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TRIBOENGINEERING PROPERTIES OF AUSTENITIC MANGANESE STEELS
AND CAST IRONS UNDER THE CONDITIONS OF SLIDING FRICTION

O. I. Balyts’kyi,1  V. O. Kolesnikov,2  and  P. Kawiak 
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We analyze the influence of parameters of the graphite phase on the ultimate strength in bending,
deflection, and the intensity of fracture of manganese cast irons and steels.  The least intensity of
wear is exhibited by alloys with graphite inclusions  30–50 μm  in length and a hardness of
250 HB.  The decrease in the hardness of alloys, improvement of the parameters of the graphite
phase, and increase in its amount (occupied area) to  6–10%  lead to the disintegration of the me-
tal matrix, decrease its strength characteristics, and promote the intensification of the fracture
processes under the conditions of friction.  It is shown that, unlike 40, 45, 45G2, and 20KhN
hardened steels, the austenitic cold-worked manganese steel is capable of preserving the coating
formed by the adsorbed layers of oil and graphite on the surface for   3–4 h   under the conditions
of shortage of oil. 

The parameters of the graphite phase (shape, amount, geometric sizes, etc.) in  Fe – C  alloys strongly affect
all structure-sensitive properties of the materials, including their wear resistance [1, 2].  However, the unambigu-
ous requirements to the microstructure and, in particular, to the parameters of the graphite phase for workpieces
operating under the conditions of sliding friction are not formulated.  As the most promising alloys used as struc-
tural and triboengineering materials, one can mention steels and cast irons with high content of manganese [3].
At the same, the systematic data on the influence of the parameters of the graphite phase on the triboengineering
properties of austenitic manganese cast irons and steels are absent and, hence, it is necessity to perform the cor-
responding complex investigations. 

Materials and Experimental Procedure 

The aim of the present work is to study the influence of the parameters of the graphite phase of austenitic
manganese cast irons on their mechanical and triboengineering characteristics.  The basic chemical composition
of the analyzed cast irons is as follows (wt.%):  3.7 C,  12.0 Mn,  3.0 Si,  1.0 Ni,  2.5 Cu,  and  0.4 Al.  The con-
centrations of  Cr,  V,  and  Ti  and some properties of the alloys are presented in Table 1 [4].

The wear resistance was measured in an SMTs-2 friction machine according the roller-shoe scheme under
the conditions of boundary and dry friction.  As the counterbody, we used a roller made of 45G2 hardened steel
with a hardness of  55 HRC.  The sliding velocity was equal to  0.628 m / sec.  The shoes were cut out from speci-

mens cast in sand–loam molds  ( ∅ 30 mm).  The microstructure was studied in MIM-8M and PMT-3 micro-
scopes with computer processing of the images aimed at the quantitative analysis of the structure and with the
help of a JSM-6100 scanning microscope. 
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Table 1. Chemical Composition, Brinell Hardness  HB,  Microhardness  Hμμ
50

  (Mean Hardnesses of

Austenite  Ha
μμ,  Eutectics  He

μμ,  and Dendrites  Hμμ
∂∂),  Ultimate Strength in Bending  σσσσ,  Deflection

f300  ( for a Distance Between the Supports of  300 mm),  and the Area Occupied by Graphite  S

Alloy
Content of elements,  %

HB
Ha

μ ,
GPa

He
μ ,

GPa
Hμ

∂ ,
GPa

σ,
MPa

f300 S
Cr V Ti

1 1.0 0.5 0.5 250 4.0 2.9 4.5 386 2.4 1.5 – 5.0

2 1.0 0.5 0.1 223 3.5 2.9 4.1 306 2.2 2.5 – 8.0

3 0.1 0.5 0.1 161 3.0 2.7 3.1 353 3.6 4.0 – 12

In the microstructure of the investigated alloys, we detect the austenitic metal matrix whose microhardness
Hμ  =  2.2 – 5.0 GPa.  The regression equation used to describe the contribution of elements with variable contents
to the formation of the microhardness of the metal matrix takes the form 

Y  =  3375  +  274 x1  +  138 x2  +  101 x3  +  78 x1, 2  +  5 x1, 3  +  85 x2, 3  +  79 x1, 2, 3 . (1)

By analyzing the coefficients in Eq. (1), we conclude that the maximum strengthening of the solid solution
is attained by increasing the content of  Cr.  For  V  and  Ti,  the corresponding effect is weaker. 

