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Abstract

To improve the mechanical properties and the strength-
ening mechanism, gray cast irons (Nb content is 0 wt. %,
0.15 wt.%, 0.2 wt.%, 0.25 wt.%, 0.3 wt.%, and 0.35 wt.%,
simplify as NbO, Nbl.5, Nb2, Nb2.5, Nb3, Nb3.5, respec-
tively) were prepared using a medium-frequency induction
furnace. The results show that the interlamellar spacing in
the microstructure of the gray cast iron matrix is refined by
the addition of Nb, and the spacing decreases from 530 nm
to 210 nm. The A-type graphite decreases in size and gets
distributed more homogeneously. With the addition of Nb,
the Vickers hardness and tensile strength of the gray cast
iron increases. The Nb2.5 has excellent structural unifor-
mity and refines the pearlite spacing to 210 nm, showing

stable mechanical properties. The Nb3.5 gray cast iron
exhibits the best mechanical properties, the Vickers hard-
ness and tensile strength are 389 HV and 537 MPa,
respectively. The improvement in Vickers hardness and
tensile strength is attributed to second-phase strengthen-
ing, solid solution strengthening, and fine-grain strength-
ening. This work will provide experience for the material
design of high-performance gray cast iron cylinder liners.

Keywords: gray cast iron, alloying, pearlite, mechanical
properties, microstructure, cylinder liners, niobium,
Nb

Introduction

The demand for materials with high-strength and wear-
resistance has never waned in engineering applications and
scientific research. With the internal combustion engine
industry rapidly developing, engines are faced with
increasingly demanding service environments that involve
higher temperatures and complex stress. Consequently, the
service life and capacity of engines are required to meet
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higher standards.'” The behavior of the cylinder liner’s
movement is crucial in determining the internal combus-
tion engine’s fuel consumption, emissions, and mechanical
efficiency.”™ Therefore, cylinder liners demand superb
material tensile strength, wear resistance, and hardness,
while balancing the economic viability of the production
process. As a consequence, gray cast iron with pearlite as
the primary structure remains the most frequently chosen
material to date.®'? Alloying can be employed as an
effective technique to enhance the performance of mate-
rials, such as precipitation strengthening, fine-grain
strengthening, and solid solution strengthening through
doping alloying elements.'*™'®
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Adding Nb to gray cast iron can improve its mechanical
properties due to its significant effect on the morphology of
the graphite flake and the microstructure of the matrix. The
Nb reacts with carbon before solidification to generate fine
NbC particles. It can serve as the germination center for
graphite, resulting in the enhancement of graphite’s
refinement and eutectic clusters. In addition, the presence
of Nb solid solution within the matrix results in the solid
solution strengthening. What is more, it forms Nb-rich
phases at grain boundaries, which is typically the major
form of Nb in cast iron.'"”™* A large number of studies
indicate that Nb has a significant ability to refine pearlite
and assist its formation.”*® Zhou et al.”® examined the
impact of Nb alloying on materials of high carbon equiv-
alent gray cast iron. Thermodynamic calculations indicate
that the formation of NbC phase preceded the eutectic
transformation. The result indicates that the inclusion of Nb
up to a certain threshold modifies the microstructure of
graphite and eutectic clusters. Moreover, pearlite inter-
lamellar spacing decreases, caused by lowering the eutec-
toid temperature.

In this work, to obtain a gray cast iron with high Vickers
hardness and tensile strength, the gray cast irons with dif-
ferent Nb contents (Nb=0 wt.%, 0.15 wt.%, 0.2 wt.%, 0.25
wt. %, 0.3 wt.%, and 0.35 wt.%) were prepared by medium-
frequency induction furnace, the microstructure was
observed and the mechanical properties were tested, with
an aim to find optimum addition of Nb and to provide
information for increased production of high-quality gray
cast iron as large cylinder liners.

Experimental Procedure

Due to the high melting point of Nb, ferro-niobium was
chosen as the source of alloying elements. Melt the mate-
rial in a 10-kg capacity medium-frequency induction fur-
nace. The samples were inoculated using the barium silicon
inoculant supplied by Yixing Jiahu Furnace Charge Co.,
Ltd. The molten iron was poured into the ladle at
1650-1750 K. Add the inoculant to the molten iron, let it
stand for one minute, and skim off the surface slag. Pour
molten iron into the preheating mold made of silica
chemically bonded sand. Every single specimen is weighed
separately and then put into the furnace for casting. The
microstructural examination and mechanical analysis sec-
tions were taken from the upper part of the shaded area in
Figure 1(a), which shows the dimensions of the Y-shaped
specimens.

