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(57)  Provided are a steel material and a method of
producing the same. The steel material has a chemical
composition containing, in mass%, C: 0.10-2.50 %, Mn:
8.0-45.0 %, P: <0.300 %, S: <0.1000 %, Ti: 0.10-5.00
%, Al: 0.001-5.000 %, N: < 0.5000 %, and O: < 0.1000
%, where C, Ti, and Mn satisfy 25([C] - 12.01[Ti]/47.87)
+ [Mn] > 25 ([C], [Ti] and [Mn] are a content of each ele-
mentin mass%), with the balance being Fe andinevitable
impurities, and a microstructure containing > 90 % of an

STEEL MATERIAL AND PRODUCTION METHOD THEREFOR

austenite phase and > 0.2 % of Ti carbides in area ratio.
Such a microstructure can be obtained by heating the
steel material having the chemical composition to a tem-
perature of > 950 °C, and then cooling the steel material
at a cooling rate of > 1 °C/s in a temperature range be-
tween 900-500 °C. A steel material excellent in wear re-
sistance is thus obtained. By adjusting the hardness of
the austenite phase to > 200 HV, the impact wear resist-

ance is remarkably improved.
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Description
TECHNICAL FIELD

[0001] This disclosure relates to a steel material and a method of producing the same, and particularly to an improve-
ment in wear resistance of an austenitic steel material.

BACKGROUND

[0002] Industrial machinery and transportation equipment, such as power shovels, bulldozers, hoppers, bucket con-
veyors, and rock crushers, used in fields of construction, civil engineering, mining and the like are exposed to wear such
as sliding wear and impact wear caused by rocks, sand, ores, and the like. Therefore, members of industrial machinery,
transportation equipment and the like are required to have excellent wear resistance from the viewpoint of extending
the life of the machines, equipment and the like.

[0003] Itis known that the wear resistance of a steel material improves as the hardness of the steel material increases.
In a steel microstructure, an austenite phase has a high degree of hardening, that is, high hardenability when it is applied
with strain. Therefore, an austenitic steel material exhibits extremely excellent wear resistance because the steel is
hardened in the vicinity of a wearing surface when it is used in an environment of impact wear where the steel is applied
with an impact force such as a collision of rocks. Further, an austenite phase has better ductility and toughness than
microstructures such as a ferrite phase and a martensite phase. Therefore, for example, austenitic steel materials such
as Hadfield steel, which can obtain an austenite microstructure by containing a large amount of manganese, have been
widely used as inexpensive wear-resistant steel materials.

[0004] For example, PTL 1 (JP 5879448 B) describes "a wear-resistant austenitic steel material and a method of
producing the same". The technique described in PTL 1 is a wear-resistant austenitic steel material containing, in
weight%, manganese (Mn): 15 % to 25 %, carbon (C): 0.8 % to 1.8 %, and copper (Cu) satisfying 0.7 C - 0.56 (%) < Cu
<5 %, with the balance consisting of Fe and inevitable impurities, where the wear-resistant austenitic steel material has
excellent toughness in a heat-affected zone where a Charpy impact value at -40 °C is 100 J or more. According to the
technique described in PTL 1, an austenite microstructure can be stably obtained by containing a large amount of
manganese, the formation of carbides in the heat-affected zone after welding can be suppressed, and deterioration of
the toughness of the heat-affected zone can be prevented.

[0005] Inaddition, PTL2(JP 6014682B)describes "awear-resistant austenitic steelmaterial and amethod of producing
the same". The wear-resistant austenitic steel material described in PTL 2 is a wear-resistant austenitic steel material
containing, in weight%, 8 % to 15 % of manganese (Mn), carbon (C) satisfying a relation of 23 % < 33.5 C - Mn <37 %,
and copper (Cu) satisfying 1.6 C - 1.4 (%) < Cu < 5 %, with the balance consisting of Fe and inevitable impurities, where
carbides are 10 % or less in area fraction, and the wear-resistant austenitic steel material has excellent ductility. According
to the technique described in PTL 2, an austenite microstructure can be stably obtained by containing a large amount
of manganese, the formation of carbides inside the steel material can be suppressed, and deterioration of the toughness
of the steel material can be prevented.

CITATION LIST
Patent Literature
[0006]

PTL 1: JP 5879448 B
PTL 2: JP 6014682 B

SUMMARY
(Technical Problem)

[0007] However, for the austenitic steel materials described in PTLS 1 and 2, a large and hardened layer is not formed
on the steel material surface in a case of wear where no impact force is applied to the steel material, for example, a
case of wear where sand rubs against the steel material surface, that is, sliding wear. Therefore, the wear resistance
cannot be remarkably improved.

[0008] It could thus be helpful to provide an austenitic steel material excellent in wear resistance and a method of
producing the same. As used herein, "excellent in wear resistance" means having both excellent sliding wear resistance
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and excellent impact wear resistance, and the "steel material" includes a plate-shaped steel sheet (plate material), a
rod-shaped steel bar (bar material), a linear wire rod, and shaped steel having various cross-sectional shapes.

(Solution to Problem)

[0009] We firstdiligently investigated various factors affecting the sliding wear resistance of an austenitic steel material.
As aresult, we discovered that, in order to improve the sliding wear resistance of an austenitic steel material, it is effective
to contain hard particles in the matrix phase (austenite phase), and Ti carbides having extremely high hardness are
particularly effective among the particles that can be contained in the matrix phase (austenite phase). The sliding wear
develops when an outermost layer of the steel material is continuously scraped. Therefore, by containing hard particles
in the matrix phase (austenite phase), hard particles appear on the outermost layer of the steel material as the wear
develops, and the hard particles are aresistance to the development of wear. As a result, the wear resistance is improved,
and the life against wear is extended.

[0010] On the other hand, it is important to maintain a stable austenite microstructure for improving the impact wear
resistance of an austenitic steel material. In addition, it is necessary to increase the amounts of dissolved C and Mn,
which are austenite stabilizing elements, for obtaining a stable austenite microstructure at low cost even at normal
temperature. However, as described above, when a large amount of Ti carbide is contained in the matrix phase to
improve the sliding wear resistance, the amount of dissolved C that is effective for maintaining a stable austenite micro-
structure is reduced. We newly discovered that it is effective to adjust the amounts of C and Mn in consideration of the
difference between the amounts of dissolved C and Mn, which are austenite stabilizing elements, and the austenite
stabilizing ability of C and Mn so as to satisfy a relation of the following expression (1) to have both excellent sliding
wear resistance and excellent impact wear resistance.

