrix in the as-cast condition. From the
micrographs of the as-cast samples, it is understood that all the cast steels show a heterogeneousmicrostructure
composed of irregular pearlite alongwith ferrite grains in the as-cast condition. It is also found that theNMACS
shows a considerable volume percentage ofWidmanstatten ferrite grains alongwith irregular ferrite in the
matrix as comparedwith theMACS samples. In addition, the volume of pearlite was found to be relatively high
in theNMACS sample compared to theMACS samples. It is clear that no polygonal ferrite is observed in the as-
cast steel samples due to uneven cooling. This suggests that to refine theirmicrostructure, as-cast steels need to
undergo a particular heat treatment process, which improves theirmechanical properties and eliminates the
presence ofmicro-segregations in thematrix [27, 28].

Table 1.Chemical composition ofNMACS andMACS samples.

Chemical composition (wt%)

Samples C Si Mn S P Cr Mo Zr Nb

NMACS 0.20 0.37 0.90 0.020 0.020 0.14 0.010 — —

MACS 1 0.19 0.35 0.84 0.020 0.020 0.13 0.011 0.05 —

MACS 2 0.20 0.38 0.95 0.021 0.022 0.14 0.009 0.05 0.05

MACS 3 0.21 0.37 0.90 0.020 0.020 0.15 0.011 0.10 —

MACS 4 0.22 0.38 0.91 0.022 0.025 0.13 0.010 0.10 0.10
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Microstructural investigation ofNMACS andMACS in the normalized condition

Opticalmicrographs ofNMACS andMACS in the normalized condition are shown infigure 3. From these
micrographs, it is understood that all the normalized cast steels show equiaxed grains consisting of pearlite and
ferrite with different volume proportions. From thesemicrographs, it is observed that the volume percentage of

Figure 1.Opticalmicrograph ofNMACS sample in the as-cast condition.

Figure 2.Opticalmicrographs ofMACS samples in the as-cast condition: (a)MACS 1, (b)MACS 2, (c)MACS 3 and (d)MACS4.
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the ferrite phase inMACS increases with the increasing weight percentage of Zr andNb elements. This statement
is in good concurrencewith the result ofWen et al [27], who reported that the volume of ferrite inMAS increases
with increasing ferrite forming elements. In the case ofNMACS, the opticalmicrograph shows around 85 vol.%
of ferrite and the rest pearlite free fromWidmanstatten ferrite (figure 3(a)). However, the volume proportion of
phases inMACSdiffers from that of NMACAS. As evidenced infigure 3(b), it is observed that the optical
micrograph ofMACS 1 sample reveals fine grained structure consisting of polygonal ferrite (around 85 vol.% of
ferrite and the rest of pearlite)However, the opticalmicrograph ofMACS 3 confirms the occurrence of acicular
ferrite in thefine grained ferriticmatrix (figures 3(b) and (d)). The opticalmicrograph ofMACS 2 andMACS 4
samples showsfine grains of ferrite and pearlite. In addition, the volume of ferrite (90 vol.%) in these two
samples ofMACS 2 andMACS 4 (figures 3(c) and (e)) is relative higher compared to samples ofMACS 1 and
MACS 3 (figures 3(b) and (d)). As the amount of zirconium and niobium increases from0.05wt% to 0.10wt%,
the volume percentage of ferrite structure in these two samples also increases. The fomartion of zirconium
carbo-nitrides precipitation causes ferritic grains to nucleate at a faster rate during heat treatment.

Figure 3.Opticalmicrographs ofNMACS andMACS in the normalized condition (a)NMACS, (b)MACS1, (c)MACS2 , (d)MACS3
and (e)MACS 4.

