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Two medium carbon low-alloy MnSiCrB cast steels containing different Si contents (0.5 and 1.5 wt.%) were
designed, and the effects of Si contents on the microstructure, mechanical properties, and unlubricated
sliding wear behavior of the cast steels after air-cooling from 850 �C and subsequent tempering at 220 �C
was studied. The results show that the microstructure of the cast steel containing 0.5 wt.% Si consists of
granular bainite and lower bainite/martensite multi-phase. In the cast steel containing 1.5 wt.% Si, gran-
ular bainite was not observed. The microstructure consists of carbide-free bainite/martensite multi-phase.
Excellent hardenability can be obtained at both low and high Si levels. The cast steel containing 0.5 wt.% Si
exhibits excellent combination of strength, ductility, and impact toughness superior to the cast steel con-
taining 1.5 wt.% Si. Also, the wear-resistance of the former steel is better than that of the latter in the
unlubricated sliding wear condition. The air-cooled MnSiCrB cast steel containing low Si levels, with
excellent mechanical properties and wear-resistance, is a potential high-performance and low-cost
wear-resistant cast steel for unlubricated sliding wear condition.

Keywords air-cooled, low-alloy MnSiCrB cast steel, microstruc-
ture, Si, strength and impact toughness, unlubricated
sliding wear

1. Introduction

Wear-resistant cast steels are widely used in civilian industry
such as lining board, toothed plate, hammer, and other structural
parts which require combination of strength, impact toughness
and wear resistance. In the application fields of wear-resistant
cast steels, Hadfield�s cast steel (Fe-1.2 wt.%C-13 wt.%Mn) is
widely employed as it has high impact toughness and high
resistance to impact wear caused by rapid cold work hardening
in high impact abrasive conditions. However, it may suffer
considerable wear and deformation in non- or low-impact
abrasive conditions, as in the fully austenitic solutionised form,
it is soft and ductile (Ref 1-4). The demands for producing
higher strength steel castings with high impact toughness and
wear-resistance have encouraged some researchers to focus on
the low-alloy cast steels (Ref 5-9). However, the impact
toughness of the low-alloy wear-resistant cast steels is low
when the hardness is higher than 50 (HRC). This is the main
obstacle for the low-alloy cast steels to be used in manufacturing

of industrial parts. In addition, most of the low-alloy wear-
resistant cast steels are alloyed with expensive elements (such as
nickel, chromium, and molybdenum) and oil-quenched to obtain
high hardness. Therefore, they are expensive and harmful to the
environment. With the shortage of natural resources and the
demand for sustainable development, research and development
of high-performance low-cost wear-resistant cast steels, with
cheap elements and by simple heat treatment are required.
However, the elimination of nickel, chromium, and molybde-
num limits the hardenability of the cast steels, because of the
difficulty to obtain martensite when the castings are large in
diameter. In the case of steel castings, there is no process of
deformation (such as forging, rolling, etc.). The mechanical
properties of the steel castings depend mainly on the alloying
scheme and heat treatment. Therefore, appropriate alloying
scheme and heat treatment are of importance to obtain good
hardenability and combination of strength and toughness at
low cost.

In this study, the high-performance low-cost wear-resistant
cast steels, the materials of our aim were based on the design
idea of cheap alloying scheme and simple heat treatment. The
cast steels were alloyed with manganese, silicon, chromium,
and a little boron. The heat treatment consisted of simple air-
cooling and tempering. This hardening heat treatment process
of air-cooling must be based on certain hardenability, which
is of importance for the application of air-cooled cast steels. In
the MnSiCrB cast steels, the cheap alloying elements of
manganese and boron have beneficial effect on the hardenabil-
ity of steel (Ref 10-13). Manganese, the main alloying agent
in the low-alloy MnSiCrB cast steels, is used to retard the
pearlitic transformation and stabilize austenite during cooling,
thus allowing a lower critical cooling rate to obtain good
hardenability. Also, manganese solution strengthens the matrix
in the microstructure. Chromium and boron are used to improve
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the hardenability. Silicon is the commonly used alloying
element in wear-resistant cast steels as it is the most effective
solid solution strengthening element in low-alloy steels.
However, the effect of silicon on the toughness and wear
resistance of the low-cost MnSiCrB cast steels at elevated
hardness levels has not attracted much attention. In this study,
two medium carbon low-alloy MnSiCrB cast steels containing
different Si contents (0.5 and 1.5 wt.%) were designed, and the
effect of Si on microstructure, mechanical properties, and
unlubricated sliding wear behavior of the air-cooled MnSiCrB
was investigated.