25([C] - 12.01[Ti]/47.87) + [Mn] = 25 (1)

where [C], [Ti] and [Mn] are a content of each element in mass%.
[0011] The present disclosure is based on the above discoveries and further studies. The primary features of the
present disclosure are described below.

(1) A steel material comprising
a chemical composition containing (consisting of), in mass%,

C: 0.10 % or more and 2.50 % or less,

Mn: 8.0 % or more and 45.0 % or less,

P: 0.300 % or less,

S: 0.1000 % or less,

Ti: 0.10 % or more and 5.00 % or less,

Al: 0.001 % or more and 5.000 % or less,

N: 0.5000 % or less, and

O (oxygen): 0.1000 % or less, where

C, Ti, and Mn are contained in ranges satisfying the following expression (1),

25([C] - 12.01[Ti]/47.87) + [Mn] > 25 (1)

where [C], [Ti] and [Mn] are a content of each element in mass%,
with the balance consisting of Fe and inevitable impurities, and

a microstructure containing 90 % or more of an austenite phase and 0.2 % or more of Ti carbides in area ratio.
(2) The steel material according to (1), wherein the austenite phase has a Vickers hardness of 200 HV or more.
(3) The steel material according to (1) or (2), further comprising, in mass%, in addition to the chemical composition,
at least one selected from the group consisting of

Si: 0.01 % or more and 5.00 % or less,

Cu: 0.1 % or more and 10.0 % or less,

Ni: 0.1 % or more and 25.0 % or less,

Cr: 0.1 % or more and 30.0 % or less,

Mo: 0.1 % or more and 10.0 % or less,
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Nb: 0.005 % or more and 2.000 % or less,

V: 0.01 % or more and 2.00 % or less,

W: 0.01 % or more and 2.00 % or less,

B: 0.0003 % or more and 0.1000 % or less,

Ca: 0.0003 % or more and 0.1000 % or less,

Mg: 0.0001 % or more and 0.1000 % or less, and

REM: 0.0005 % or more and 0.1000 % or less.

(4) A method of producing a steel material, wherein a casting process in which molten steel is smelted to obtain
cast steel, a heating process in which the cast steel is heated, a hot rolling process in which the heated cast steel
is subjected to hot rolling to obtain a steel material, and a cooling process in which the steel material is cooled, are
sequentially performed, wherein

the cast steel comprises a chemical composition containing (consisting of), in mass%,

C: 0.10 % or more and 2.50 % or less,

Mn: 8.0 % or more and 45.0 % or less,

P: 0.300 % or less,

S: 0.1000 % or less,

Ti: 0.10 % or more and 5.00 % or less,

Al: 0.001 % or more and 5.000 % or less,

N: 0.5000 % or less, and

O (oxygen): 0.1000 % or less, where

C, Ti, and Mn are contained in ranges satisfying the following expression (1),

25([C] - 12.01[Ti]/47.87) + [Mn] > 25 (1)

where [C], [Ti] and [Mn] are a content of each element in mass%,
with the balance consisting of Fe and inevitable impurities,

a heating temperature in the heating process is 950°C or higher and 1300 °C or lower, and

the steel material is cooled at an average cooling rate of more than 1 °C/s in a temperature range of 900°C to 500
°C in the cooling process.

(5) The method of producing a steel material according to (4), wherein the cast steel further comprises, in mass%,
in addition to the chemical composition, at least one selected from the group consisting of

Si: 0.01 % or more and 5.00 % or less,

Cu: 0.1 % or more and 10.0 % or less,

Ni: 0.1 % or more and 25.0 % or less,

Cr: 0.1 % or more and 30.0 % or less,

Mo: 0.1 % or more and 10.0 % or less,

Nb: 0.005 % or more and 2.000 % or less,

V:0.01 % or more and 2.00 % or less,

W: 0.01 % or more and 2.00 % or less,

B: 0.0003 % or more and 0.1000 % or less,

Ca: 0.0003 % or more and 0.1000 % or less,

Mg: 0.0001 % or more and 0.1000 % or less, and

REM: 0.0005 % or more and 0.1000 % or less.

(6) The method of producing a steel material according to (4) or (5), wherein the hot rolling has a total rolling reduction
of 25 % or more in a temperature range of 950 °C or lower.

(Advantageous Effect)

[0012] According to the present disclosure, it is possible to provide an austenitic steel material excellent in wear
resistance that has both excellent sliding wear resistance and excellent impact wear resistance, which has remarkable
effects in industry. Further, the present disclosure also has an effect of extending the life of industrial machinery, trans-
portation machinery and the like working in various wear environments.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0013] In the accompanying drawings:

FIG. 1 schematically illustrates an outline of a wear test apparatus used in Examples; and
FIG. 2 schematically illustrates an outline of a wear test apparatus used in Examples

DETAILED DESCRIPTION

[0014] The austenitic steel material of the present disclosure has a chemical composition containing, in mass%, C:
0.10 % or more and 2.50 % or less, Mn: 8.0 % or more and 45.0 % or less, P: 0.300 % or less, S: 0.1000 % or less, Ti:
0.10 % or more and 5.00 % or less, Al: 0.001 % or more and 5.000 % or less, N: 0.5000 % or less, O (oxygen): 0.1000
% or less, where C, Ti, and Mn are contained in ranges that satisfy a relation of the following expression (1),

25([C] - 12.01[Ti]/47.87) + [Mn] = 25 (1)

where [C], [Ti] and [Mn] are a content of each element in mass%,

with the balance consisting of Fe and inevitable impurities.

[0015] First, the reasons for limiting the chemical composition of the steel material will be described. Note that in the
following description, "mass%" in the chemical composition is simply indicated as "%" unless otherwise specified.

C: 0.10 % or more and 2.50 % or less

[0016] C is an element that stabilizes an austenite phase and is an important element for obtaining an austenite
microstructure at normal temperature. To obtain the effect, the C content should be 0.10 % or more. If the C content is
less than 0.10 %, the stability of the austenite phase is insufficient, and a sufficient austenite microstructure cannot be
obtained at normal temperature. On the other hand, if the C content exceeds 2.50 %, the hardness is increased, and
the toughness of a welded portion is deteriorated. Therefore, in the present disclosure, the C content is limited to the
range of 0.10 % or more and 2.50 % or less. It is preferably 0.12 % or more and 2.00 % or less.