4

Mater. Res. Express 10 (2023) 056506 MMakeshkumar et al



Grain sizemeasurement for heat treated steels

Grain sizemeasurement was carried for as-cast as well as heat treated samples using opticalmicroscopewith
Image analyzer software. Themean grain size aremeasured for the samples ofNMACS,MACS 1,MACS 2,
MACS 3 andMACS 4 in the as-cast condition and heat treated condition are shown in table 2 andfigure 4. As
compared to heat treated samples, the as-cast samples showed coarse grains with irregular shape. The presence
of coarse grains with irregular shapes in the as-steel samples could be caused by slow cooling and uneven cooling
rates in the sandmoulds. From table 2, the grain size ofMACS 4 sample is found to be 10 μm level, which is
significantly reduced by the addition ofmicro-alloying elements ofNb andZr. This could be attributed to the
occurrence of zirconium carbide alongwith niobium carbide in thematrix. As these carbides are
thermodynamicallymore stable at high temperatures, they exert a pinning effect on the grain development of
austenite in the normalizing process. These precipitates dissolve by losing the effect of zirconium as a grain
refiner. The volume of ferrite inMACSwas found to be significantly higher compared to that inNMACS. It can
be concluded that the volume of ferrite as well as the refinement of ferritic grains in theMACS can be accelerated
by additions of both zirconium andniobium asmicro-alloying elements. The presence of carbides and carbo-
nitrides in thematrix imparts grain refinement whenZr andNb content are added to low-carbon cast steel
[29, 30]. The volume fraction of phases present in the cast steels wasmeasured using image analyzer software.
The results of the image analyzer report on the quantification of pearlite and ferrite for the investigated samples
under the as-cast and heat treated conditions are reported in table 3.

SEMwith EDS analysis

The shape and size of precipitates present in theMACSwere characterized by SEM. Figure 5 shows the presence
of precipitates in the ferrite–pearlitematrix ofMACS 3. As it is evident from the SEMmicrograph, the
precipitates appear ta o have a spherical shapewith a size of 2 μm. In addition, cubic shape precipitates were also

Figure 4.Mean grain size ofNMACS andMACS samples.

Table 2.Mean grain size of ferritic grains forNMACS andMACS samples.

Identification of cast steel

Steel with specific alloying

elements

Grain size in the as-cast condition

(di,μm)
Grain size in the normalized condition

(di,μm)

NMACS Cast steel 98± 5 50± 5

MACS 1 Cast steel+ 0.05%Zr 88± 5 35± 5

MACS 2 Cast steel+ 0.10%Zr 84± 5 30± 5

MACS 3 Cast steel+ 0.05%Zr+
0.05%Nb

80± 5 15± 5

MACS 4 Cast steel+ 0.10%Zr+
0.10%Nb

78± 5 10± 5
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seen in thematrix alongwith spherical shape precipitates (figure 5(b)). From the SEMmicrographs of theMACS
samples, it can be understood that the refinement of ferritic grains in thematrix ofMACS is owing to the
presence of zirconiumprecipitates and it is in linewith the findings of the previous study on similar work [14].

All the heat-treatedMACS samples were carried out SEM–EDS analysis to confirm the types of nitrides and
carbides precipitates present in thematrix based on their compositions. Figure 6 shows the EDS spectrumof the
MACS 3 sample confirming the presence of ZrC precipitates in the ferriticmatrix. The chemical composition
obtained for ZrC in theMACS 3 sample ismatchingwith the reported value in the literature [6]. Figure 7 shows
the SEMmicrograph ofMACS 4,which exhibits the presence ofNbC in thematrix of ferrite and pearlite. The
size of the niobiumprecipitates with cuboid shape noticed in the same sample is around 4 μmwhich ismuch
smaller than that of the precipitates observed in the other samples. Niobium forms stable carbide and alters the
recrystallization temperature of the steel in such away that the volume of ferrite is significantly increased in the
matrix [12].

Figure 5.Presence of ZrC precipitates in the ferrite–pearlitematrix ofMACS 3.

Table 3.Volume percentage of ferrite and pearlite forNMACS andMACS
samples.