2. Materials and Experimental Procedure

The low-alloy MnSiCrB cast steels were manufactured by
vacuum induction melting. Aluminum, titanium, and rare earth
(Ce) were added to purify and refine the cast steels. In the
addition process, Al, Ti, B, and Ce were added in sequence.
The steels were cast into keel blocks (shown in Fig. 1). The
chemical composition of the tested cast steels, measured using
wet chemical analysis, is listed in Table 1. No. 1 cast steel
contains 0.5 wt.% Si, while No. 2 cast steel contains 1.5 wt.%.

The critical temperature in the heating process, measured by
dilatometer method, is 796 �C for the studied No. 1 cast steel,
and 805 �C for the studied No. 2 cast steel. The austenitizing
temperature was selected as 850 �C for both the cast steels.
High hardness was required for wear-resistant cast steels. In this
study, the hardness of the cast steels was more than 50 HRC.
On the basis of a series of practical trails, the hardness of the
studied cast steels can reach above 50 HRC by tempering at
220 �C. Therefore, the heat treatment process was selected as
air-cooling from 850 �C and subsequent tempering at 220 �C.
In the heat treatment process, the keel blocks were first heated
to 650 �C holding for 60 min, austenitized at 850 �C for
50 min, then subjected to air-cooling to room temperature, and
finally tempered at 220 �C for 150 min. The tensile, impact,
and wear test samples were all taken form the keel blocks after
air-cooling from 850 �C and subsequent tempering at 220 �C.

The microstructure was characterized by scanning electron
microscope (SEM) using FEI Quanta 200 FEG at an acceler-
ating voltage of 15 kV. Ambient temperature uniaxial tensile
properties were determined using 60-mm gage length cylindri-
cal tensile bars in accordance with appropriate ISO 6892:1998
standards. The number of the tested samples is three for tensile
properties. The hardenability of the cast steel was tested in
accordance with ISO 642:1999 standards, where the austeni-
tizing temperature was 850 �C. The impact toughness was
determined using standard-sized non-notched specimens
(10 mm9 10 mm9 55 mm), broken in a pendulum-type
impact machine of 300 J measurement range at room temper-
ature. The number of the tested samples is four for impact
toughness.

A pin-on-disk type of experimental set-up, falex friction,
and wear-testing machine, was employed for wear study. Disks
of above set-up were made of high carbon, high chromium
steel, heat treated to a hardness of 62 (HRC). Cylindrical test
pins of 4.8-mm diameter and 12.7 mm in length were machined
from heat-treated keel blocks. The surfaces of both the test
specimens and the steel disk were ground to a constant surface
finish of 0.20 (c.l.a.), which were thoroughly degreased and
dried before commencement of each test run. The test pins were
initially weighed, and at the end of each wear test, they were
wiped clear of wear particles, degreased, and reweighed. The
difference in weights of the test pin, before and after the
experiment, determined the weight loss. The wear tests were
conducted at the load of 10 kg and sliding velocity of 0.5 mps
for all the samples. All the wear experiments were conducted
under non-lubricated sliding condition, at a relative humidity of
46% and room temperature of 25 �C.

The fractured surfaces of non-notched impact specimens and
the worn surface of pins were analyzed by SEM using FEI
Quanta 200 FEG at an accelerating voltage of 15 kV to
determine the fracture and wear behavior, respectively.