The cast alloys were chemically characterized and the
results are shown in Table 1. Metallographic specimens
measuring 10 mm x 10 mm x 10 mm. These specimens
were then sanded and polished using various grades of
sandpaper. The physical properties of the polished surfaces
were analyzed using an X-ray diffractometer, with Cu Ka

utilized for diffraction. Scanning was carried out at an
angle between 20° and 100°, and the scanning speed was at
5 min.”' Then etched with 4 % nital (4 mL HNO3 + 96
mL ethanol) to observe the microstructures with field
emission scanning electron microscopy (FE-SEM; Hitachi
TM4000) at 15 Kv and Olympus GX71 Optical Micro-
scope (OM). Nano measurer software was used to ran-
domly select five adjacent pearlites from the same image
for measurement, and obtain the average value. To reduce
errors, the above process is repeated three times to obtain
the final result. An analysis was conducted on the phase or
microstructure, using Image Pro Plus 6.0, with a focus on
quantitative measurements.

The sample’s hardness was evaluated using a microhard-
ness tester, under 1 kg load holding for 10 s. To reduce
experimental error, each sample was measured five times,
and the mean value was used as the experimental outcome.
According to ASTM A247, the specimen used for tensile
testing has a scale length of 30 mm and a scale width of
6 mm, as shown in Figure 2. The specimens were pulled at
a rate of | mm/min under a strain rate of 10*/s. Each group
was tested thrice.

Results and Discussion
Phase Analysis

The X-ray diffraction patterns of the standard cast iron and
the cast iron with a 0.2 wt.% Nb addition are presented in
Figure 3. Figure 3b shows that residual austenite is formed
alongside ferrite in the gray cast iron structure as a result of
the inclusion of the Nb element. According to the analysis
of powder diffraction file (PDF) cards, the lattice constant
of ferrite has increased from 2.869 A to 2.872 A. The
reason for this phenomenon is as follows: after adding Nb,
the atomic radius of Nb is larger than that of iron atoms,
and it solidly dissolves in ferrite, causing its lattice constant
to increase.

Microstructural Characterization

The morphology of graphite in gray cast iron samples with
varying Nb concentrations is depicted in Figure 4 before
corrosion. Figure 4 shows that the graphite morphology of
gray cast iron without Nb addition was predominantly
A-type graphite, the graphite flake is thicker and the dis-
tribution of organization is not good. There is an increase
in the amount of graphite, accompanied by a refinement in
its morphology, curvature, and distribution uniformity,
when the Nb content reaches 0.2 wt.%. When Nb content is
0.35 % by weight, less graphite forms, as shown as Table 2.

The reduction in graphite area with Nb doping and
refinement occurs for three primary reasons. Firstly, Nb can
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Figure 1. Dimensions of Y-block mold: (a) Main view; (b) Left view.

Table 1. Chemical Compositions of Experimental Iron lower eutectic transition temperature so that the diffusion
ability of carbon atoms is reduced. Secondly, Nb atoms
have a strong bond to C atoms, which leads to difficulties
NbO 205 211 071 023 005 O Bal. in the diffusion g7fzgcarbon atoms, making it difficult for
raphite to grow.”~" Finally, due to its strong tendency to
Nb1.5 302 18 068 023 004 016 Bal ;gorrrr)l carbidges and nitrides,be combines wih carbori] to
Nb2 313 205 077 026 002 019 Ba. gy 4 fine Nb-rich phase in ferro-water before
Nb2.5 298 196 063 024 005 027 Bal. golidification.
Nb3 305 206 073 021 0.03 030 Bal
Nb3.5 293 213 064 028 006 0.36 Bal Figure 5 shows the morphology of the matrix structure of
samples with different Nb contents after corrosion. The
matrix structure of gray cast irons is pearlitic and all show
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Figure 2. Dimensions of Y-block mold: (a) Main view; (b) Side view.
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Figure 3. X-ray diffraction patterns of cast iron: (a) 0 wt.% Nb; (b) 0.2 wt.% Nb.
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Figure 4. Microstructure and graphite morphology of gray cast iron specimens with different Nb contents: (a) 0
wt.% Nb; (b) 0.15 wt.% Nb; (c) 0.2 wt.% Nb; (d) 0.25 wt.% Nb; (e) 0.3 wt.% Nb; (f) 0.35 wt.% Nb.

