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(54) Contact pressure-resistant member and method of making the same

(57) A contact pressure-resistant member including
a rolling contact portion having a carbon concentration
ranging from 0.8 to 1.2%. The contact pressure-resist-
ant member is made of a steel material containing 0.15
to 0.40% by mass of C, 0.50 to 1.50% by mass of Si,
0.20 to 1.50% by mass of Mn, 0.50 to 1.50% by mass

of Cr, and 0.05 to 0.50% by mass of Mo, 0.010% by
mass or less of P, at least one element selected from
the group consisting of 0.50 to 3.50% by mass of Ni,
0.03 to 0.20% by mass of Ti, 0.03 to 0.15% by mass of
Nb and 0.01 to 0.10% by mass of Al, and the balance
of Fe and inevitable impurities.
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Description

BACKGROUND OF THE INVENTION

[0001] The present invention relates to an element useable as a power transmission part such as gears, bearings
and rolling elements for a toroidal continuously variable transmission, which necessitates a high contact pressure
strength. More specifically, this invention relates to a contact pressure-resistant member that is suitably used under
relatively high contact pressure at a relatively high temperature ranging from about 120°C to about 300°C and in
hydrogen generating atmosphere, and relates to a method of making the contact pressure-resistant member.
[0002] There have been proposed power transmission parts such as gears, bearings and rolling elements which are
made of steels for machine structural use, for instance, JIS SCM420H (C: 0.17-0.23%, Si: 0.15-0.35%, Mn: 0.55-0.90%,
P: not more than 0.030%, S: not more than 0.030%, Cr:0.85-1.25%, Mo: 0.15-0.35%, the substantial balance of Fe)
and JIS SNCM420H. The power transmission parts are formed by forging and machining, and heat-treated by carbu-
rizing, nitriding and carbonitriding for providing enhanced surface fatigue strength, and then case-hardened by quench-
ing and tempering.
[0003] Further, Japanese Patent Application First Publication No. 11-293392 discloses a carburized steel capable
of preventing deterioration of its fatigue strength which is caused due to hydrogen. The steel material contains C:
0.10-0.40 wt %, Si: 0.05-0. 50 wt %, Mn: 0.2-2.0 wt %, Ti: 0.05-0.20 wt %, A1: 0.010-0.50 wt %, N: not more than
0.0120 wt % and O: not more than 0.12 ppm and the balance of Fe and inevitable impurities. If necessary, the steel
material may further contain at least one element selected from the group consisting of Ni: 0.10-2.0 wt %, Cr: 0.20-2.0
wt %, and Mo: 0.05-1.0 wt %. The steel material has a microstructure in which Ti carbide and Ti carbonitride particles
of not more than 70 nm in size are finely dispersed in the matrix. These precipitates trap hydrogen so that the steel
material is improved in resistance to delayed fracture.

SUMMARY OF THE INVENTION

[0004] There is a demand to provide power transmission parts having reduced size and weight and therefore provide
power transmission parts having improved surface fatigue strength for enduring an increase in contact pressure applied
to the power transmission parts which is caused due to the size and weight reduction. Further, in recent years, a
continuously variable transmission (CVT) using traction drive or friction drive is widely applied to automobiles for the
purpose of meeting a public requirement to improve fuel economy. There is a demand to provide power transmission
parts for use in the traction drive of the CVT which are enhanced in surface fatigue strength to meet a need for im-
provement in torque capacity.
[0005] During a relative rolling movement of power transmission parts under high contact pressure condition, a tem-
perature rise occurs at a rolling contact portion of power transmission parts which is in rolling contact with a counterpart.
In order to improve surface fatigue strength of the rolling contact portion of the parts, it is required to suppress internal
structure change, namely, white etching constituent (WEC), which is caused in a high stress-exerted portion beneath
the rolling contact portion due to rolling fatigue. At the same time, it is required to suppress deterioration of surface
fatigue strength of the rolling contact portion of the parts which is caused due to infiltration of hydrogen into a material
steel of the parts during the relative rolling movement therebetween. The deterioration of surface fatigue strength is
hereinafter referred to as hydrogen embrittlement. The hydrogen is generated by chemical decomposition of compo-
nents of lubricating oil used for the parts, and infiltrates into the material steel of the parts.
[0006] Conventionally, there have been proposed carburized steels capable of preventing softening of a hardened
layer by increasing amounts of Si, Cr and Mo to be blended, in order to enhance surface fatigue strength. However,
in a case where hydrogen infiltrates into the material steel, high surface fatigue strength cannot be maintained. Further,
the conventionally proposed carburized steels has such a problem that hydrogen trapped by precipitates (trap site)
containing Ti is dissociated therefrom in a relatively-high to high temperature range, and therefore, deterioration of
surface fatigue strength cannot be sufficiently suppressed.
[0007] It has been difficult to prevent both of WEC and hydrogen embrittlement. As a result of studies on main causes
of occurrence of the WEC and the hydrogen embrittlement, the following technical findings have been obtained.