3. Results and Discussion

The SEM micrographs of the MnSiCrB cast steels after air-
cooling from 850 �C and subsequent tempering at 220 �C are
shown in Fig. 2. It can be seen that the effect of Si on the
microstructure of the MnSiCrB cast steels was significant. At
lower Si content level (0.5 wt.%), the microstructure of the cast
steel consists of granular bainite (Bg) and lower bainite/
martensite multi-phase (B/M), as shown in Fig. 2(a). When
1.5 wt.% Si was added to the cast steel, granular bainite was
not observed. The microstructure of the cast steel consists of
carbide-free bainite/martensite multi-phase, as shown in
Fig. 2(b). Granular bainite, which was found in low carbon
and medium carbon alloy structural steels, was first put forward
by Habraken (Ref 14). The microstructure morphology of
granular bainite is that the second-phase islands distribute in
the ferrite matrix. The second-phase islands are carbon-richFig. 1 Shape and dimension of Keel block

Table 1 Chemical composition of the MnSiCrB cast steels (wt.%)

C Si Mn S P Cr Al Ti B Ce

No. 1 cast steel (low Si) 0.44 0.5 2.46 0.01 0.01 0.8 0.02 0.03 0.0038 0.08
No. 2 cast steel (high Si) 0.44 1.5 2.45 0.01 0.01 0.8 0.02 0.03 0.0036 0.08
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austenite left during the forming of granular bainite ferrite.
It can convert into martensite in the following transformation
process or retain in the form of austenite. The second-phase
islands are often referred to as M/A islands. Si is the commonly
used solid solution strengthening element in low-alloy steels. It
is known to significantly impede the formation of cementite
during bainite transformation because of near zero solubility of
Si in cementite phase (Ref 15). Therefore, a large amount of Si
addition to low-alloy steel retards the formation of granular
bainite and improves the formability of the carbide-free bainite/
martensite multi-phase. Carbide-free bainite is a mixture of fine
bainitic ferrite plates, retained austenite, and some martensite
(Ref 16).

Hardenability, defining the susceptibility of steel to quench-
ing, is the most important property for the air-cooled cast steels,
because the air cooling rate is lower than that of water

quenching or oil quenching. The hardenability curves obtained
according to the Jominy end-quench test (Ref 17) are the most
widely used in steel composition and manufacturing process
design. The Jominy hardenability curves of the MnSiCrB cast
steels with different contents of Si are shown in Fig. 3. It can be
seen that the MnSiCrB cast steels have good hardenability at
both lower and higher Si levels. The addition of 1.5 wt.% Si
does not significantly change the hardenability of the MnSiCrB
cast steel. As shown in Fig. 2, the microstructure of the
MnSiCrB cast steel containing 0.5 wt.% Si after air-cooling
was granular bainite and lower bainite/martensite multi-phase.
No ferrite formed at high temperature region during heat
treatment was observed. The formation of granular bainite was
not detrimental to the hardness of the MnSiCrB cast steel. In
the MnSiCrB cast steels, Mn, Cr, and B were all the effective
elements for improving the hardenability.

The sulfide inclusion is common phase in cast steel, and it is
detrimental to the mechanical properties, especially to the
impact toughness. The sulfide inclusion cannot be eliminated
once it is formed in cast steels as there is no process of
deformation (such as forging, rolling etc.) for steel castings. In
the MnSiCrB cast steels, rare earth (Ce) was used to purify and
refine the cast steels. The effect of rare-earth element Ce
(mixtured by La, Pr, and Nd) on the shape of the sulfide
inclusions in MnSiCrB cast steel is shown in Fig. 4. It can be
seen that the sulfide inclusions were globularized effectively.
The earlier study (Ref 18) showed that the addition of rare-earth
metals to cast steel globularized the sulfide inclusions, and this
can be beneficial to the mechanical properties, especially the
impact toughness.