Mn: 8.0 % or more and 45.0 % or less

[0017] Mn is an element that stabilizes an austenite phase and is an important element for obtaining an austenite
microstructure at normal temperature. To obtain the effect, the Mn content should be 8.0 % or more. If the Mn content
is less than 8.0 %, the stability of the austenite phase is insufficient, and a sufficient austenite microstructure cannot be
obtained. On the other hand, if the Mn content exceeds 45.0 %, the effect of stabilizing the austenite phase is saturated,
which is economically disadvantageous. Therefore, in the present disclosure, the Mn content is limited to the range of
8.0 % or more and 45.0 % or less. It is preferably 10.0 % or more and 40.0 % or less.

P: 0.300 % or less

[0018] P is an element that segregates at grain boundaries, embrittles the grain boundaries, and deteriorates the
toughness of the steel material. In the present disclosure, it is desirable to have a P content as low as possible, yet an
amount of 0.300 % or less is acceptable. It is preferably 0.250 % or less. Although P is an element inevitably contained
in the steel as an impurity whose content is preferably as low as possible, excessively reduction of P content leads to
a rise in refining time and refining cost. Therefore, the P content is preferably 0.001 % or more.

S: 0.1000 % or less

[0019] Sis an element that disperses in the steel mainly as a sulfide-based inclusion and deteriorates the ductility and
toughness of the steel. Therefore, in the present disclosure, it is desirable to have a S content as low as possible, yet
an amount of 0.1000 % or less is acceptable. It is preferably 0.0800 % or less. Although the S content is preferably as
low as possible, excessively reduction of S content leads to a rise in refining time and refining cost. Therefore, the S
content is preferably 0.0001 % or more.
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Ti: 0.10 % or more and 5.00 % or less

[0020] Tiis an important element in the present disclosure, which forms a hard carbide to improve the sliding wear
resistance of an austenite microstructure. To obtain the effect, the Ti content should be 0.10 % or more. On the other
hand, if the Ti content exceeds 5.00 %, the ductility and the toughness are deteriorated. Therefore, the Ti content is
limited to the range of 0.10 % or more and 5.00 % or less. It is preferably 0.60 % or more and 4.50 % or less.

Al: 0.001 % or more and 5.000 % or less

[0021] Alis an element that effectively acts as a deoxidizer. To obtain the effect, the Al content should be 0.001 % or
more. On the other hand, if the Al content exceeds 5.000 %, the cleanliness of the steel is reduced, and the ductility and
the toughness are deteriorated. Therefore, the Al content is set to 0.001 % or more and 5.000 % or less. It is preferably
0.003 % or more and 4.500 % or less.

N: 0.5000 % or less

[0022] N is an element inevitably contained in the steel as an impurity, which deteriorates the ductility and toughness
of a welded portion. Itis desirable to have a N content as low as possible, yet an amount of 0.5000 % or less is acceptable.
It is preferably 0.3000 % or less. Although the N content is preferably as low as possible, excessively reduction of N
content leads to a rise in refining time and refining cost. Therefore, the N content is preferably 0.0005 % or more.

O (oxygen): 0.1000 % or less

[0023] O is an element inevitably contained in the steel as an impurity, which exists in the steel as an inclusion such
as an oxide and deteriorates the ductility and the toughness. It is desirable to have an O content as low as possible, yet
an amount of 0.1000 % or less is acceptable. It is preferably 0.0500 % or less. Although the O content is preferably as
low as possible, excessively reduction of O content leads to a rise in refining time and refining cost. Therefore, the O
content is preferably 0.0005 % or more.

[0024] Inthe presentdisclosure, C, Ti, and Mn are contained within the above ranges respectively and satisfy a relation
of the following expression (1),

25([C] - 12.01[Ti]/47.87) + [Mn] = 25 (1)

where [C], [Ti] and [Mn] are the content of each element in mass%.

[0025] The left side of the expression (1) represents the degree of stabilization of the austenite phase, and the larger
the value of the left side is, the higher the degree of stabilization of the austenite phase is. The left side of the expression
(1) is obtained by multiplying the sum of the contents of C and Mn, which are elements contributing to the stabilization
of the austenite phase, by a coefficient of austenite stabilizing ability in consideration of the austenite stabilizing ability
of each element. Note that the C content is an effective content obtained by subtracting the amount of C that precipitates
as Ti carbides and does not contribute to the stabilization of the austenite phase.

[0026] Ifthe C, Ti, and Mn contents do not satisfy the expression (1), the austenite stability is insufficient, and a desired
austenite microstructure cannot be obtained at normal temperature.

[0027] Further, from the viewpoint of the degree of stabilization of the austenite phase, the value of the left side of the
expression (1) is preferably 30 or more.

[0028] The above-mentioned components are basic components in the present disclosure. In addition to these basic
components, the present disclosure may further contain, as selective components if necessary, at least one selected
from the group consisting of Si: 0.01 % or more and 5.00 % or less, Cu: 0.1 % or more and 10.0 % or less, Ni: 0.1 % or
more and 25.0 % or less, Cr: 0.1 % or more and 30.0 % or less, Mo: 0.1 % or more and 10.0 % or less, Nb: 0.005 % or
more and 2.000 % or less, V: 0.01 % or more and 2.00 % or less, W: 0.01 % or more and 2.00 % or less, B: 0.0003 %
or more and 0.1000 % or less, Ca: 0.0003 % or more and 0.1000 % or less, Mg: 0.0001 % or more and 0.1000 % or
less, and REM: 0.0005 % or more and 0.1000 % or less.

[0029] All of Si, Cu, Ni, Cr, Mo, Nb, V, W, B, as well as Ca, Mg, and REM are elements that improve the strength of
the steel material (the strength of base metal and the strength of a welded portion), and at least one of them may be
selected and contained if necessary.
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Si: 0.01 % or more and 5.00 % or less

[0030] Siis an element that effectively acts as a deoxidizer and contributes to increasing the hardness of the steel
material through solid solution. To obtain the effect, the Si content should be 0.01 % or more. If the Si content is less
than 0.01 %, the above-mentioned effect cannot be sufficiently obtained. On the other hand, a content exceeding 5.00
% causes problems such as deterioration of ductility and toughness and an increase in the amount of inclusion. Therefore,
when it is contained, the Si content is preferably in the range of 0.01 % or more and 5.00 % or less and more preferably
in the range of 0.05 % or more and 4.50 % or less.