(1) When a power transmission part is used at high contact pressure and in a relatively-high to high temperature
range under condition that hydrogen is generated, wherein the power transmission part has a microstructure in
which cementite precipitated by carburizing or carbonitriding remains at previous austenite grain boundaries in
which amounts of Ni and Mn segregated are small in a microsegregation band of components appearing during
cooling subsequent to forging, hydrogen can infiltrate to an interface between the cementite and the previous
austenite grain boundaries are separated from each other by. This causes reduction and deterioration of surface
fatigue strength of the power transmission part.
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(2) In order to prevent the component segregation, a sum of the amounts of Ni and Mn to be added can be reduced.
However, the component segregation cannot be completely avoided. Then, a suitable amount of Mo can be added,
so that deterioration of interfacial cohesion of the previous austenite grain boundaries can be restrained.
(3) In order to prevent the cementite from remaining upon carburizing and carbonitriding, a suitable amount of Si
as an element having a function of inhibiting carburizing, can be added depending upon an amount of Cr as an
element forming a carbide.
(4) If a suitable amount of V is added, carbide and carbonitride containing V precipitated during heat treatment
can strengthen a matrix. This produces an effect of suppressing the WEC and an effect of preventing deterioration
caused due to the hydrogen embrittlement by more effectively trapping hydrogen than precipitates containing Ti.
(5) In the production process of the power transmission part, a whole carbon concentration, a carbon concentration
allowing formation of a solid solution, and an area ratio and a mean particle diameter of the remaining carbide,
can be controlled to suitable ranges. This suppresses the WEC without damaging the effect of preventing deteri-
oration caused due to the hydrogen embrittlement.

[0008] An object of the present invention is to provide a contact pressure-resistant member for use in power trans-
missions including rolling elements such as gearings and bearings, and CVTs, which has excellent surface fatigue
strength as compared to the conventionally proposed contact pressure-resistant members to thereby realize reduction
of the size and weight and improvement in the torque capacity. Also, another object of the present invention is to provide
a method of making the contact pressure-resistant member.
[0009] According to one aspect of the present invention, there is provided a contact pressure-resistant member,
comprising:

a rolling contact portion having a carbon concentration ranging from 0.8 to 1.2%, the rolling contact portion being
located on a surface of the contact pressure-resistant member and adapted to come into rolling contact with a
counterpart,
the contact pressure-resistant member being made of a steel material containing 0.15 to 0.40% by mass of C,
0.50 to 1.50% by mass of Si, 0.20 to 1.50% by mass of Mn, 0.50 to 1.50% by mass of Cr, and 0.05 to 0.50% by
mass of Mo, 0.010% by mass or less of P, at least one element selected from the group consisting of 0.50 to 3.50%
by mass of Ni, 0.03 to 0.20% by mass of Ti, 0.03 to 0.15% by mass of Nb and 0.01 to 0.10% by mass of A1, and
the balance of Fe and inevitable impurities.