High hardness is required for the cast steels applied in wear
conditions. In order to obtain high wear-resistance, the hardness
of the designed cast steels in this study is aimed to exceed 50
(HRC). Generally speaking, at high hardness levels, the
ductility of low-alloy cast steels is usually low, and fracture
occurs at low plastic deformation degree or even at elastic
deformation region during tensile test. Therefore, none of the
tensile properties was reported for high hardness cast steels. In
this study, the effect of Si contents on the mechanical properties
of the MnSiCrB cast steels was analyzed by tensile and impact

Fig. 2 SEM micrographs of the MnSiCrB cast steels after 850 �C
air-cooling and 220 �C tempering, (a) MnSiCrB cast steel containing
0.5 wt.% Si, granular bainite, and lower bainite/martensite multi-
phase; (b) MnSiCrB cast steel containing 1.5 wt.% Si, carbide-free
bainite/martensite multi-phase

Fig. 3 Jominy hardenability curves of the investigated MnSiCrB
cast steels. No. 1 cast steel containing 0.5 wt.% Si, No. 2 cast steel
containing 1.5 wt.% Si
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tests. The tensile properties and impact toughness of the
MnSiCrB cast steels after air-cooling from 850 �C and
subsequent tempering at 220 �C are reported in Table 2. In
the tensile test, percentage of reduction of area was too low, and
so only the percentage of elongation after fracture (A) was used
to evaluate the ductility of the cast steels. In the impact test,
impact toughness (aK) of the cast steels is characterized by
using non-notched specimens (10 mm9 10 mm9 55 mm)
which are usually used in industrial application for high
hardness material, especially hardness cast steels and cast irons.
From Table 2, it can be seen that the MnSiCrB cast steel
samples with 0.5 wt.% Si have higher tensile strength
(Rm = 2020 MPa on average) with good ductility (A = 5% on
average). While the MnSiCrB cast steel samples with 1.5 wt.%
Si have low tensile strength (Rm = 1780 MPa on average) with
low ductility (A< 1%). Especially, the impact toughness can
reach 97-164 J/cm2 for the cast steel with 0.5 wt.% Si and
24-61 J/cm2 for that with 1.5 wt.% Si at the similar hardness
levels. Therefore, the MnSiCrB cast steel with 0.5 wt.% Si can
exhibit higher tensile strength, ductility, and impact toughness
than that with 1.5 wt.% Si. Attention must be paid to the fact
that the hardness values and the yield strength (characterized by
proof strength non-proportional extension, Rp0.2) of the cast
steels containing different Si contents are nearly identical, but
the tensile strength values are very different. The difference in
the tensile strength is not reflected in the corresponding
difference in the hardness values. The engineering stress-
engineering strain curves of three specimens of the cast steel
with low Si (CS (LSi)) and three specimens of the cast steel
with high Si (CS (HSi)) are shown in Fig. 5. It can be seen that
the cast steel with 0.5 wt.% Si exhibits better ductility and work

hardening ability than the cast steel with 1.5 wt.% Si. Fracture
occurred at lower plastic deformation degree (<1%) for the cast
steel containing 1.5 wt.% Si while it occurred at higher plastic
deformation degree (5% on average) for the cast steel
containing 0.5 wt.% Si. Therefore, the MnSiCrB cast steel
containing 1.5 wt.% Si has lower tensile strength than the cast
steel containing 0.5 wt.% Si even though the former is harder
than the latter.

Four typical broken non-notched impact samples are shown
in Fig. 6. Examination of the fractured surfaces revealed that
the fracture mechanism of the MnSiCrB cast steels with low Si
and high Si is all quasi-cleavage (mixture of cleavage and
dimple), but the fractured surfaces of low Si cast steel are
covered with bigger and deeper dimples than that of high Si
cast steel, as shown in Fig. 7.