Volume of phases

(%) in the as-cast
condition

Volume of phases

(%) in the normal-

ized condition

Cast steel identification Ferrite Pearlite Ferrite Pearlite

NMACS 80± 3 20± 3 85± 3 15± 3

MACS 1 85± 3 15± 3 90± 3 10± 3

MACS 2 90± 3 10± 3 94± 3 06± 3

MACS 3 90± 3 10± 3 95± 3 05± 3

MACS 4 90± 3 10± 3 95± 3 05± 3
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Figure 8 shows the EDS spectrumofNbCprecipitates alongwith their SEMmicrograph forMACS 4. As is
evident fromfigure 8, it is confirmed thatNbCprecipitates are present in the normalizedMACS 4. It is also
noted that the precipitates aremuch fine in size and segregated along the prior austenitic grain boundaries. The
Nb carbides provide a very good resistance to grain growth during austenitizing and give rise to the formation of
fine ferritic grains [14]. This EDS report substantiates the presence ofNbCprecipitates in theMACS. Figure 9
depicts the TEMmicrograph of theMACS 3 sample showing the presence of ZrC precipitates and it is further
confirmedwith the EDS result.

Figure 6.EDS spectrumof the ZrCprecipitates alongwith its SEMmicrograph forMACS 3.

Figure 7.Presence ofNbCprecipitates in the ferrite–pearlitematrix ofMACS 4.

7

Mater. Res. Express 10 (2023) 056506 MMakeshkumar et al



TEMwith EDS analysis

InMACS containing Zr content, two types of precipitates are observed. ZrC precipitates are found at higher
temperatures andZrNprecipitates are observed at a lower temperatures [31]. TEManalysis was carried out for
the heat-treated samples to ascertain the size, shape and distribution of carbide and nitride precipitates in the
matrix of the ferrite-pearlite structure ofMACS. Figure 9 shows thefine precipitates of ZrC in the ferritic-
pearlite lamellae, whichwere confirmed by TEMwith EDS. It is also noticed that the size of the precipitates is less
than 0.5 μmin theMACS 3. ForMACS 4, the presence ofNbC (<0.5 μm) is observed by TEMas shown in
figure 10. The presence of zirconium in the steels reduces the grain size andmorphological shifts in carbide
precipitates on grain boundaries. This results in a reduction of grain-boundary cracks and slowdown the
dislocation along the grain boundaries. The presence of these precipitates is very significant in improving the
mechanical properties, in the particular combination of strength and toughness. It is clear evidence that these
two samples (MACS 3 andMACS 4) showed very fine grain size (table 2). According to the grain boundary
strengtheningmechanism, as grain size decreases, strength is increased. This trend is clearly observed in the
samples ofMACS 3 andMACS 4 (table 5). It is also observed that interlamellar spacing of ferrite and cementite in
the pearlite is found to be getting refined in the samples ofMACS 3 andMACS 4 (figure 11) due to the presence
of these Zr-Nb carbides.

The presence offine precipitates ofNbC in the ferrite lamellae was confirmed by TEMwith EDS, which is
shown infigure 10. As reported by recent literature work, the addition of niobium in the Zr steels slows down the
side plate of ferrite and develops the formation of acicular ferrite [31–33]. Figure 11 shows the TEMmicrographs
ofMACS samples. It is found that the interlamellar spacing of pearlitic structure is refined in steel with the

Figure 8.EDS spectrumof theNbCprecipitates alongwith their SEMmicrograph forMACS 4.
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presence of both Zr andNb contents. It is clearly evident that the TEMmicrographs confirm the refinement of
grains in theMACS 4. The addition ofmicro-alloying elements in low-carbon steel influences a considerable
refinement of grains by the formation offine precipitates either in austenite or austenite to ferrite
transformationwithout altering the constitutions of basemicrostructures such as ferrite and pearlite in the as-
received condition. During normalizing, the carbides or nitrides or carbonitrides can be nucleated at the ferrite-
austenite grain boundaries [10].

Mechanical properties evaluation forNMACS andMACS

Mechanical properties including hardness and impact energy as well as tensile properties of theNMACS and
MACS samples in the normalized condition are listed in table 4 and 5. Stress-Strain curve forNMACS and
MACS samples in the normalized condition are shown infigure 12. Comparing themechanical properties of
NMACS, samples ofMACS showed higher yield strength, tensile strength and hardness. This is due to the
presence of very fine ferritic grains. As reported in the literature, the precipitation of carbides and carbonitride
are responsible for grain refinementwhich intern gives rise to an increase of strength inMACS.However, the
degree of strengthening effect ofMACS differs fromdifferent types ofmicro-alloy content and austenitizing
temperature [7]. From table 4, it is clearly found that the cast steel with 0.10%Zr and 0.10%Nb (MACS 4) has
1184MPaultimate tensile strengthwith 740MPa yield strength and 42 J impact energywhich is higher than
otherMACS andNMACS samples.