[0010] According to a further aspect of the present invention, there is provided a method of making a contact pressure-
resistant member having a rolling contact portion on a surface thereof, the rolling contact portion being adapted to
come into rolling contact with a counterpart, the method comprising:

subjecting a workpiece made of a steel material containing 0.15 to 0.40% by mass of C, 0.50 to 1.50% by mass
of Si, 0.20 to 1.50% by mass of Mn, 0.50 to 1.50% by mass of Cr, and 0.05 to 0.50% by mass of Mo, 0.010% by
mass or less of P, at least one element selected from the group consisting of 0.50 to 3.50% by mass of Ni, 0.03
to 0.20% by mass of Ti, 0.03 to 0.15% by mass of Nb and 0.01 to 0.10% by mass of A1, and the balance of Fe
and inevitable impurities, to either carburizing or carbonitriding to control a carbon concentration on a surface of
the workpiece to a range of 0.8 to 1.2%; and
subjecting the workpiece to quenching and tempering.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] Figs. 1A to 1D are explanatory diagrams illustrating heat treatment patterns used in examples of the present
invention.
[0012] Fig. 2 is a schematic diagram illustrating a thrust rolling fatigue tester used in examples of the present inven-
tion.
[0013] Fig. 3 is a schematic diagram illustrating a ball thrust bearing tester used in the examples of the present
invention.
[0014] Figs. 4A and 4B are flowcharts illustrating a method of analyzing carbon concentration and nitrogen concen-
tration, and a method of calculating a carbide area ratio and a mean carbide particle size, respectively.