Fig. 4 Morphology of inclusion in MnSiCrB cast steel

Table 2 Tensile properties and impact toughness of the MnSiCrB cast steels

Hardness, HRC Rp0.2, MPa Rm, MPa A, % aK, J/cm
2

No. 1 cast steel (low Si) 51±1 1480± 20 2020± 25 5± 1 111, 97, 118, 164
No. 2 cast steel (high Si) 53± 1 1490± 20 1780± 20 <1 24, 61, 29, 32

Fig. 5 Engineering stress-engineering strain curves of a No. 1 cast
steel test specimen and a No. 2 cast steel test specimen, 850 �C
air-cooled and 220 �C tempered, specimens of 1#, 2#, and 3# from
No. 1 cast steel containing 0.5 wt.% Si, specimens of 4#, 5#, and 6#
from No. 2 cast steel containing 1.5 wt.% Si

Fig. 6 The broken non-notched impact samples of the MnSiCrB
cast steels containing different Si contents
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The mechanical properties of MnSiCrB cast steels depend
upon their microstructures, whilst their microstructures greatly
relate to their Si contents. As shown above, the MnSiCrB cast
steel with 0.5 wt.% Si exhibits higher tensile strength, ductility
and impact toughness than that with 1.5 wt.% Si. From the
microstructure of the MnSiCrB cast steels, addition of Si to
low-alloy steel retarded the formation of granular bainite and
improved the formability of the carbide-free bainite/martensite
multi-phase. Granular bainite is beneficial to the ductility and
impact toughness (Ref 19). The solid solution of Si in the
bainite ferrite and martensite may promote the occurrence of
fracture (Ref 20). The medium carbon low-alloy steel contain-
ing Mn, Cr, and B can obtain high hardness where addition of
Si does not significantly improve the hardness. Therefore, in the
design of the high-performance and low-cost wear-resistant cast
steel, low Si content was beneficial to the combination of
strength and impact toughness.

The weight loss as a function of sliding distance in
unlubricated sliding wear test is shown in Fig. 8. It can be
seen that there is a linear relationship between the wear weight
loss and sliding distance for the studied cast steels, and that the
weight loss of the cast steel with 0.5 wt.% Si is less than that of
the cast steel with 1.5 wt.% Si in identical sliding distance. It is
indicated that the cast steel with low Si content is more wear

resistant than the cast steel with high Si content in the
unlubricated sliding wear test. The observed difference in wear
resistance does not reflect in the corresponding difference in the
hardness values as the cast steel pins with 1.5 wt.% Si are ca. 2
(HRC) harder than ones with 0.5 wt.% Si. Therefore, the wear
resistance of the cast steels at the similar hardness levels
depends on not only hardness but also ductility and toughness
which can influence the wear mechanisms.

In sliding contact, wear can occur due to adhesion, surface
fatigue, tribo-chemical reaction, and/or abrasion (Ref 21).
Many factors (such as contact load, contact area, environment,
and counter-body) influence the wear mechanisms. In this
study, the sliding wear test was carried out in the same
condition so that the study can focus on the effect of
microstructure and mechanical properties on the wear behavior
for the cast steels containing different Si contents.

The variation of friction coefficient as a function of the
sliding distance for the cast steels is shown in Fig. 9. It can be
seen that the friction coefficient curve exhibits more obvious
saw-tooth patterns for the cast steel containing 0.5 wt.% Si than
for the cast steel containing 1.5 wt.% Si in the unlubricated
sliding wear process. The macrographs of the worn surfaces of
the cast steels are shown Fig. 10 and the micrographs of
selected areas, as shown in Fig. 11 and 12, were taken from
corresponding positions in Fig. 10. It can be seen that there was
abrasion for both the cast steels, as shown in Fig. 11(a) and
12(a). Abrasion, removal of material due to scratching, occurs
in the relatively moving surfaces of pin and disk. This kind of
displaces of material is caused by grooving in the form of
micro-cutting and/or micro-ploughing as the counter-face, the
disk made of hardened high carbon high Chromium steel, is
harder than the tested MnSiCrB cast steels. In addition to the
abrasive wear mechanism existing both in the cast steels, there
are other different wear mechanisms for the cast steels. In
Fig. 11(a), on the worn surface of the cast steel with 0.5 wt.%
Si, it can be seen that there was plastic deformation flow on the
worn surface and debris formed by flaking after plastic
deformation flow in the sliding wear process. When the plastic
deformation flow plays a predominant role in the unlubricated
sliding wear process, the friction coefficient can be very high