On the basis of themany previous studies on high strength low alloy steels, Zhang et al [8] put forth the
relationship of themechanical properties with the composition andmicrostructures. The theoretical values of
yield strength and tensile strength of the investigated steels were calculated using an empirical equation and it is
found that the theoretical values arewell supportedwith the experimental values as reported in table 5. In
general, the addition ofmicro-alloying elements in the low carbon steel influences a considerable refinement of
grains by the formation offine precipitates either in austenite or austenite to ferrite transformationwithout
altering the basicmicro constituents such as ferrite and pearlite in the as-received condition. During

Figure 9.TEMwith EDS spectrumof ZrC precipitates inMACS 3.
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normalizing, the carbides or nitrides or carbonitrides will form at the ferrite-austenite grain boundaries. The
uniformdistribution of the small size of carbide or carbo-nitride precipitates providesmore heterogeneous sites
for ferrite formation and refining ferrite grains. However, Zr additions can also increase the transformation
temperature of proeutectoid ferrite, delay the pearlitic transformation and then extend the incubation period of
ferrite transformation,making the grain size of ferrite become large [7].

a
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+ - + - + -

+ +
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Where
fα - volume fraction of ferrite in%
d -ferritic grain size inμm
So- pearlitic spacing in nm
Kejian et al [14] reported that the final grain size of ferrite largely depends upon the size of the precipitates

and the transformation temperature of the ferrite. In this study, whenZr content alone exceedsmore than
0.05 wt%, the size of ferritic grains becomes coarsened, but it is very finewhen the Zr content is combinedwith
Nb. Thismay be one of the potential reasons, the strength ofMACS 3 andMACS 4 is higher without suffering
frommore toughness than that ofMACS 1 andMACS 2.

The tensile strength ofMACS samples was increased twice that of theNMACS sample due to the following
reasons: (i) high volume of ferrite in the grain boundaries, (ii) presence offine ferrite grains, (iii) formation of
acicular ferrite, and (iv) occurrence of well pearlite colonies. In general, the improvement of strength and impact
energy is gained by fine-grained structure [12, 18, 19].

Figure 10.TEMwith EDS spectrumofNbCprecipitates inMACS 4.
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Figure 11.TEMMicrographs of theMACS in the normalized condition: (a)MACS 1, (b)MACS 2, (c)MACS3 and (d)MACS4.

Figure 12. Stress-Strain Curve forNMACS andMACS samples in the normalized condition.

Table 4.Mechanical properties of theNMACS andMACS samples.

Normalized at 1000 °C

Mechanical properties NMACS MACS 1 MACS 2 MACS 3 MACS 4

Hardness, VHN (load of 10 kg) 184± 4 210± 4 256± 4 232± 4 280± 4

Impact energy, J 54± 5 58± 5 45± 5 62± 5 42± 5

Elongation,% 34 32 24 30 22
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Conclusion

Conclusions drawn frommicrostructural investigations andmechanical properties evaluation are as follows:

• The addition of a small amount (0.1 wt%) of zirconium and niobium inMACS results in the formation of
both Zr[C,N] andNbCprecipitates. These precipitates retard the growth of ferrite grains during normalizing
treatments.

• As evidenced by opticalmicrographs, it is observed that the presence of Zr content inMACSpromotes the
formation of acicular ferrite as well as refining the lamellar pearlite in thematrix during normalizing heat
treatment.

• SEMandTEMmicrographs ofMACS samples confirmed the presence of very fine carbides and carbo-nitrides
in thematrix of ferrite leading to the refinement of ferritic grains in the normalized condition.

• Themean grain size ofMACS 4 is less (10 μm) compared toNMACS,MACS1,MACS2 andMCAS3. This is
due to the presence of Zr[C,N] andNb[C] precipitates.