DETAILED DESCRIPTION OF THE INVENTION

[0015] A contact pressure-resistant member of the present invention is made of a steel material containing 0.15 to
0.40% by mass of C, 0.50 to 1.50% by mass of Si, 0.20 to 1.50% by mass of Mn, 0.50 to 1.50% by mass of Cr, and
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0.05 to 0.50% by mass of Mo, 0.010% by mass or less of P, at least one element selected from the group consisting
of 0.50 to 3.50% by mass of Ni, 0.03 to 0.20% by mass of Ti, 0.03 to 0.15% by mass of Nb and 0.01 to 0.10% by mass
of A1, and the balance of Fe and inevitable impurities. The contact pressure-resistant member has a rolling contact
portion located on a surface thereof and adapted to come into rolling contact with a counterpart. The rolling contact
portion has a carbon concentration ranging from 0.8 to 1.2%.
[0016] Further, in the steel material of the contact pressure-resistant member of the present invention, a concentration
ratio Cr/Si between Cr and Si may be in a range of 0.8 to 2.0% by mass, and a concentration ratio (Mn+Ni)/Mo of
Mn+Ni to Mo may be 20 or less.
[0017] Further, in the steel material of the contact pressure-resistant member of the present invention, a V content
may be in the range of 0.05 to 0.5% by mass.
[0018] Functions and effects of these main elements contained in the steel material of the pressure-resistant member
of the present invention is now explained. C forms a solid-solution with ferrite to thereby enhance strength of the steel
material and ensure quenching hardness of the steel material. Si can act as a deoxidizing agent upon producing molten
steel. Si increases hardenability of the steel material and maintains fatigue strength of the matrix under a relatively-
high to high temperature condition. Si also enhances resistance to temper softening. Namely, Si inhibits deterioration
of hardness of the steel material which is caused by tempering, to thereby improve fatigue strength of the steel material.
Mn can act as a deoxidizing agent upon producing molten steel, and increase hardenability of the steel material. Cr
increases hardenability and carburizing ability of the steel material. Mo increases hardenability of the steel material.
P segregates along the previous austenite grain boundaries upon carburizing or carbonitriding to thereby reduce in-
terfacial cohesion of the previous austenite grain boundaries.
[0019] Ni maintains surface fatigue strength of the steel material. Ti, Nb and A1 form precipitates for preventing
coarse growth of crystal grains during carburizing or carbonitriding. Further, the precipitate containing Ti can trap hy-
drogen. V forms one or both of carbide and carbonitride during heat treatment and effectively acts for strengthening
the matrix microstructure of the steel material of the members subjected to quenching and tempering, to thereby sup-
press WEC. The carbide and carbonitride of V more effectively traps hydrogen than the Ti-containing precipitate, and
therefore, delays diffusion and accumulation of hydrogen in a stress-concentration portion of the members and prevents
hydrogen embrittlement.
[0020] In order to obtain the above-described function and effect of C in the steel material of the contact pressure-
resistant member of the present invention, the C content is controlled to the range of 0.15 to 0.40% by mass. The C
content is preferably in the range of 0.16 to 0.40% by mass. If the C content is more than 0.40% by mass, the material
will become too hard and thereby tends to be deteriorated in machinability. In order to obtain the above-described
function and effect of Si in the steel material of the contact pressure-resistant member of the present invention, the Si
content is controlled to the range of 0.50 to 1.50% by mass. The Si content is preferably in the range of 0.50 to 1.25%
by mass. If the Si content is more than 1.25% by mass, the material will become too hard and thereby tends to be
deteriorated in workability. In order to obtain the above-described function and effect of Mn in the steel material of the
contact pressure-resistant member of the present invention, the Mn content is controlled to the range of 0.20 to 1.50%
by mass. The Mn content is preferably in the range of 0.20 to 1.31% by mass. If the Mn content is more than 1. 31%
by mass, the material will become too hard and thereby tends to be deteriorated in workability. Further, in the case
where the Mn content is more than 1. 31% by mass, a transformation termination time in which the material is subjected
to annealing will be prolonged so that the production cost will be increased. In order to obtain the above-described
function and effect of Cr in the steel material of the contact pressure-resistant member of the present invention, the Cr
content is controlled to the range of 0.50 to 1.50% by mass. The Cr content is preferably in the range of 0.50 to 1.31%
by mass. If the Cr content is more than 1.31% by mass, the material will become too hard and thereby tends to be
deteriorated in workability. In order to obtain the above-described function and effect of Mo in the steel material of the