Fig. 7 SEM micrographs of fracture surfaces of broken non-not-
ched impact samples of MnSiCrB cast steels after 850 �C air-cooling
and 220 �C tempering, (a) cast steel with 0.5 wt.% Si, (b) cast steel
with 1.5 wt.% Si

Fig. 8 Weight loss as a function of sliding distance in unlubricated
sliding wear test: No. 1 cast steel containing 0.5 wt.% Si; No. 2 cast
steel containing 1.5 wt.% Si
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because more energy was consumed for the accumulation of
plastic deformation flow. Under the driving of contact stress,
when the plastic deformation flow formed in the surface layer
of the worn material accumulated to a certain extent, cracks
formed and propagated and then abrasive debris formed. The
debris seems to act as lubricant between pin and disk, as shown
in Fig. 11(b). When the debris played an important role as
lubricant between pin and disk at some stage in the unlubricated
sliding wear process, the friction coefficient deceased. When
the debris escaped from the contact surfaces of the pin and disk,
new wear occurred on the fresh surface, plastic deformation
flow took place and the friction coefficient increased again.
Therefore, the variation of friction coefficient as a function of
the sliding distance exhibits more obvious saw-tooth pattern, as
shown in Fig. 9(a). In comparison, on the worn surface of the
cast steel with 1.5 wt.% Si, it can be seen that the mechanism
was crack formation and propagation in surface fatigue in
addition to the abrasion, as shown in Fig. 12(a). The debris was
caused by flaking and brittle fracture. In the unlubricated
sliding wear test, in connection with adhesion or abrasion, the
repeated sliding of counter-face (disk) across the pin can result
in cyclic surface stressing. Localized surface fatigue may occur

on a microscopic scale by crack formation and crack propa-
gation at or below the stressed surface and wear occurs by
flaking, as shown in Fig. 12(b). Obvious plastic deformation
flow was not observed. Therefore, the friction coefficient was
more stable than that of the cast steel containing 0.5 wt.% Si as
shown in Fig. 9 and the wear behaviors of the cast steels
reflected its plastic deformation ability (characterized by
ductility and toughness).

From the results and analyses of the wear behaviors above,
it can be seen that the observed difference in wear resistance is
related to the wear mechanisms which are influenced by the
mechanical properties of the cast steels. The cast steel with high
Si has higher hardness than the cast steel with low Si but has
lower tensile strength, ductility, and toughness than the latter. In
the sliding wear, more weight loss was caused by flaking due to
the brittle fracture in surface fatigue. Therefore, in the design
of the high-performance and low-cost wear-resistant cast steel,
low Si content was not only beneficial to the combination of

Fig. 9 Variation of friction coefficient with sliding distance for the
MnSiCrB cast steels: (a) cast steel with 0.5 wt.% Si, (b) cast steel
with 1.5 wt.% Si

Fig. 10 Macrographs of the worn surface of MnSiCrB cast steels:
(a) the cast steel with 0.5 wt.% Si, (b) the cast steel with 1.5 wt.% Si
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strength and impact toughness, but also to the wear-resistance
in unlubricated siding wear.