Results and Discussion

The microhardness of carbides varies from  7.0  to  17.0 GPa.  The alloys contain  (Fe, Me)3 C  cementite-
type carbides and  (Cr, Fe, V) 23 C6  and  (Cr, Fe)7 C6 high-alloy carbides, as follows not only from the metallo-
graphic and durometric data but also from the results of X-ray diffraction analysis.  We also observe flaked pri-
mary graphite (in the form of isolated inclusions) as a part of the composition of austenite–graphite eutectics, in-
terdendrite graphite (in alloy No. 1),  Fe3 P,  Mn3 P,  and  (Fe, Me)3 P,  and complex mixed-type compounds in the
form of austenite–graphite–phosphide, austenite–ledeburite–phosphide, and phosphide eutectics  (Hμ   =   4.0–
6.5 GPa). 

The introduction of  C,  Si,  Al,  Ti,  and  V  in the composition of alloys promotes the development of gra-
phitization.  Despite the fact that  Ti  and  V  are regarded as carbide-forming elements, they also play the roles of
modifiers in liquid melts of cast iron and the centers of initiation of graphite inclusions [5, 6].  In [7], it is em-
phasized that the procedure of complex alloying with  Si,  Cu,  and  Ni  helps to compensate the whitening action
of tungsten. 

It is shown that the microhardness of austenite in the form of dendrites surrounded with carbides and phos-
phides is  1.2–1.9  times higher than the microhardness of austenite located near large graphite inclusions and
austenite in the composition of austenite–graphite eutectics [8].  This is explained by the specific features of the
formation of the structure of alloys in the process of primary crystallization, in particular, after the introduction
of an indenter in the form of a diamond pyramid near large graphite inclusions softening the metal matrix.  The
resistance of these inclusions to the motion of the front of plastically deformed austenite is lower than the resis-
tance of carbides, phosphides, and surrounding dendrites. 
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Fig. 1.  Microstructures of graphitized austenitic  manganese cast irons of alloys 1–3 (see Table 1);  × 100.

Table 2.  Distribution of Lengths of Graphite Inclusions  (μμμμm)  in Alloys 1–3 (see Table 1)

Alloy 0–50 50 – 100 100 – 150 150 – 200 200 – 250 250 – 300 300 – 350

1 78 20.5 1 0.5 — — —

2 45 18 15 13 7 1 1

3 36 41 12 7.5 3 0.5 —

The elevated microhardness of the dendrites surrounding carbides can be explained by the fact that manga-
nese is mainly located near the carbides and increases the microhardness of alloy, whereas nickel is detected in
the central part of dendrites and around graphite inclusions (according the data of local micro-X-ray diffraction
analysis).  According to the data of regression analysis, the influence of nickel on the hardness and microhard-
ness of manganese cast irons is weaker than the influence of manganese.  By analyzing the dependence of the in-
tensity of wear on the amount of the graphite phase (including graphite in the form of austenite–graphite eutec-
tics), we conclude that the wear resistance increases as the degree of eutecticity of alloys decreases [8, 9].  The
area of the phases (graphite, carbides, etc.) was found by using the photographs of microstructures in the electro-
nic form with the help of contemporary software. 

In alloy 1 containing the maximum amount of variable alloying elements (see Fig. 1 and Table 1), the
content of graphite inclusions computed according to their length and the occupied area is minimum as compared
with alloys 2 and 3.  The data presented in Table 1 show that the values of  f300  are higher for alloy 3  (0.1% Cr).
In alloys 2 and 3, the deflections are smaller and the chromium content is as high as  1.0%.  Alloy 1 contains
 0.5% Ti  but this fact does not affect the value of  f300 .  The maximum values are observed for the alloys doped
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with  Cr  and  V.  This enables us to conclude that the strongest influence on the plasticity and toughness of man-
ganese austenite is exhibited by chromium. 

If an alloy contains interdendrite graphite and short graphite inclusions, then the parameter  σb  takes high

values.  The larger flaked inclusions are typical of the alloys with lower values of  σb  [10].  If we compare the
length of these inclusions with the length of inclusions in alloys 2 and 3 (characterized by the maximum length

of graphite inclusions), then we conclude that the values of  σb  are maximum for alloy 1 and minimum for alloys
2 and 3 (Table 2). 