contact pressure-resistant member of the present invention, the Mo content is controlled to the range of 0.05 to 0.50%
by mass. The Mo content is preferably in the range of 0.05 to 0.45% by mass. If the Mo content is more than 0.45%
by mass, the material will become too hard and thereby tends to be deteriorated in workability. In view of the function
of P as described above, the P content is limited to 0.010% by mass or less.
[0021] In order to obtain the above-described function and effect of Ni in the steel material of the contact pressure-
resistant member of the present invention, the Ni content is controlled to the range of 0.50 to 3.50% by mass. The Ni
content is preferably in the range of 0.50 to 3.00% by mass. If the Ni content is more than 3.00% by mass, the material
will become too hard and thereby tends to be deteriorated in workability. Further, in order to obtain the above-described
functions and effects of Ti, Nb and A1 in the steel material of the contact pressure-resistant member of the present
invention, the Ti content is controlled to the range of 0.03 to 0.20% by mass, the Nb content is controlled to the range
of 0.03 to 0.15% by mass, and the A1 content is controlled to the range of 0.01 to 0.10% by mass. If the Ti content,
the Nb content and the A1 content are larger than the respective ranges, coarse precipitates will be grown to thereby
cause deterioration in workability of the material. Here, if any one of Ni, Ti, Nb and A1 is selected, the content of the
selected one must be controlled to the range described above. Further, a combination of Ni, Ti, Nb and Al can be used.
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In such a case, the contents of the respective elements used in combination must be controlled to the range described
above.
[0022] Further, in order to suppress WEC without deteriorating the effect of preventing hydrogen embrittlement in
the steel material of the contact pressure-resistant member of the present invention, the C concentration of the rolling
contact portion of the member must be controlled to the range of 0.8-1.2%. In addition, a total concentration of C and
N of the rolling contact portion is preferably in the range of 0.8-1.2%. This can suppress the WEC without deteriorating
the effect of preventing hydrogen embrittlement.
[0023] In the steel material of the contact pressure-resistant member of the present invention, the addition of Cr is
essentially required as described above. As the addition amount of Cr increases, precipitation of cementite at the grain
boundaries of austenite grains will remarkably occur during carburizing or carbonitriding. The precipitation of cementite
can be avoided by adding Si that serves for suppressing carburizing ability or carbonitriding ability of the material.
Therefore, it is preferred to control a concentration ratio Cr/Si between Cr and Si to the range of 0.8-2.0. Further, Mo
exhibits an effect of preventing embrittlement that occurs in a region of the previous austenite grain boundaries where
the amount of microsegregation of Mn and Ni is small. However, if a total content of Mn and Ni is too large relative to
the Mo content, the effect of the Mo will not be exhibited. The concentration ratio (Mn + Ni)/Mo of Mn and Ni to Mo is
preferably 20 or less. Furthermore, in order to obtain the above-described effect of V, the V content is preferably in the
range of 0.05-0.40% by mass. If the V content is larger than the range, coarse precipitates will be grown in the matrix
to thereby deteriorate workability of the material.
[0024] In the contact pressure-resistant member of the present invention, a concentration of carbon in the rolling
contact portion which forms a solid solution of carbon and Fe may be in a range of 0.60 to 0.95% by mass. The
concentration of carbon forming a solid solution of carbon and Fe is hereinafter referred to as a solid-solution carbon
concentration. The solid-solution carbon concentration on the surface of the contact pressure-resistant member gives
influences on the shape and grain size of a quenched structure, specifically, a martensite structure. Particularly, in
order to suppress WEC, it is effective to produce a fine martensite structure containing a lath-shaped martensite and
a lens-shaped martensite in a mixed state, by controlling the solid-solution carbon concentration to the range of 0.60
to 0.95% by mass. If the solid-solution carbon concentration is less than 0.60% by mass, the martensite structure is
composed almost exclusively of the lath-shaped martensite so that the martensite structure is deteriorated in hardness
due to a low hardness of the lath-shaped martensite. If the solid-solution carbon concentration is more than 0.95% by
mass, the martensite structure is composed almost exclusively of the lens-shaped martensite so that the grain size of
the martensite structure becomes coarse. As a result, in these cases where the solid-solution carbon concentration is