4. Conclusions

Two medium carbon low-alloy MnSiCrB cast steels con-
taining different Si contents (0.5 and 1.5 wt.%) were designed,
and the effect of Si contents on the microstructure, mechanical
properties, and unlubricated sliding wear behavior of the cast
steels after 850 �C air-cooling and 220 �C tempering was
studied. The following results can be concluded:

(1) The microstructure of the MnSiCrB cast steels was
influenced by the content of Si. At lower Si content, the
microstructure of air-cooled MnSiCrB cast steel consists

of granular bainite and lower bainite/martensite multi-
phase. In the cast steel containing 1.5 wt.% Si, granular
bainite was not observed. The microstructure consists of
carbide-free bainite/martensite multi-phase. Excellent
hardenability can be obtained at both low and high Si
levels.

(2) The rare-earth elements can effectively globularize the
sulfide inclusions in the cast steels.

(3) The MnSiCrB cast steel with 0.5 wt.% Si can obtain
better combination of strength and impact toughness
than that with 1.5 wt.% Si. The MnSiCrB cast steel
samples with 0.5 wt.% Si have higher tensile strength
(Rm = 2020 MPa on average) with good ductility
(A = 5% on average). By contrast, the MnSiCrB cast
steel samples with 1.5 wt.% Si have low tensile
strength (Rm = 1780 MPa on average) with low ductility
(A< 1%). Especially, the impact toughness can reach

Fig. 11 Scanning electron micrographs of the worn surface of the
cast steel with 0.5 wt.% Si: (a) corresponding to position A in
Fig. 10(a), (b) corresponding to position B in Fig. 10(a)

Fig. 12 Scanning electron micrographs of the worn surface of the
cast steel with 1.5 wt.% Si: (a) corresponding to position A in
Fig. 10(b), (b) corresponding to position B in Fig. 10(b)
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97-164 J/cm2 for the cast steel with 0.5 wt.% Si but
24-61 J/cm2 for that with 1.5 wt.% Si at the similar
hardness levels 51-53 (HRC).

(4) The wear resistance of MnSiCrB cast steel containing
0.5 wt.% Si level is better than that of MnSiCrB cast
steel containing 1.5 wt.% Si level in the unlubricated
sliding wear condition. The abrasive wear, plastic defor-
mation, and fracture mechanism play a dominant role
for the MnSiCrB cast steel with low Si, while abrasion
and surface fatigue play a dominant role for the
MnSiCrB cast steel with 1.5 wt.% Si. At similar hard-
ness level, more weight loss was caused by flaking due
to the brittle fracture in surface fatigue because the ten-
sile strength, ductility, and toughness of the cast steel
with high Si are lower than those of the cast steel with
low Si.

(5) The MnSiCrB cast steel with low content of Si
(0.5 wt.%) by air-cooling and low temperature tempering
can obtain excellent combination of hardness, tensile
strength, ductility, impact toughness, and wear-resistance.
It promises to be a potential, advanced, wear-resistant
cast steel for unlubricated sliding wear condition.

References

1. T.F. Jing and F.C. Zhang, The Work-Hardening Behavior of Medium
Manganese Steel Under Impact Abrasive Wear Condition, Mater. Lett.,
1997, 31(3–6), p 275–279

2. R.W. Smith, A.D. Monte, and W.B.F. Mackay, Development of
High-Manganese Steels for Heavy Duty Cast-to-Shape Applications,
J. Mater. Process. Technol., 2004, 153–154(10), p 589–595

3. Y.N. Petrov, V.G. Gavriljuk, H. Berns, and F. Schmalt, Surface
Structure of Stainless and Hadfield Steel After Impact Wear, Wear,
2006, 260, p 687–691

4. W.L. Yan, L. Fang, K. Sun, and Y.H. Xu, Effect of Surface Work
Hardening on Wear Behavior of Hadfield Steel, Mater. Sci. Eng. A,
2007, 460–461, p 542–549

5. B.D. Jana, A.K. Chakrabarti, and K.K. Ray, Study of Cast Microal-
loyed Steels, Mater. Sci. Technol., 2003, 19(1), p 80–86