Cu: 0.1 % or more and 10.0 % or less

[0031] Cu is an element that dissolves or precipitates to contribute to improving the strength of the steel material. To
obtain the effect, the Cu content should be 0.1 % or more. On the other hand, if the Cu content exceeds 10.0 %, the
effect is saturated, which is economically disadvantageous. Therefore, when it is contained, the Cu content is preferably
in the range of 0.1 % or more and 10.0 % or less and more preferably 0.5 % or more and 8.0 % or less.

Ni: 0.1 % or more and 25.0 % or less

[0032] Niis an element that contributes to improving the strength of the steel material and improves the toughness.
To obtain the effect, the Ni content should be 0.1 % or more. On the other hand, if the Ni content exceeds 25.0 %, the
effect is saturated, which is economically disadvantageous. Therefore, when it is contained, the Ni content is preferably
in the range of 0.1 % or more and 25.0 % or less and more preferably 0.5 % or more and 20.0 % or less.

Cr: 0.1 % or more and 30.0 % or less

[0033] Cris an element that contributes to improving the strength of the steel. To obtain the effect, the Cr content
shouldbe 0.1 % or more. On the other hand, ifthe Cr contentexceeds 30.0 %, the effect is saturated, which is economically
disadvantageous. Therefore, when it is contained, the Cr content is preferably in the range of 0.1 % or more and 30.0
% or less and more preferably 0.5 % or more and 28.0 % or less.

Mo: 0.1 % or more and 10.0 % or less

[0034] Mo is an element that contributes to improving the strength of the steel. To obtain the effect, the Mo content
should be 0.1 % or more. On the other hand, if the Mo content exceeds 10.0 %, the effect is saturated, which is
economically disadvantageous. Therefore, when it is contained, the Mo content is preferably in the range of 0.1 % or
more and 10.0 % or less and more preferably 0.5 % or more and 8.0 % or less.

Nb: 0.005 % or more and 2.000 % or less

[0035] Nbis an element that precipitates as carbonitrides to contribute to improving the strength of the steel. To obtain
the effect, the Nb content should be 0.005 % or more. On the other hand, if the Nb content exceeds 2.000 %, the
toughness is deteriorated. Therefore, when it is contained, the Nb content is preferably in the range of 0.005 % or more
and 2.000 % or less and more preferably 0.007 % or more and 1.700 % or less.

V:0.01 % or more and 2.00 % or less

[0036] V is an element that precipitates as carbonitrides to contribute to improving the strength of the steel. To obtain
the effect, the V content should be 0.01 % or more. On the other hand, if the V content exceeds 2.00 %, the toughness
is deteriorated. Therefore, when it is contained, the V content is preferably in the range of 0.01 % or more and 2.00 %
or less and more preferably 0.02 % or more and 1.80 % or less.

W: 0.01 % or more and 2.00 % or less

[0037] W is an element that contributes to improving the strength of the steel. To obtain the effect, the W content
should be 0.01 % or more. On the other hand, if the W content exceeds 2.00 %, the toughness is deteriorated. Therefore,
when it is contained, the W content is preferably in the range of 0.01 % or more and 2.00 % or less and more preferably
0.02 % or more and 1.80 % or less.
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B: 0.0003 % or more and 0.1000 % or less

[0038] B is an element that segregates at grain boundaries and contributes to improving the strength of the grain
boundaries. To obtain the effect, the B content should be 0.0003 % or more. On the other hand, if the B content exceeds
0.1000 %, the toughness is deteriorated due to precipitation of carbonitrides at the grain boundaries. Therefore, when
it is contained, the B content is preferably in the range of 0.0003 % to 0.1000 % and more preferably 0.0005 % or more
and 0.0800 % or less.

Ca: 0.0003 % or more and 0.1000 % or less

[0039] Ca forms oxysulfides that are highly stable at high temperatures to pin grain boundaries, and particularly
suppresses the coarsening of crystal grains in a welded portion and keeps the crystal grains fine to contribute to improving
the strength and toughness of a weld joint. To obtain the effect, the Ca content should be 0.0003 % or more. On the
other hand, if the Ca content exceeds 0.1000 %, the cleanliness is reduced, and the toughness of the steel is deteriorated.
Therefore, when it is contained, the Ca content is preferably in the range of 0.0003 % or more and 0.1000 % or less and
more preferably 0.0005 % or more and 0.0800 % or less.

Mg: 0.0001 % or more and 0.1000 % or less

[0040] Mg forms oxysulfides that are highly stable at high temperatures to pin grain boundaries, and particularly
suppresses the coarsening of crystal grains in a welded portion and keeps the crystal grains fine to contribute to improving
the strength and toughness of a weld joint. To obtain the effect, the Mg content should be 0.0001 % or more. On the
other hand, if the Mg content exceeds 0.1000 %, the cleanliness is reduced, and the toughness of the steel is deteriorated.
Therefore, when it is contained, the Mg content is preferably in the range of 0.0001 % or more and 0.1000 % or less
and more preferably 0.0005 % or more and 0.0800 % or less.

REM: 0.0005 % or more and 0.1000 % or less

[0041] REM (rare earth metal) forms oxysulfides that are highly stable at high temperatures to pin grain boundaries,
and particularly suppresses the coarsening of crystal grains in a welded portion and keeps the crystal grains fine to
contribute to improving the strength and toughness of a weld joint. To obtain the effect, the REM content should be
0.0005 % or more. On the other hand, if the REM content exceeds 0.1000 %, the cleanliness is reduced, and the
toughness of the steel material is deteriorated. Therefore, when it is contained, the REM content is preferably in the
range of 0.0005 % ormore and 0.1000 % orless and more preferably in the range 0of 0.0010 % or more and 0.0800 % or less.
[0042] The balance other than the above-mentioned components consist of Fe and inevitable impurities.

[0043] The austenitic steel material of the present disclosure has the chemical composition described above, and
further has a microstructure containing 90 % or more of an austenite phase and 0.2 % or more of Ti carbides in area ratio.