out of the above-described range, WEC will occur, thereby causing deterioration of the rolling fatigue life of the contact
pressure-resistant member. Here, the solid-solution carbon concentration (%) is calculated by the following formula
(1). [carbon concentration (%) obtained by electron probe microanalyzer (EPMA)]-[carbide area ratio X 6.67 (%)]/
100 ..... (1)
Meanwhile, the calculation of the solid-solution carbon concentration will be in detail explained later.
[0025] In the contact pressure-resistant member of the present invention, the surface of the contact pressure-resist-
ant member may contain carbide particles or carbonitride particles having a mean particle diameter of 1.2 µm or less.
In such a case, the carbide particles or carbonitride particles effectively trap hydrogen to thereby cause delay in diffusion
and accumulation of hydrogen to a stress-concentration portion of the contact pressure-resistant member. This can
suppress rolling fatigue of the contact pressure-resistant member which is caused by hydrogen. As a result of exper-
iment made by the inventors, it was found that when the mean particle diameter of the carbide particles or carbonitride
particles is larger than 1.2 µm, substantially no effect of suppression of the rolling fatigue is exhibited. Further, the
surface of the contact pressure-resistant member may have a carbide area ratio of a carbide-precipitated portion to
the whole surface, in a range of 2 to 8%. If the carbide area ratio lies within the above-specified range, a rolling fatigue
life of the contact pressure-resistant member can be increased. If the carbide area ratio is out of the above-specified
range, the effect of increasing the rolling fatigue life will not be exhibited.
[0026] In the contact pressure-resistant member of the present invention, the rolling contact portion may have a Ni
plating layer on at least a part thereof. Namely, a part of the rolling contact portion or the whole rolling contact portion
may be formed with the Ni plating layer. The Ni plating layer can prevent a neo-surface from being newly produced on
the rolling contact portion by the catalytic action of a microscopic metal catalyst. In addition, the Ni plating layer can
act as a protective coat protecting the rolling contact portion from hydrogen infiltration.
Hydrogen is generated by tribochemical reaction occurring during a relative rolling movement between the contact
pressure-resistant member and a counterpart. The Ni plating layer can prevent the hydrogen from infiltrating into the
matrix of the steel material. A thickness of the Ni plating layer is preferably in the range of 0.1 to 20 µm.
[0027] The contact pressure-resistant member may be applied to a rolling bearing for an automobile and a rolling
element of a toroidal CVT.
[0028] Next, a method of making the above-described contact pressure-resistant member of the present invention,
is explained. The contact pressure-resistant member has the rolling contact portion on the surface which is brought
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into rolling contact with a counterpart during a relative rolling movement therebetween. The method includes: subjecting
a workpiece made of a steel material containing 0.15 to 0.40% by mass of C, 0.50 to 1.50% by mass of Si, 0.20 to
1.50% by mass of Mn, 0.50 to 1.50% by mass of Cr, and 0.05 to 0.50% by mass of Mo, 0.010% by mass or less of P,
at least one element selected from the group consisting of 0.50 to 3.50% by mass of Ni, 0.03 to 0.20% by mass of Ti,
0.03 to 0.15% by mass of Nb and 0.01 to 0.10% by mass of A1, and the balance of Fe and inevitable impurities, to
either carburizing or carbonitriding to control a carbon concentration on a surface of the workpiece, to a range of 0.8
to 1.2%; and subjecting the workpiece to quenching and tempering. In this method, the carbon concentration on the
surface of the workpiece, the solid-solution carbon concentration, and the carbide area ratio and the mean particle
diameter of carbides can be respectively controlled to the desired ranges by carburizing or carbonitriding. The nitrogen
concentration on the surface of the workpiece also can be controlled to the desired range by carbonitriding.
[0029] Further, the method may further include: holding at least a surface of the workpiece at a first temperature
ranging from an Ac1 transformation point to less than a temperature of an Acm transformation point plus 150°C, after
the carburizing or carbonitriding; heating the workpiece to a second temperature ranging from 550°C to less than an
Ar1 transformation point, after holding the at least the surface of the workpiece at the first temperature; holding the
workpiece at the second temperature; holding the workpiece at a third temperature ranging from the Ac1 transformation
point to less than the Acm transformation point; and subjecting the workpiece to rapid cooling. The method may further
include forming a Ni plating layer on at least a part of the surface of the workpiece which is adapted to act as the rolling
contact portion of the contact pressure-resistant member.