6. H. Najafi, J. Rassizadehghani, and S. Asgari, As-Cast Mechanical
Properties of Vanadium/Niobium Microalloyed Steels, Mater. Sci. Eng.
A, 2008, 486(1–2), p 1–7

7. J. Glownia and B. Kalandyk, Effect of Precipitation Strengthening in
Low-Alloy Mn-Ni Cast Steels, J. Mater. Process. Technol., 2008,
207(1–3), p 147–153

8. J. Rassizadehghani, H. Najafi, M. Emamy, and G. Eslami-Saeen,
Mechanical Properties of V-, Nb-, and Ti-Bearing As-Cast Microal-
loyed Steels, J. Mater. Sci. Technol., 2007, 23(6), p 779–784

9. Z.L. Lu, Q.C. Rao, and Z.H. Jin, An Investigation of the Corrosion-
Abrasion Wear Behavior of 6% Chromium Martensitic Cast Steel,
J. Mater. Process. Technol., 1999, 95, p 180–184

10. L. Yang, H.S. Fang, and Z.H. Meng, Kinetics of Austenitic Isothermal
Decomposition and Mn Partition in Fe-C-Mn-B Alloys, Acta Metall.
Sin., 1992, 28(1), p 19–23 (in Chinese)

11. L. Yang, H.S. Fang, and N.P. Chen, An Investigation on the Bay-Like
Shape TTT Curves in MnB Steels, J. Tsinghua Univ. (Sci. Technol.),
1988, 28(2), p 93–99 (in Chinese)

12. H.S. Fang, F.B. Yang, and B.Z. Bai, Recent Development of
Air-Cooled Bainitic Steels Containing Manganese, J. Iron Steel Res.
Int., 2005, 12(2), p 1–10

13. H.S. Fang, J.B. Yang, and Z.G. Yang, The Mechanism of Bainite
Transformation in Steels, Scr. Mater., 2002, 47(3), p 157–162

14. L.J. Habraken, Bainitic Transformation of Steels, Revue de Metallur-
gie, 1956, 53, p 930

15. P. Jacques, E. Girault, T. Catlin, et al., Bainite Transformation of Low
Carbon Mn-Si TRIP-Assisted Multiphase Steels: Influence of Silicon
Content on Cementite Precipitation and Austenite Retention, Mater.
Sci. Eng. A, 1999, 273(Sp. Iss. SI), p 475–479

16. C. Garcia-Mateo, F.G. Caballero, J. Chao et al., Mechanical Stability of
Retained Austenite During Plastic Deformation of Super High Strength
Carbide Free Bainitic Steels, J. Mater. Sci., 2009, 44(44), p 4617–4624

17. ASTM A225-1989, Standard Method for End-Quench Test for
Hardenability of Steel

18. A.E. Akselrod, V.V. Popov, and A.F. Filippenkov, Effect of Alkaline
and Rare-Earth Metals on the Composition of Sulfide Inclusions and
Properties of Cast Steel, Metal Sci. Heat Treat., 1988, 30, p 931–935

19. K.S. Luo and B.Z. Bai, Microstructure, Mechanical Properties and
High Stress Abrasive Wear Behavior of Air-Cooled MnCrB Cast
Steels, Mater. Des., 2010, 31(5), p 2510–2516

20. A. Roy, P. Kumar, and D. Maitra, The Effect of Silicon Content on
Impact Toughness of T91 Grade Steels, J. Mater. Eng. Perform., 2009,
18(2), p 205–210

21. K.H. Zum Gahr, Microstructure and Wear of Materials, Elsevier,
Amsterdam, 1987, p 352

Journal of Materials Engineering and Performance Volume 20(6) August 2011—959


	Microstructure, Mechanical Properties, and Unlubricated Sliding Wear Behavior of Air-Cooled MnSiCrB Cast Steels
	Abstract
	Introduction
	Materials and Experimental Procedure
	Results and Discussion
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