Austenite phase in the microstructure: 90 % or more

[0044] The microstructure of the steel material of the present disclosure is mainly an austenite phase from the viewpoint
of improving the impact wear resistance. To obtain the effect, the austenite phase is set to 90 % or more in area ratio.
If the austenite phase is less than 90 % in area ratio, the impact wear resistance is deteriorated, and further, the ductility,
toughness, workability, and the toughness of a welded portion (heat-affected zone) are also deteriorated. Therefore, the
austenite phase in the microstructure is 90 % or more and may be 100 % in area ratio. As used herein, the ratio of
"austenite phase in the microstructure” means a ratio (area ratio) of the austenite phase to a total of the microstructure
excluding inclusions and precipitates. The microstructure other than the austenite phase may be one or more of a ferrite
phase, a bainite microstructure, a martensite microstructure and a pearlite microstructure having a total area ratio of
less than 10 %.

[0045] The area ratio of the austenite phase in the microstructure is determined by performing electron back scattering
pattern (EBSP) analysis to obtain an inverse pole figure map and calculating the ratio of the austenite phase to the total
of the microstructure excluding inclusions and precipitates (the total of ferrite phase, bainite microstructure, martensite
microstructure, pearlite microstructure, and austenite phase) from the obtained inverse pole figure map. As used herein,
the "ratio of the austenite phase" is a value measured at a position of a depth of 1 mm below a surface of the steel material.
[0046] To further improve the wear resistance, especially the impact wear resistance, it is preferable to maintain the
hardness of the matrix (austenite phase), that is, the hardness of the austenite phase itself high. When the hardness,
especially the Vickers hardness, of the austenite phase is 200 HV or more, a remarkable improvement in impact wear
resistance is observed. When the hardness of the austenite phase is less than 200 HV, there is little improvement in
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impact wear resistance. Therefore, from the viewpoint of improving the impact wear resistance, the hardness of the
austenite phase is preferably 200 HV or more and more preferably 250 HV or more. In addition, it is preferably 400 HV
or less and more preferably 380 HV or less to ensure ductility.

Ti carbide: 0.2 % or more

[0047] In the present disclosure, the microstructure contains Ti carbides that are particles harder than sand and rock
components such as Al,O3 and SiO,. The Ti carbides contained in the microstructure are hard particles, which have a
resistance to sliding wear caused by sand and rock components, thereby improving the sliding wear resistance. To
obtain the effect, the Ti carbides should be contained in the microstructure in an area ratio of 0.2 % or more. Therefore,
the content of the Ti carbides is limited to 0.2 % or more in area ratio. It is preferably 0.5 % or more. The upper limit of
the content of the Ti carbides is not particularly limited, yet it is preferably 10 % or less in area ratio from the viewpoint
of the ductility and toughness of the steel material. It is more preferably 8.0 % or less.

[0048] In the present disclosure, the Ti carbides are identified using energy-dispersive X-ray spectroscopy (EDS) of
a scanning electron microscope (SEM), the total area of the Ti carbides is measured using image analysis software,
and the area ratio of the Ti carbides is calculated. During the measurement of EDS, precipitates containing 10 at% or
more of Ti and 30 at% or more of C in atomic fraction are counted as Ti carbides. As used herein, the "content of the Ti
carbides" is a value measured at a position of a depth of 1 mm below a surface of the steel material.

[0049] Next, a preferred method of producing a steel material having the above-mentioned chemical composition and
microstructure will be described.

[0050] In a preferred method of producing a steel material of the present disclosure, molten steel is first smelted in a
common melting furnace such as an electric heating furnace or a vacuum melting furnace, and then a casting process
in which the molten steel is cast to obtain cast steel and a heating process in which the cast steel is heated are performed
in the stated order. Subsequently, a hot rolling process in which the heated cast steel is subjected to hot rolling (hot
working) to obtain a steel material, and, after the hot rolling process, a cooling process in which the obtained steel
material is cooled are performed. Examples of the steel material obtained by these processes include a plate-shaped
steel sheet, a rod-shaped steel bar, a linear wire rod, and shaped steel having various cross-sectional shapes such as
H shape.

[0051] In the preferred production method of the present disclosure, a casting process is first performed, in which
molten steel smelted in a common melting furnace such as an electric heating furnace or a vacuum melting furnace is
cast to obtain cast steel having the predetermined chemical composition described above.

[0052] The cooling rate during casting is usually very slow, so that C contained in the steel may precipitate as carbides
other than Ti carbides during the casting. When the C contained in the steel is precipitated as carbides other than Ti
carbides, the stability of the austenite phase is lowered. As a result, it is difficult to stably form an austenite phase after
the steel is cooled to normal temperature.

[0053] Therefore, the present disclosure includes a heating process in which the cast steel having the chemical
composition described above is heated.

[0054] As used herein, the temperature of "heating", that is, the "heating temperature" refers to a temperature range
of 950°C or higher and 1300 °C or lower, which is a temperature range in which carbides other than Ti carbides dissolve.
The Ti carbides are formed during the cooling after the molten steel is solidified, and its dissolving temperature is very
high, close to the melting point of the steel. Therefore, in the process in which the steel is heated to the above temperature
range, the Ti carbides remain rather than dissolve, and carbides other than the Ti carbides dissolve.

[0055] If the heating temperature is lower than 950°C, the carbides precipitated during the casting do not dissolve.
Therefore, the amount of dissolved C is insufficient, the stability of the austenite phase is low, and an austenite phase
cannot be obtained after the steel is cooled to room temperature. On the other hand, if the heating temperature exceeds
1300 °C, the heating temperature is too high, and the cost for heating increases, which is economically disadvantageous.
Therefore, the heating temperature is limited to a temperature in the range of 950°C or higher and 1300 °C or lower. It
is preferably 980°C or higher and 1270 °C or lower. The above-mentioned temperature is a temperature at a position 1
mm below a surface of the steel material.

[0056] Subsequently, a hot rolling process is performed, in which the heated cast steel is subjected to hot rolling (hot
working) to obtain a steel material having a predetermined shape.

[0057] In the present disclosure, the rolling (working) conditions such as temperature and rolling reduction are not
particularly limited as long as a steel material having a desired size and shape can be obtained after the rolling (working).
To further improve the wear resistance, especially the impact wear resistance of the steel material, it is necessary to
increase the hardness of the austenite phase, which is the matrix. In this case, it is preferable to perform the hot rolling
under conditions of a total rolling reduction of 25 % or more in a temperature range of 950°C or lower.