EXAMPLES

[0030] The present invention is described in more detail by way of examples and comparative examples by referring
to the accompanying drawings. However, these examples are only illustrative and not intended to limit a scope of the
present invention thereto.

Examples 1-12 and Comparative Examples 1-11

[0031] Sixteen specimens respectively made of steel materials 1-16 each having a chemical composition as shown
in Table 1, were prepared in the following manner. The respective steel materials were formed into a disk shape for a
thrust rolling test, as well as shapes of an inner race and an outer race of a thrust ball bearing, for a thrust ball bearing
test. The disk-shaped specimen has a diameter of 60 mm and a thickness of 5 mm.
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[0032] Next, the disk-shaped specimens and the inner and outer race-shaped specimens were subjected to carbu-
rizing or carbonitriding and quenching and tempering according to heat treatment patterns A-D as shown in Figs. 1A-
1D. The heat treatment patterns will be explained in detail later. Then, a rolling contact portion on a surface of each of
the specimens which come into rolling contact with a counterpart of a rolling fatigue tester as described later, was
subjected to grinding and superfinishing to provide a surface roughness of about Ra 0.03 µm. Subsequently, if required,
a Ni plating layer was formed on the rolling contact portion of the specimens in the following manner. First, in order to
increase adhesion of the Ni plating layer to the matrix, a Ni strike plating coat is formed on the rolling contact portion
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in Ni-based strike plating bath for 10 minutes at a current density of 2A/dm2. Subsequently, the Ni plating layer was
formed on the Ni strike plating coat in a Ni-based plating bath for 10 minutes at a current density of 2A/dm2 until a
thickness of the Ni plating layer reached 5 µm. Thus, the specimens were obtained.
[0033] Referring to Fig. 1A-1D, the heat treatment patterns A-D are explained. Figs. 1A-1D illustrate the heat treat-
ment patterns A-D, respectively. In the heat treatment pattern A of Fig. 1A, carburizing is performed within a gas
carburizing furnace under the following conditions: temperature of 950°C, carbon potential (CP) of 1.1-1.3%, and car-
burizing time of 10-17 hours. Next, the temperature is lowered to 850°C and held at 850°C for 0.5 hour at CP of 0.9%.
Then, oil quenching is performed in a 80°C oil, followed by tempering at 170°C for 2 hours. Subsequently, the temper-
ature is raised to 970°C in a vacuum atmosphere within a vacuum furnace and held at 970°C for 1 hour. The temperature
is then lowered to 650°C at a rate of 2.0°C to 15.0°C per minute and held at 650°C for 6 hours. Thereafter, the tem-
perature is raised to 880°C and held at 880°C for 0.75 hour, and then lowered to 830°C and held at 830°C for 0.5 hour.
Oil quenching is performed in an oil at 80°C, followed by tempering at 170°C for 2 hours.
[0034] The heat treatment pattern B shown in Fig. 1B is the same as described in the heat treatment pattern A,
except that, instead of carburizing, carbonitriding is performed within a gas carburizing furnace under the following
conditions: temperature of 950°C, CP of 1.1-1.3%, NH3 of 3 vol %, and carburizing time of 10-17 hours.
[0035] The heat treatment pattern C shown in Fig. 1C differs in heat treatment subsequent to the tempering after
the holding at 850°C, from the heat treatment pattern A. As shown in Fig. 1C, subsequent to the tempering at 170°C
after the holding at 850°C, the temperature is raised to 550°C in a vacuum atmosphere within a vacuum furnace and
held at 550°C for 6 hours. Then, the temperature is raised to 880°C and held at 880°C for 0.75 hour, and then lowered
to 830°C and held at 830°C for 0.5 hour. After that, oil quenching is performed in an oil at 80°C, followed by tempering
at 170°C for 2 hours.
[0036] The heat treatment pattern D shown in Fig. 1D differs in heat treatment subsequent to the tempering after
the holding at 850°C, from the heat treatment pattern A. As shown in Fig. 1D, subsequent to the tempering at 170°C
after the holding at 850°C, the temperature is raised to 880°C and held at 880°C within a gas carburizing furnace at
CP of 1.0% for 1 hour. Then, secondary oil quenching is performed in an oil at 80°C, followed by tempering at 170°C
for 2 hours.
[0037] The steel materials, the heat treatment patterns and the Ni plating layer of the specimens used in Examples
1-12 and Comparative Examples 1-11 are shown in Table 2.
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Evaluation of Performance

[0038] The thus-prepared specimens were set to a thrust rolling fatigue tester and a thrust ball bearing tester and
subjected to rolling fatigue test under the following conditions to evaluate the rolling fatigue life.
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WEC Test

[0039]

Testing Machine : Thrust rolling fatigue tester
Contact Pressure : 5.2 GPa
Maximum Shearing Stress Depth: 0.1 mm from outer surface Lubricating Oil : Traction oil
Lubricating Oil Temperature: 150°C
Revolution Number : 2000 rpm
Counterpart Steel Ball: 3 balls, made of SUJ2 steel carbonitrided and having 3/8-inch diameter

Hydrogen Embrittlement Test

[0040]

Testing Machine : Thrust ball bearing tester
Contact Pressure : 3.6 GPa
Maximum Shearing Stress Depth: 0.3 mm from outer surface
Lubricating Oil : Traction oil
Lubricating Oil Temperature: 150°C
Revolution Number : 6000 rpm
Counterpart Steel Ball: 12 balls, made of SUJ2 steel carbonitrided and having 3/8-inch diameter