Table 3.  Relative Durabilities of the Alloys (the Degree of Wear of Alloy 1 is Taken as  100%)  for
vvvv  =  0.628 m / sec  (the Values of the Load in  MPa  are Presented in the Subscripts)

Alloy Δ m1.0 Δ m2.0 Δ m3.5

2 148 155 239

3 590 921 1075

The increase in the amount of the graphite phase in alloys accompanied by the simultaneous increase in the
lengths of graphite inclusions and decrease in the hardness of the metal matrix increases the intensity of fracture
in the process of dry friction (Table 3).  The hardness of alloy 2 differs from the hardness of alloy 1 but is higher
than the hardness of alloy 3.  The graphite inclusions in alloys 2 and 3 are longer than in alloy 1.  At the same
time, the number of graphite inclusions separating the metal matrix is greater in alloy 2.  However, the intensity
of wear of this alloy is much lower than for alloy 3.  As the load increases, the fracture processes in the analyzed
alloys are intensified. 

The intensity of fracture is strongly affected by the sizes of the graphite eutectics and the parameters of gra-
phite in the eutectic colony.  In alloy 1, the linear sizes of the eutectic colony are greater than in alloy 3.  At the

same time, if the analyzed eutectics contain small inclusions (up to  30–50 μm),  then the metal matrix is less sep-

arated than in alloys 2 and 3 (where the length of graphite branches can be as large as  250 μm).  It is possible to
assume that, due to the presence of small inclusions located in the plastic and ductile austenitic matrix, the de-
formability of microvolumes of the material between graphite inclusions is higher than in the alloys, where the
inclusions are well separated.  It is necessary to take into account the fact that the graphite phase decreases the
friction coefficient and the intensity of wear under the conditions of sliding friction [11].  Graphite plays the role
of dry lubricant filling and smoothing the surface unevennesses and decreasing the specific pressure and contact
stresses.  As a result, the contact of metal surfaces is violated, which facilitates their relative displacements and
decreases the friction losses [12].  Graphite located on the friction surface prevents the possibility of seizure of
materials in the tribojoint.  In [4], one can find the data showing that the intensity of wear of austenitic manga-
nese cast iron with a hardness of  250 HB  significantly decreases under the conditions of dry friction.  In this
case, the presence of graphite was detected on the surfaces of both the steel roller and the shoe made of cast iron.

In addition, graphite inclusions  30– 50 μm  in size whose content in the alloy varied within the range  1.5–5%
were predominant and promoted the optimal decrease in the intensity of wear for the metal matrix with a hard-
ness of at least  220 HB. 

The process of fracture of graphitized  Fe–C  alloys under the conditions of dry friction originates from the
initiation of cracks near graphite inclusions and directly inside these inclusions [1, 12].  In the course of friction,
a part of graphite is released into a gap on the friction surface and plays the role of lubricant. 
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Fig. 2. Friction surfaces of austenitic manganese cast iron under the normal friction conditions:  (a) noncatastrophic fracture,  × 1000;

(b) austenitic manganese steel under the conditions of shortage of oil (a crack is visible in the central part),  × 5000;  (c) slip
strips and areas destroyed in the process of friction are visible on the friction surface,  × 1000;  (d) a roller of 45G2 steel tested
for seizure resistance under the conditions of shortage of oil,  × 30. 

The remaining graphite stays in graphite pores, which results in the wedging action and facilitates the initi-
ation of cracks near the sharp edges of graphite inclusions [12].  The main crack can propagate both between the
metal matrix and graphite inclusions and along the graphite inclusions [13].  Note that the sizes of the products
of wear separated in the course of dry friction (mainly as a result of seizure) correspond to the distances between
graphite inclusions and that these products have larger volume than the products separated under the conditions
of dry friction and oxide wear.  Therefore, we can assume that, under the analyzed conditions, the alloys suffer
fracture along the boundaries of graphite inclusions [3]. 

Under the conditions of boundary friction, the sizes of the products of wear are much smaller  (0.1–3.0 μm), 
which means that the mechanisms of fracture are different in this case.  However, the graphite phase also signifi-
cantly affects the process of friction.  Thus, for the several first minutes, industrial oil changes its initial yellow
color into black.  This means that graphite penetrates into the lubricating material and, hence, the properties of
oil undergo noticeable changes.  In addition, the phenomenon of intercalation [introduction of substances (inter-
calanats) in the interlayer region (van-der-Waals gap)] of hydride complexes and inorganic molecules is also
possible [14]. 