Table 2. Summary of Microstructural Features

Alloys Graphite Graphite Graphite area Pearlite
type area (um?)  ratio (%) content
(nm)
NbO A 7.235x10* 15.48 530
Nb1.5 A 6.567x10* 14.45 360
Nb2 A 6.248x10% 13.32 240
Nb2.5 A 4.144x10*  11.07 210
Nb3 A 3.317x10* 10.47 270
Nb3.5 A 2.941x10* 10.21 280

lamellar pearlitic organization containing ferrite and a
small amount of phosphorus eutectic. The addition of Nb
element has little effect on the pearlite content, which is 90
% to 92 %.

Figure 6 illustrates the matrix organization morphology of
gray cast iron samples containing varying amounts of Nb,
analyzed under a scanning electron microscope. As illus-
trated in Figure 6, the addition of Nb doping results in the
emergence of square, rhombic, and irregularly shaped
bright white precipitates in the structure of cast iron. It is
notable that such phases increase in concentration as the
Nb content grows. The energy dispersive X-ray spec-
troscopy (EDS) analysis revealed the precipitated phase as
a complex carbon-nitrogen compound containing Nb. Nb
has limited solubility in iron-based alloys, which results in
the formation of hard phases like NbC, NbN, or the

composite Nb(C, N) when added in amounts exceeding its
solubility in the ferrofluid.

When the dislocations within the structure of the matrix
shift, the more rigid precipitated phases that are scattered
throughout the matrix will significantly impede the process
and enhance the mechanical characteristics. Simultane-
ously, the microhardness of carbonitrides proves to be
exceptionally high, ranging from 2300 to 2500 HV. As a
result, the wear resistance of the sliding friction of the
material has been improved.*

Figure 7 displays the pearlitic structure of gray cast iron
samples containing varying amounts of Nb. The findings
indicate that with increase in Nb content, the spacing
between the pearlitic lamellae decreases initially and then
stabilizes, as evidenced in Figure 8. The transformation
from austenite to ferrite is a comparatively simple process
since the iron atoms within the austenitic lattice can move
swiftly, thus converting austenite to ferrite with ease.
However, the process of transforming to carburize is
challenging. Therefore, the main reason for the change in
the spacing of the pearlite layers can be understood in the
following way. Firstly, the Nb element can increase the
degree of supercooling during eutectic transformation,
which prevents carburization and ferrite from growing
sufficiently. Secondly, the presence of Nb in a solid solu-
tion inhibits carbon atom diffusion, ultimately leading to a
reduction in pearlite lamellar spacing over time.’® As the
Nb content increases, more Nb-rich phases precipitate first
in the matrix. This phenomenon consumes more Nb atoms,
reducing the number of Nb atoms dissolved in the matrix.
Therefore, during the eutectoid transformation, a small
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Figure 5. OM structure of the cast irons with different contents of Nb: (a) 0 wt.% Nb; (b) 0.15 wt.% Nb; (c) 0.2 wt.%
Nb; (d) 0.25 wt.% Nb; (e) 0.3 wt.% Nb; () 0.35 wt.% Nb.
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Figure 6. SEM structure of the cast irons with different contents of Nb: (a) 0 wt.% Nb; (b) 0.15 wt.% Nb; (c) 0.2 wt.%

Nb; (d) 0.25 wt.% Nb; (e)0.3 wt.% Nb; (f) 0.35 wt.% Nb.

amount of Nb hinders the diffusion of carbon atoms,
causing a slight increase in the lamellar spacing of pearlite.

Meanwhile, it is evident from Figure 7e that the pearlite
lamellae exhibit distinct orientations on both sides of the
bulk NbC, demonstrating that the majority of the Nb-rich
phases form along the grain boundaries of the eutectic
clusters or subgranular boundaries within the eutectic
clusters. This is due to the area having a higher concen-
tration of Nb atoms, which creates concentration
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undulations and facilitates the formation of NbC. The
amalgamation of Nb and carbon in the final phase of
solidification is suggested by the formation of Nb-rich
phases in the vicinity of eutectic clusters. This process
prevents the formation of bulky carbides and phosphorus
eutectics by utilizing carbon atoms in the final solidifica-
tion region. Thus, substantial carbide and phosphorus
eutectic will become finer, resulting in a stronger bond at
the boundary of the eutectic clusters. This can inhibit the
expansion of cracks along the grain boundaries, thereby



Figure 7. Pearlite organization of gray cast iron specimens with different Nb contents: (a) 0 wt.% Nb; (b) 0.15 wt.%
Nb; (c) 0.2 wt.% Nb; (d) 0.25 wt.% Nb; (e) 0.3 wt.% Nb; (f) 0.35 wt.% Nb.
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Figure 8. Pearlite sheet spacing of the cast irons with
different contents of Nb.

enhancing the strength, toughness, and fatigue resistance of
gray cast iron. It is proven to improve matrix strength,
microhardness, and wear resistance of cast irons. This
enhances the material’s resistance to deformation while
also decreasing the likelihood of crack expansion and
propagation in the matrix.