• The highest tensile strength (1184MPa) and yield strength (740MPa)were observed for the sample ofMACS
4 compared to other steel samples. This increased strength inMACS 4 is well correlatedwithmicrostructure
and grain size.

Data availability statement

All data that support thefindings of this study are includedwithin the article (and any supplementary files).

ORCID iDs

MMakeshkumar https://orcid.org/0000-0003-0295-1654

References

[1] SunWand LuC 2002 Influence ofNb, V andTi on peak strain of deformed austenite inMo-basedmicro-alloyed steels J.Mater.
Process. Tech. 125-126 72–6

[2] OzyurekD, YıldırımM,Yavuzer B, Simsek I andTuncay T 2021The effect ofNi addition onmicrostructure andmechanical properties
of cast A356 alloymodifiedwith SrMet.Mater. 59 391–9

[3] Rasouli D, KhamenehAsl S, Akbarzadeh A andDaneshi GH2009 Effects of Ti addition and reheating quenching on grain refinement
andmechanical properties in low carbonmediummanganesemartensitic steelMater. Des. 30 2167–72

[4] TopcuO andUbeyliM2009On themicrostructural andmechanical characterizations of a low carbon andmicro-alloyed steelMater.
Des. 30 3274–8

[5] GuangXuXG,GuojunMaF L andZouH2010The development of Ti-alloyed high strengthmicroalloy steelMater. Des. 31 2891–6
[6] ChokkalingamB, Raja V, Anburaj J, Immanual R andDhineshkumarM2017Optimization ofmicro-alloying elements formechanical

properties in normalized cast steel using taguchi techniqueArch. Foundry Eng. 17 171–7
[7] Zhao JWand Jiang ZY 2014Development of newmicroalloyed steel by alloyingwith tungstenAppl.Mech.Mater. 716-717 48–51
[8] ZhangZH, Liu Y, ZhouYN,DongXM, ZhangCX,CaoGHandGerthsen,D 2018Mater. Sci. Eng.A 738 203–12
[9] KalantarM,NajafiHandAfshar R 2019 Effect of precipitation of (Ti, V)NandV (C,N) secondary phases onmechanical properties of

V andNmicroalloyed 1Cr steelsMet.Mater. Int. 25 229–37
[10] HuiW, Zhang Y, ShaoC,Chen S, ZhaoX andDongH2015Microstructural effects on high-cycle fatigue properties ofmicroalloyed

medium carbon steel 38MnVSMater. Sci. Eng.A 640 147–53

Table 5.Theoretical and experimental values of theNMACS andMACS
samples.

Theoretical Values Experimental Values

Identification

of cast steels

Yield

Strength

(MPa)

Tensile

Strength

(MPa)

Yield

Strength

(MPa)

Tensile

Strength

(MPa)

NMACS 360 624 358 620

MACS 1 422 784 420 780

MACS 2 730 1130 732 1125

MACS 3 635 976 630 980

MACS 4 741 1181 740 1184

12

Mater. Res. Express 10 (2023) 056506 MMakeshkumar et al

https://orcid.org/0000-0003-0295-1654
https://orcid.org/0000-0003-0295-1654
https://orcid.org/0000-0003-0295-1654
https://orcid.org/0000-0003-0295-1654
https://doi.org/10.1016/S0924-0136(02)00287-X
https://doi.org/10.1016/S0924-0136(02)00287-X
https://doi.org/10.1016/S0924-0136(02)00287-X
https://doi.org/10.4149/km_2021_6_391
https://doi.org/10.4149/km_2021_6_391
https://doi.org/10.4149/km_2021_6_391
https://doi.org/10.1016/j.matdes.2008.08.024
https://doi.org/10.1016/j.matdes.2008.08.024
https://doi.org/10.1016/j.matdes.2008.08.024
https://doi.org/10.4028/www.scientific.net/AMM.716-717.48
https://doi.org/10.4028/www.scientific.net/AMM.716-717.48
https://doi.org/10.4028/www.scientific.net/AMM.716-717.48
https://doi.org/10.1016/j.msea.2018.09.102
https://doi.org/10.1016/j.msea.2018.09.102
https://doi.org/10.1016/j.msea.2018.09.102
https://doi.org/10.1007/s12540-018-0154-z
https://doi.org/10.1007/s12540-018-0154-z
https://doi.org/10.1007/s12540-018-0154-z
https://doi.org/10.1016/j.msea.2015.05.054
https://doi.org/10.1016/j.msea.2015.05.054
https://doi.org/10.1016/j.msea.2015.05.054