[0058] The total rolling reduction r in the temperature range of 950°C or lower can be calculated by the following
expression.
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r (%)= {(ti —tf) /ti} x 100

(where "ti" is the sheet thickness (mm) when the temperature of the steel sheet reaches 950 °C during the rolling, and
"tf" is the sheet thickness (mm) at the end of the rolling, hereinafter the "sheet thickness" means both sheet thickness
and plate thickness.)

[0059] When the hotrolling is performed under the conditions of a total rolling reduction of 25 % or more in a temperature
range of 950 °C or lower, the hardness of the austenite phase is as high as 200 HV or more, and the wear resistance,
especially the impact wear resistance is improved. If the total rolling reduction in a temperature range of 950 °C or lower
is less than 25 %, the hardness of the austenite phase cannot be improved sufficiently. The total rolling reduction is
preferably 30 % or more. Further, the total rolling reduction is preferably 80 % or less and more preferably 70 % or less
in consideration of rolling efficiency. Dislocations introduced under pressure in a temperature range exceeding 950 °C
are consumed by recrystallization of the austenite phase, which contributes little to the improvement of the hardness of
the austenite phase. From this point of view, the rolling finish temperature is preferably 930°C or lower. Further, the
rolling finish temperature is preferably 600 °C or higher and more preferably 650°C or higher in consideration of operating
efficiency.

[0060] Following the process of subjecting the heated cast steel to hot rolling, a cooling process is performed, in which
the steel is cooled at an average cooling rate of more than 1 °C/s in a temperature range of 900°C or lower and 500 °C
or higher.

[0061] In the cooling process, the average cooling rate between 900°C and 500 °C is adjusted to more than 1 °C/s.
When the average cooling rate between 900°C and 500 °C is 1 °C/s or less, carbides are precipitated, the amount of
dissolved C is reduced, and the stability of austenite is insufficient. As a result, a desired austenite phase cannot be
obtained after the cooling. Therefore, during the cooling, the average cooling rate in the temperature range of 900°C to
500 °C is set to more than 1 °C/s. It is preferably 2 °C/s or more. The cooling method may be any common cooling
method with which the above-mentioned cooling rate can be achieved.

[0062] Although the upper limit of the average cooling rate is not particularly limited, expensive cooling equipment is
required for realizing rapid cooling at an average cooling rate of more than 300 °C/s. Therefore, the average cooling
rate between 900°C and 500 °C during the cooling is preferably 300 °C/s or less and more preferably 200 °C/s or less.
The above-mentioned temperature is a temperature at a position 1 mm below a surface of the steel material.

[0063] The following further describes the present disclosure based on Examples.

EXAMPLES
(Example 1)

[0064] First, molten steel was smelted and cast in a vacuum melting furnace to obtained cast steel (thickness: 100
mm to 200 mm) having the chemical composition listed in Table 1. Next, the obtained cast steel was subjected to a
heating process in which the cast steel was heated to the heating temperature listed in Table 2, a hot rolling process in
which the heated cast steel was subjected to hot rolling under the conditions listed in Table 2 to obtain a steel sheet
(steel material) having the sheet thickness listed in Table 2, and then a cooling process in which the obtained steel sheet
was cooled from 900 °C to 500 °C at an average cooling rate listed in Table 2, in the stated order to obtain a steel
material (steel sheet). Hot rolling for some of the steel material Nos. was performed with adjusting the rolling reduction
(cumulative rolling reduction) in a temperature range of 950 °C or lower.

[0065] Inthe cooling process after the hot rolling process, the cooling may be water cooling, air cooling, or a combination
thereof. The average cooling rate was calculated based on a temperature measured by a thermocouple attached at a
position 1 mm below a surface of the steel sheet. When the cooling start temperature was lower than 900 °C, the average
cooling rate was calculated between the cooling start temperature and 500 °C.

[0066] The obtained steel sheet was subjected to a hardness measurement test, microstructure observation, and a
wear test to determine the hardness of austenite phase, the area ratio of austenite phase, and the area ratio of Ti carbides
1 mm below the surface. In addition, the sliding wear resistance and the impact wear resistance were evaluated. The
testing methods were as follows.

(1) Hardness measurement test
[0067] A test piece for hardness measurement was collected from a predetermined position of each of the obtained
steel sheets, and the test piece was polished so that a cross section in the sheet thickness direction was the measurement

surface. Then, the Vickers hardness HV of austenite phase at ten positions 1 mm below the surface was measured
respectively with a Vickers hardness meter (test force: 10 kgf), and an average value was taken as the hardness of the
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steel sheet. If there was no austenite phase, the hardness was not measured.
(2) Microstructure observation

[0068] A test piece for microstructure observation was collected from a predetermined position of each of the obtained
steel sheets so that the observation surface was located 1 mm below the surface, and the observation surface was
ground and polished (to a mirror plane).

(2-1) Area ratio of austenite phase

[0069] Electron back scattering pattern (EBSP) analysis was performed on the mirror-polished observation surface
using the collected test piece for microstructure observation. The EBSP analysis was performed in an area of 1 mm X
1 mm under conditions of measurement voltage: 20 kV and step size: 1 wm, and the ratio (area ratio) of the austenite
phase to the total of the microstructure excluding inclusions and precipitates (the total of ferrite phase, bainite micro-
structure, martensite microstructure, pearlite microstructure, and austenite phase) was calculated from the obtained
inverse pole figure map.

(2-2) Area ratio of Ti carbide

[0070] Using the collected test piece for microstructure observation, the mirror-polished observation surface was
analyzed in an area of 1 mm X 1 mm under conditions of accelerating voltage: 15 kV and step size: 1 wm by energy-
dispersive X-ray spectroscopy (EDS) of a scanning electron microscope (SEM), Ti carbides were identified, the total
area of the Ti carbides was measured using image analysis software, and the area ratio of the Ti carbides was calculated.
During the measurement of EDS, precipitates containing 10 at% or more of Ti and 30 at% or more of C in atomic fraction
were counted as Ti carbides.