It is clear from Figure 9 that the iron is uniformly dispersed
within the matrix organization. Most of the carbon exists as
graphite, with a small proportion evenly distributed and
dissolved in the ferrite matrix, while a further small amount
forms cementite. While phosphorus is mainly present in the
form of phosphorus eutectic, silicon is evenly distributed
throughout the matrix of the medium. The distribution of

manganese and sulfur indicates that most of these elements
are distributed evenly throughout the matrix organization.
However, a slight portion of the MnS mixture takes the
form of micro-areas which can be observed in the micro-
area of Nb. The enrichment of S elements in this area
contributes to the formation of a certain kind of Nb-rich
complex phases. The EDS/SEM results show that the Nb-
rich phase is a large amount of NbC, as shown in Table 3.
During the reaction, some small NbC particles may merge
to form a block. However, in the cooling process, some
small NbC particles will inevitably remain. These particles
act as a graphite nucleus core in the eutectic reaction,
which enhances the nucleation rate. This leads to the
refinement of graphite.’'**

Mechanical Properties

As shown in Figure 10a, a rise in Nb concentration leads to
an increase in the tensile strength of gray cast iron with an
upward trend. The tensile strength of NbO cast iron is
311 MPa. When the addition amount is 0.15 wt.%, the
strength increases to 395 MPa, a 27 % increase compared
to the specimen without the added Nb element. The max-
imum tensile strength attained by the gray cast specimen is
537 MPa with an Nb content of 0.35 wt.%. The impact of
Nb content on the tensile strength of gray cast iron castings
is highly significant. This is because when a cast iron
specimen is subjected to a tensile force, the ferrite, being
soft, deforms initially while the carburite phase, which is
hard and brittle, prevents the movement of dislocations,
allowing them to shift only a limited distance. The higher
the quantity of dislocations amid the pearlite layers, the
greater the external force required to deform the cast iron
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Figure 9. Results of the surface scanning energy spectrum analysis of the sample with 0.3 wt.% Nb.

Table 3. Chemical Compositions (at.%) of Rich Nb
Phase

Cc Si Mn Nb S Fe

NbC 46.95 2.14 2.24 39.93 5.92 2.81

material. By reducing the spacing between sheet layers,
pearlescent organization’s uniformity will improve,
resulting in better uniformity in cast iron deformation. A
homogeneous microstructure reduces the risk of fracture
and significantly enhances its mechanical properties.

Figure 10b displays the mean and standard deviation of the
microhardness of cast iron samples with varying Nb con-
tents. The eutectic transformation of gray cast iron results
in different pearlitic and ferrite organizations with varying
dispersion degrees of Nb content, leading to a difference in
the microhardness of the matrix organization in different
regions. Consequently, the microhardness of the cast iron
samples with different Nb contents varies. Furthermore, the
deviation of microhardness was used to indicate the
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consistency of the matrix structure. The variability in
microhardness demonstrated diverse tendencies, as the
standard deviation of microhardness of gray cast iron
specimens initially decreased, followed by an increase with
the rise in Nb content. Notably, the addition of 0.25 wt.%
of the gray cast iron specimen was another significant
factor. The microhardness standard deviation was lowest
for Nb2.5 cast iron and indicating greater structural
consistency.

The phenomenon occurs because of the presence of a
certain amount of Nb in steel materials, resulting in solid
solution strengthening. This, in turn, leads to lattice dis-
tortion and the generation of an interactive stress field.
From an atomic size perspective, Nb exhibits a 9.8 %
difference in atomic radius compared to both y-Fe and o-
Fe. This indicates a favorable basis for the formation of
larger solid solutions as the difference between them is less
than 15 %. From an electronegativity standpoint, the
electronegativity of Nb is comparable to that of Fe, while
the electronegativity of Nb shows a significant variation
from that of the nonmetallic elements C, N, and O. The
similarity in electronegativity between Nb and Fe enables
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Figure 10. Effect of Nb content on mechanical proper-
ties: (a) Tensile Strength; (b) Microhardness and Stan-
dard Deviation.