[11] NajafiHandRassizadehghani J 2006 Effects of vanadium and titaniumonmechanical properties of low carbon as castmicroalloyed
steels Int. J. Cast.Metal. Res. 19 323–9

[12] NajafiH,Rassizadehghani J andHalvaaeeA 2007Mechanical properties of as castmicroalloyed steels containingV,Nb andTiMater.
Sci. Tech. 23 699–705

[13] Jana BD, Chakrabarti AK andRayKK2003 Study of castmicroalloyed steelsMater. Sci. Tech. 19 80–6
[14] HeKandBaker TN1996Zr-containing precipitates in a TiNbmicroalloyedHSLA steel containing 0.016wt.%Zr additionMater. Sci.

Eng.A 215 57–66
[15] Pan F, Zhang J, ChenHL, SuYH,KuoCL, SuYHandHwangWS2016 Effects of rare Earthmetals on steelmicrostructuresMaterials

9 1–19
[16] Senberger J, Cech J andZadera A 2012 Influence of compound deoxidation of steel with Al, Zr, rare Earthmetals, andTi on properties

of heavy castingsArch. Foundry Eng. 12 99–104
[17] WangQ, Sun Y, ZhangC,WangQ andZhang F 2018 Effect ofNb onmicrostructure and yield strength of a high temperature tempered

martensitic steelMater. Res. Express 5 046501
[18] HuoX, Xia J, Li L, Peng Z, Chen S and PengC-T 2018A review of research and development on titaniummicroalloyed high strength

steelsMater. Res. Express 5 062002
[19] ShenY F,WangCMand SunX2011Amicro-alloyed ferritic steel strengthened by nanoscale precipitatesMater. Sci. Eng.A 528 8150–6
[20] Zhao P, ChengC,GaoG,HuiW,Misra RDK, Bai B andWengY 2016The potential significance ofmicroalloyingwith niobium in

governing very high cycle fatigue behavior of bainite/martensitemultiphase steelsMater. Sci. Eng.A 650 438–44
[21] MakeshkumarMandAnburaj J 2019 Study of combined effect of zirconium and titaniumonmicrostructure andmechanical

properties ofmicro-alloyed cast steelsMater. Res. Express 6 1–11
[22] Xie Z J,MaXP, ShangC J,WangXMand Subramanian SV 2015Mater. Sci. Eng.A 641 37–44
[23] NajafiH, Jafar R andAsgar S 2008Nano-sized precipitation and properties of a low carbon niobiummicro-alloyed bainitic steelMater.

Sci. Eng.A 486 1–7
[24] Wang J, Enloe C, Singh J andHorvathC 2016 Effect of prior austenite grain size on impact toughness of press hardened steel SAE Int. J.

Mater.Manf. 9 488–93
[25] Bogucki R andPytel SM2014 Influence ofmolybdenum addition onmechanical properties of low carbonHSLA-100 steelArch.Metal.

Mater. 59 859–64
[26] Bloniarz R,Majta J, Trujillo C, Cerreta E andMuszkaK 2017Themechanisms for strengthening under dynamic loading for low carbon

andmicroalloyed steel Int. J. Impact Eng. 114 53–62
[27] WenX-L,Mei Z, Jiang B, Zhang L-C and Liu Y-Z 2016 Effect of normalizing temperature onmicrostructure andmechanical properties

of aNb-Vmicroalloyed large forging steelMater. Sci. Eng.A 671 233–43
[28] PanT, Chai X-Y,Wang J-G, SuH andYangC-F 2015 Precipitation behavior of VNmicroalloyed steels during normalizing J. Iron. Steel