(3) Wear test

[0071] The wear resistance of a steel material is mainly determined by the surface characteristics. A wear test piece
10 (thickness 10 mm X width 25 mm X length 75 mm) was collected so that a position 1 mm below the surface of the
obtained steel sheet was the test position (test surface). When the thickness of the steel sheet was more than 10 mm,
the thickness of the test piece was adjusted and reduced to 10 mm. When the thickness of the steel sheet was 10 mm
or less, no thickness reduction was performed other than the adjustment of the test position (1 mm below the surface).

(3-1) Impact wear test

[0072] Three wear test pieces 10 were collected from each steel sheet, and the three test pieces 10 were simultaneously
mounted on the wear test apparatus illustrated in FIG. 1 to perform an impact wear test. The test pieces were mounted
so that the test surface collided with a wear material 2. The conditions of the wear test were as follows:

drum rotation speed: 45 rpm,
test piece rotation speed: 600 rpm.

[0073] The test was performed by replacing the wear material every 10,000 rotations of the test piece, and the test
was terminated when the total number of rotations of the test piece reached 50,000. A stone containing 90 % or more
of SiO, (equivalent circular diameter: 5 mm to 35 mm) was used as the wear material 2. The same wear test was
performed on a wear test piece collected from a mild steel sheet (SS400) for comparison.

[0074] Afterthe test, the amount of wear (the changed (decreased) amount of weight before and after the test) of each
test piece was measured. An average value of the obtained amounts of wear of each test piece was used as a repre-
sentative value of the amount of wear of each steel sheet.

[0075] From the obtained amount of wear, a ratio of the amount of wear of the mild steel sheet to the amount of wear
of each steel sheet (test steel sheet), that is, (amount of wear of mild steel sheet)/(amount of wear of each steel sheet
(test steel sheet)) was calculated as an impact wear resistance ratio. The larger the impact wear resistance ratio is, the
better the impact wear resistance of each steel sheetis. As used herein, a steel material having an impact wear resistance
ratio of 1.7 or more was evaluated as having excellent impact wear resistance, that is, passing, and other steel materials
were evaluated as failing.
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(3-2) Sliding wear test

[0076] The wear test piece 10 collected from each steel sheet was mounted on the wear test apparatus illustrated in
FIG. 2, and a sliding wear test was performed in accordance with the regulations of AMTM G-65. The wear test was
performed on three wear test pieces of each steel sheet. Sand containing 90 % or more of SiO, (equivalent circular
diameter: 210 pm to 300 wm) was used as the wear material. The same wear test was performed on a wear test piece
collected from a mild steel sheet (SS400) for comparison. The test conditions were as follows:

flow rate of wear material (sand): 300 g/min,
rotation speed of rubber wheel: 200 rpm = 10 rpm,
load: 130 N = 3.9 N.

[0077] The test was terminated when the number of rotations of the rubber wheel reached 2000.

[0078] Afterthe test, the amount of wear (the changed (decreased) amount of weight before and after the test) of each
test piece was measured. An average value of the obtained amounts of wear of each test piece was used as a repre-
sentative value of the amount of wear of each steel sheet.

[0079] From the obtained amount of wear, a ratio of the amount of wear of the mild steel sheet to the amount of wear
of each steel sheet (test steel sheet), that is, (amount of wear of mild steel sheet)/(amount of wear of each steel sheet
(test steel sheet)) was calculated as a sliding wear resistance ratio. The larger the sliding wear resistance ratio is, the
better the sliding wear resistance of each steel sheetis. As used herein, a steel material having a sliding wear resistance
ratio of 3.0 or more was evaluated as having excellent sliding wear resistance, that is, passing, and other steel materials
were evaluated as failing.

[0080] The results are listed in Table 2.
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[0081] All Examples (steel materials Nos. 1 to 31) have a microstructure containing 90 % or more of an austenite
phase and 0.2 % or more of Ti carbides, which are steel materials (steel sheets) having both excellent sliding wear
resistance and excellent impact wear resistance. On the other hand, for Comparative Examples (steel materials Nos.
32 to 45) that are outside the scope of the present disclosure, the microstructure has an austenite phase of less than
90 % or a Ti carbide content of less than 0.2 %, and at least one of the sliding wear resistance and the impact wear
resistance is deteriorated.

[0082] For example, for steel materials Nos. 32 and 35 whose C content is low, the austenite stability is low, and the
ratio of the austenite phase is low. As a result, the impact wear resistance is deteriorated. For steel materials Nos. 33
and 37 whose Mn content is low, the austenite stability is low, and the ratio of the austenite phase is low. As a result,
the impact wear resistance is deteriorated. For steel materials Nos. 34 and 36 that do not satisfy the expression (1), the
austenite stability is low, and the ratio of the austenite phase is low. As a result, the impact wear resistance is deteriorated.
Further, for steel materials Nos. 38 and 39 whose Ti content is low, the sliding wear resistance is deteriorated due to a
low content of Ti carbides. For steel materials Nos. 40, 41, 44, and 45 whose cooling rate after heating is low, the
formation of an austenite phase is not observed, and the impact wear resistance is deteriorated. Moreover, for steel
materials Nos. 42, 43, and 46 whose heating temperature is low, the ratio of the austenite phase is small. As a result,
the impact wear resistance is deteriorated.

(Example 2)

[0083] Molten steel was smelted and cast in a vacuum melting furnace to obtained cast steel (thickness: 100 mm to
200 mm) having the chemical composition listed in Table 3. Next, the obtained cast steel was subjected to a heating
process in which the cast steel was heated to the heating temperature listed in Table 4, a hot rolling process in which
the heated cast steel was subjected to hot rolling under the conditions listed in Table 2 to obtain a steel sheet (steel
material) having the thickness listed in Table 4, and then a cooling process in which the steel sheet was cooled from
900 °C to 500 °C at an average cooling rate listed in Table 4, in the stated order to obtain a steel material (steel sheet).
During the hot rolling process, the rolling reduction (cumulative rolling reduction) in a temperature range of 950 °C or
lower was adjusted as listed in Table 4, and the hot rolling was performed to have a rolling finish temperature listed in
Table 4.

[0084] Inthe cooling process after the hot rolling process, the cooling may be water cooling, air cooling, or a combination
thereof. The average cooling rate was calculated based on a temperature measured by a thermocouple attached at a
position 1 mm below a surface of the steel sheet. When the cooling start temperature was lower than 900 °C, the average
cooling rate was calculated between the cooling start temperature and 500 °C.