Although the globular form of graphite is preferable in cast irons from the viewpoint their strength, cast
irons with flaked graphite are also used in some friction units because isolated inclusions of globular graphite do
not form a general network of channels of the oil-holding micropattern [15].  Clearly, this is one of the advan-
tages of the graphite phase in these alloys.  The difference between the maximum and minimum values of the
degree of wear in the case of boundary friction under a load of  2.5 MPa  was as large as up to  70%.  In this case,
the degree of wear of alloy 1 was sometimes greater than for alloy 2 by  20%  [16], which reveals the presence of
a significant influence of the graphite phase and the decrease in the effect of hardness as compared with dry fric-
tion.  Note that “Grafitol” oil contains up to  10%  of colloidal graphite as an antifriction admixture.  This type of
graphite possesses a layered structure and is recommended as a substitute of  MoS2  [17, 18]. 
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In the process of “noncatastrophic” fracture, the material separates from the shoe surface in the cases of

both dry [19] and boundary friction in the form of flat particles of wear up to  3 μm  in size [3].  In this case, the
friction surface of the shoe has a “steplike” micropattern (Fig. 2a).  This means that, according to one of the clas-
sifications presented in [20, 21], we observe the so-called “petal” fracture of the material. 

Under the conditions of shortage of oil, graphite pores can adsorb a part of oil and then “feed” the friction
surface for a certain period of time by preventing seizure and catastrophic wear.  In the course of the tests, three
drops of oil were dripped from a pipet on the surface of the roller (a shoe made of alloy 3 was used as a counter-
body).  It was shown that, for  P  =  2.5 MPa  and  v  =  0.628 m / sec,  the adsorbed layer (formed by a graphite-
and I-20A-oil-containing film) was preserved on the surface of the roller (40, 45, 45G2, and 20KhN steels) for
up to  1.5 h.  Then the film was destroyed with the formation of the zones of seizure  Under the same conditions,
the layer of adsorbed graphite inclusions and oil was preserved on the surface of the roller made of DDT68 high-

ly nitrided austenitic steel  (19.4% Mn,  17.5% Cr,  2.08% Mo,  and  0.97% N,  σu  =  1176 MPa,  σy  =  793 MPa,

and  K1C  =  397 MPa m )  for a much longer period of time  (3–4 h).  The data of metallographic analysis de-
monstrate that, unlike 40, 45, 45G2, and 20KhN steels, the analyzed cold-worked austenitic manganese steel has
no zones of seizure under the indicated conditions (Fig. 2d).  Its workability and seizure resistance are preserved
much longer.  The surface layers of manganese steel are destroyed as a result of microcracking (Figs. 2b, c) and
separation of fragments of the material but not as a result of seizure (as for the other types of steel).  It seems
likely that the rough physical pattern with slip strips (Fig. 2c) formed on the friction surface also contributes to
the preservation of oil and graphite layers on the surface.  Fragments of adsorbed layers are observed on the fric-
tion surface of the roller after friction even under the conditions of shortage of oil (Fig.  2b).  Thus, graphite con-
tained in cast irons [22, 23] and released in oil in the process of friction improves the antifriction properties of oil
and decreases the intensity of wear in tribojoints. 

CONCLUSIONS

It is shown that the parameters of the graphite phase in austenitic manganese cast irons noticeably affect
their mechanical and triboengineering characteristics.  The highest wear resistance is observed for alloys with a

hardness of  250 HB  in which graphite inclusions  30–50 μm  in length are predominant and occupy an area of
1.5 –5.0%.  Under the conditions of boundary friction in oil, the parameters of the graphite phase also strongly
affect the intensity of wear and the hardness of the surface becomes much lower than in the case of dry friction.
As a result of release of graphite contained in cast irons in oil in the process of friction, it is possible to improve
the antifriction properties of oil and decrease the intensity of wear in tribojoints.  It is shown that, for a specific
load of  2.5 MPa  and a sliding velocity of  0.628 m / sec,  the layer formed by the adsorbed I-20A oil and graphite
on the surface of the roller made of 45G2 steel is preserved for at most  1.5 h.  After this, we observe the pheno-
menon of seizure.  At the same time, on the roller made of cold-worked austenitic manganese steel, the layer of
adsorbed oil is preserved under the same conditions for  3–4 h . 
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