Nb to act as a solid solution in the iron matrix. It can also
combine with nonmetal elements like carbon, nitrogen, and
oxygen to form compounds or solid solutions. These can
function as evenly distributed dual-phase strengtheners
within the matrix structure to enhance the overall
mechanical attributes of cast iron.>>**

Furthermore, the wear resistance of cast iron materials is
improved by the increased hardness of the reinforced phase
plasmas distributed throughout the matrix. Firstly, the use
of graphite in cast iron can serve as a lubricant, storing
lubricant and sustaining the continuity of the lubricating
film. In the event of friction-shedding cavities, graphite can
further store lubricant, thereby enhancing the wear resis-
tance of gray cast iron. After undergoing frictional damage,
the elevated hardness of the hard points in the gray cast
iron will ascend gradually above the surface. Conse-
quently, a primary sliding surface will be formed, whereas
the relatively soft graphite and pearlite matrix will form a
secondary sliding surface. Moreover, hard phase mass
demonstrates considerable hardness and diminishes the
contact surface area between the sample and the frictional

element, thereby conferring outstanding wear-resistance
capabilities.

When a cast iron specimen is subjected to tensile force, the
ferrite, being softer, deforms first while the carburized
body, harder and more brittle, acts as a barrier to prevent
dislocation movement. Consequently, dislocations are only
able to move over very short distances. The magnitude of
the force required to deform the cast iron is increased by
the amount of dislocations present in the pearlite. This
results in enhanced plastic deformation resistance, leading
to an overall improvement in the mechanical characteristics
of cast iron. Finally, decreasing the distance between the
lamellae will enhance the uniformity of the pearlite
arrangement and homogenize the cast iron’s deformation,
lowering the risk of fracture. Consequently, this signifi-
cantly augments cast iron’s deformation ability.

As shown in Figure 11, the tensile fracture consists mainly
of cleavage surface with a clear fan-shaped expansion
outward, forming a river-like pattern. As the Nb content
increases, there is a secondary fragmentation that creates a
stepped structure, as indicated by the arrow. The specimen
with lower Nb content exhibits a significantly lower
number of tear ribs on its fracture compared to the speci-
men with higher Nb content. This is due to Nb-rich carbon-
nitride Nb(C, N) hard dots embedded within the
matrix.>>>> These hard dots act as dislocation pins,
effectively hindering dislocation movement, thus achieving
the desired result.

The fracture of cast iron specimens under tensile conditions
is primarily caused by the graphite and brittle phases within
it. Tensions cause brittle fractures to initiate on the flake
graphite. The distribution of graphite in cast iron lacking
the Nb element is coarse and uneven, rendering it vulner-
able to fracture when subjected to tensile stress. The
fractures propagate along disintegration surfaces and phase
interfaces, eventually culminating in a brittle disintegration
fracture of the cast iron. After adding Nb elements, the
graphite flakes in the structure become finer and more
evenly distributed, reducing the likelihood of bending and
crack propagation. The matrix also experiences reduced
tearing, making it less prone to large-scale surface disin-
tegration. As a consequence, the mechanical characteristics
of cast iron undergo a substantial improvement.

Conclusions

In this work, microstructure evolution and mechanical
properties with different Nb doping are systematically
estimated, and corresponding conclusions are as follows:

(1)  As the Nb content increases, the graphite in the

microstructure is fine and homogeneous. The
change of graphite quantity is not obvious, and
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Figure 11. Tensile fracture morphology of gray cast iron cast-
ings with different Nb contents: (a, b) 0 wt.% Nb; (c, d) 0.15 wt.%
Nb; (e, f) 0.2 wt.% Nb; (g, h) 0.25 wt.% Nb; (i, j) 0.3 wt.% Nb; (k, I)

0.35 wt.% Nb.
the sheet spacing between pearlite decreases matrix. Its shapes include square, irregular
gradually because of the increase of Nb content. strips, etc. Besides the Nb-rich carbides embed-
The more Nb added, the more Nb-rich phases ded in the matrix, Nb element is mainly
appear, which is diffusely distributed in the dissolved in gray cast iron.
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(2) The hardness standard deviation of cast iron
specimens exhibits an initial decrease followed
by an increase. Introducing 0.25 wt.% of gray
cast iron results in the lowest microhardness
standard  deviation,  indicating  superior
microstructure uniformity. With the Nb content
increase, the tensile strength and hardness of
gray cast irons improve, which is owning to
second-phase strengthening, solid solution
strengthening, and fine-grain strengthening.
Nb3.5 has the best mechanical properties, the
Vickers hardness and tensile strength are
389 HV and 537 MPa, respectively.

(3) The fracture morphology displays obvious river
pattern, which is a typical brittle fracture feature.
Incorporating Nb into the cast iron has reduced
the spacing between the pearlitic lamellae and
plays a role in refining the graphite. It improves
the mechanical properties of cast iron to a
certain extent.
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