[0085] The obtained steel sheet was subjected to a hardness measurement test, microstructure observation, and a
wear test in the same manner as in Example 1 to determine the hardness of austenite phase, the area ratio of austenite
phase, and the area ratio of Ti carbides 1 mm below the surface. In addition, the sliding wear resistance and the impact
wear resistance were evaluated in the same manner as in Example 1.

[0086] The results are also listed in Table 4.
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[0087] All Examples (steel materials Nos. 51 to 81) have a microstructure containing 90 % or more of an austenite
phase and 0.2 % or more of Ti carbides, where the hardness of the austenite phase (at a position 1 mm below the
surface) is 200 HV or more. All Examples are steel materials (steel sheets) having both excellent sliding wear resistance
and excellent impact wear resistance. In particular, the impact wear resistance is significantly improved compared with
Examples (steel materials Nos. 96 to 98) where the hardness of the austenite phase (at a position 1 mm below the
surface) is less than 200 HV.

[0088] On the other hand, for Comparative Examples (steel materials Nos. 82 to 95) that are outside the scope of the
present disclosure, the microstructure has an austenite phase of less than 90 % or a Ti carbide content of less than 0.2
%, and at least one of the sliding wear resistance and the impact wear resistance is deteriorated.

[0089] For example, for steel materials Nos. 82 and 85 whose C content is low, the austenite stability is low, and the
ratio of the austenite phase is low. As a result, the impact wear resistance is deteriorated. For steel materials Nos. 83
and 87 whose Mn content is low, the austenite stability is low, and the ratio of the austenite phase is low. As a result,
the impact wear resistance is deteriorated. For steel materials Nos. 84 and 86 that do not satisfy the expression (1), the
austenite stability is low, and the ratio of the austenite phase is low. As a result, the impact wear resistance is deteriorated.
Further, for steel materials Nos. 88 and 89 whose Ti content is low, the sliding wear resistance is deteriorated due to a
low content of Ti carbides. For steel materials Nos. 90, 91, 94, and 95 whose cooling rate after heating is low, the
formation of an austenite phase is not observed, and the impact wear resistance is deteriorated. Moreover, for steel
materials Nos. 92 and 93 whose heating temperature is low, the ratio of the austenite phase is small. As a result, the
impact wear resistance is deteriorated.

REFERENCE SIGNS LIST
[0090]

1 drum

2 wear material (stone)
10  wear test piece

21 rubber wheel

22 weight

23 hopper

24  wear material (sand)

Claims

1. A steel material comprising a chemical composition containing, in mass%,
C: 0.10 % or more and 2.50 % or less,
Mn: 8.0 % or more and 45.0 % or less,
P: 0.300 % or less,
S: 0.1000 % or less,
Ti: 0.10 % or more and 5.00 % or less,
Al: 0.001 % or more and 5.000 % or less,
N: 0.5000 % or less, and
O (oxygen): 0.1000 % or less, where
C, Ti, and Mn are contained in ranges satisfying the following expression (1),

25([C] - 12.01[Ti]/47.87) + [Mn] > 25 (1)

where [C], [Ti] and [Mn] are a content of each element in mass%,
with the balance being Fe and inevitable impurities, and
a microstructure containing 90 % or more of an austenite phase and 0.2 % or more of Ti carbides in area ratio.
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The steel material according to claim 1, wherein the austenite phase has a Vickers hardness of 200 HV or more.

The steel material according to claim 1 or 2, further comprising, in mass%, in addition to the chemical composition,
at least one selected from the group consisting of
Si: 0.01 % or more and 5.00 % or less,

Cu: 0.1 % or more and 10.0 % or less,

Ni: 0.1 % or more and 25.0 % or less,

Cr: 0.1 % or more and 30.0 % or less,

Mo: 0.1 % or more and 10.0 % or less,

Nb: 0.005 % or more and 2.000 % or less,
V:0.01 % or more and 2.00 % or less,

W: 0.01 % or more and 2.00 % or less,

B: 0.0003 % or more and 0.1000 % or less,

Ca: 0.0003 % or more and 0.1000 % or less,

Mg: 0.0001 % or more and 0.1000 % or less, and
REM: 0.0005 % or more and 0.1000 % or less.

A method of producing a steel material, wherein a casting process in which molten steel is smelted to obtain cast
steel, a heating process in which the cast steel is heated, a hot rolling process in which the heated cast steel is
subjected to hot rolling to obtain a steel material, and a cooling process in which the steel material is cooled, are
sequentially performed, wherein

the cast steel comprises a chemical composition containing, in mass%,

C: 0.10 % or more and 2.50 % or less,

Mn: 8.0 % or more and 45.0 % or less,

P: 0.300 % or less,

S: 0.1000 % or less,

Ti: 0.10 % or more and 5.00 % or less,

Al: 0.001 % or more and 5.000 % or less,

N: 0.5000 % or less, and

O (oxygen): 0.1000 % or less, where

C, Ti, and Mn are contained in ranges satisfying the following expression (1),

25([C] - 12.01[Ti]/47.87) + [Mn] > 25 (1)

where [C], [Ti] and [Mn] are a content of each element in mass%,

with the balance being Fe and inevitable impurities,

a heating temperature in the heating process is 950 °C or higher and 1300 °C or lower, and

the steel material is cooled at an average cooling rate of more than 1 °C/s in a temperature range of 900 °C to 500
°C in the cooling process.

The method of producing a steel material according to claim 4, wherein the cast steel further comprises, in mass%,
in addition to the chemical composition, at least one selected from the group consisting of
Si: 0.01 % or more and 5.00 % or less,

Cu: 0.1 % or more and 10.0 % or less,

Ni: 0.1 % or more and 25.0 % or less,

Cr: 0.1 % or more and 30.0 % or less,

Mo: 0.1 % or more and 10.0 % or less,

Nb: 0.005 % or more and 2.000 % or less,

V:0.01 % or more and 2.00 % or less,

W: 0.01 % or more and 2.00 % or less,

B: 0.0003 % or more and 0.1000 % or less,

Ca: 0.0003 % or more and 0.1000 % or less,

Mg: 0.0001 % or more and 0.1000 % or less, and

REM: 0.0005 % or more and 0.1000 % or less.

The method of producing a steel material according to claim 4 or 5, wherein the hot rolling has a total rolling reduction
of 25 % or more in a temperature range of 950 °C or lower.
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