Res. Int. 22 1037–42
[29] Zhao J, Lee JH andYongW2013 Enhancingmechanical properties of a low-carbonmicroalloyed cast steel by controlled heat

treatmentMater. Sci. Eng. 559 427–35
[30] Dziedzic RD,Muszka K andMajta J 2013 Strain-induced austenitic structure inmicroalloyed steelsArch.Metal.Mater. 58 745–50
[31] GaoWL, Leng Y, FuDF andTeng J 2016 Effects of niobium and heat treatment onmicrostructure andmechanical properties of low

carbon cast steelsMater. Des. 105 114–23
[32] VedaniM andMannucci A 2002 Effects of titanium addition on precipitate andmicrostructural control in C-Mnmicroalloyed steels

ISIJ Int. 42 1520–6
[33] DouP, KimuraA, Kasada R,Okuda T, InoueM,Ukai S andAbe F 2014TEMandHRTEMstudy of oxide particles in anAl-alloyed

high-Cr oxide dispersion strengthened steel with Zr addition J. Nucl.Mater. 444 441–53

13

Mater. Res. Express 10 (2023) 056506 MMakeshkumar et al

https://doi.org/10.1179/136404606X163505
https://doi.org/10.1179/136404606X163505
https://doi.org/10.1179/136404606X163505
https://doi.org/10.1179/174328407X179755
https://doi.org/10.1179/174328407X179755
https://doi.org/10.1179/174328407X179755
https://doi.org/10.1179/026708303225008644
https://doi.org/10.1179/026708303225008644
https://doi.org/10.1179/026708303225008644
https://doi.org/10.1088/2053-1591/aab831
https://doi.org/10.1088/2053-1591/aacb61
https://doi.org/10.1016/j.msea.2011.07.065
https://doi.org/10.1016/j.msea.2011.07.065
https://doi.org/10.1016/j.msea.2011.07.065
https://doi.org/10.1016/j.msea.2015.10.044
https://doi.org/10.1016/j.msea.2015.10.044
https://doi.org/10.1016/j.msea.2015.10.044
https://doi.org/10.1016/j.msea.2015.05.101
https://doi.org/10.1016/j.msea.2015.05.101
https://doi.org/10.1016/j.msea.2015.05.101
https://doi.org/10.1016/j.msea.2007.08.057
https://doi.org/10.1016/j.msea.2007.08.057
https://doi.org/10.1016/j.msea.2007.08.057
https://doi.org/10.4271/2016-01-0359
https://doi.org/10.4271/2016-01-0359
https://doi.org/10.4271/2016-01-0359
https://doi.org/10.1016/j.msea.2016.06.059
https://doi.org/10.1016/j.msea.2016.06.059
https://doi.org/10.1016/j.msea.2016.06.059
https://doi.org/10.1016/S1006-706X(15)30109-6
https://doi.org/10.1016/S1006-706X(15)30109-6
https://doi.org/10.1016/S1006-706X(15)30109-6
https://doi.org/10.1016/j.msea.2012.08.122
https://doi.org/10.1016/j.msea.2012.08.122
https://doi.org/10.1016/j.msea.2012.08.122
https://doi.org/10.1016/j.matdes.2016.05.057
https://doi.org/10.1016/j.matdes.2016.05.057
https://doi.org/10.1016/j.matdes.2016.05.057
https://doi.org/10.2355/isijinternational.42.1520
https://doi.org/10.2355/isijinternational.42.1520
https://doi.org/10.2355/isijinternational.42.1520
https://doi.org/10.1016/j.jnucmat.2013.10.028
https://doi.org/10.1016/j.jnucmat.2013.10.028
https://doi.org/10.1016/j.jnucmat.2013.10.028

	Introduction
	Materials and experimental
	Results and discussion
	Microstructural investigation of NMACS and MACS in the as-cast condition

	Microstructural investigation of NMACS and MACS in the normalized condition
	Grain size measurement for heat treated steels
	SEM with EDS analysis
	TEM with EDS analysis
	Mechanical properties evaluation for NMACS and MACS
	Conclusion
	Data availability statement
	References