[0041] The evaluation of the rolling fatigue life was conducted using a vibration sensor to detect vibrations during
rolling of the specimens, and measuring a time elapsed until flaking was caused on the disk-shaped specimen and
either one of the inner race- and outer race-shaped specimens. When flaking was caused on power rollers of the testers
during the rolling fatigue test, the power rollers were replaced with new ones and the rolling fatigue test was continued.
[0042] Fig. 2 shows the thrust rolling fatigue tester 1 to which disk-shaped specimen 10 is set to undergo the rolling
fatigue test. In Fig. 2, arrow A indicates a direction of compressive load. Fig. 3 shows thrust ball bearing tester 2 to
which inner race-shaped specimen 20 and outer race-shaped specimen 30 is set to undergo the rolling fatigue test.
In Fig. 3, arrow B indicates a direction of supply of lubricating oil. In the rolling fatigue test using each of thrust rolling
fatigue tester 1 and thrust ball bearing tester 2, it was found that slide occurred at an end portion of a rolling contact
ellipse to some extent, and flaking caused by WEC and flaking caused by hydrogen embrittlement were distinguished
from each other with high probability on the basis of the slide ratio. Specifically, in thrust rolling fatigue tester 1 shown
in Fig. 2, the slide ratio at the end portion of the rolling contact ellipse was small so that the flaking due to WEC occurred.
In contrast, in thrust ball bearing tester 2 shown in Fig. 3, the slide ratio at the end portion of the rolling contact ellipse
was remarkably large so that the flaking due to hydrogen embrittlement occurred. Accordingly, the rolling fatigue test
using thrust rolling fatigue tester 1 is hereinafter referred to as WEC rolling fatigue test, and the rolling fatigue test
using thrust ball bearing tester 2 is hereinafter referred to as hydrogen-embrittlement rolling fatigue test.
[0043] After the WEC rolling fatigue test and the hydrogen-embrittlement rolling fatigue test, the specimens were
subjected to measurements of surface carbon concentration (%), surface nitrogen concentration (%), mean carbide
particle diameter (µm), carbide area ratio (%) and solid-solution carbon concentration (%) in a surface portion of each
of the specimens. The surface carbon concentration and the surface nitrogen concentration were determined by a
method of analyzing carbon concentration and nitrogen concentration. The mean carbide particle diameter and the
carbide area ratio were determined by a method of calculating the mean carbide particle diameter and the carbide area
ratio.
[0044] Referring to Fig. 4A, a flow of the method of analyzing carbon concentration and nitrogen concentration is
explained. As illustrated in Fig. 4A, first, the specimen was cut. Subsequently, a surface of a cross section of the
specimen cut was polished and then subjected to EPMA analysis. The EPMA analysis was conducted over a region
extending from the cross sectional surface of the specimen to 0.1 mm in depth.
[0045] Referring to Fig. 4B, a flow of the method of calculating the mean carbide particle diameter and the carbide
area ratio is explained. As illustrated in Fig. 4B, first, the specimen was cut vertically, and then a surface of the vertical
cross section of the specimen was polished. Subsequently, the cross sectional surface of the specimen was subjected
to etching with an etchant composed of 3% nitric acid alcohol solution. A region of the cross sectional surface was
observed using a scanning electron microscope (SEM) at the magnification of 10,000. The region had a depth of 0.1
mm from the outer surface of the specimen. The observation was conducted over the depth at intervals of 0.01 mm.
Eleven fields of view were photographed, and then the photograph was subjected to image analysis. Subsequently, a
mean carbide particle size and a carbide area ratio of a carbide-precipitated portion to the whole region were calculated.
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The calculation results were applied to the above-described formula (1) to determine solid-solution carbon concentra-
tion in the carburized surface portion of the specimen. The results of the calculations were shown in Table 2. In Table
2, for instance, the mathematical expression "7.00E+07" used in the columns of "WEC Life" and "Hydrogen Embrittle-
ment Life", indicates "7.00 X 107".
[0046] As shown in Table 2, in Examples 1-11, the specimens were made of steel materials 1-8. Specifically, as
shown in Table 1, the steel materials 1-8 contain 0.15 to 0.40% by mass of C, 0.50 to 1.50% by mass of Si, 0.20 to
1.50% by mass of Mn, 0.50 to 1.50% by mass of Cr, and 0.05 to 0.50% by mass of Mo, 0.010% by mass or less of P,
at least one element selected from the group consisting of 0.50 to 3.50% by mass of Ni, 0.03 to 0.20% by mass of Ti,
0.03 to 0.15% by mass of Nb and 0.01 to 0.10% by mass of A1, and the balance of Fe and inevitable impurities. The
specimens were subjected to the heat treatment pattern A or B. As a result, fine carbide particles having a mean particle
diameter of 1.2 µm or less were precipitated and the carbide area ratio was 2 to 8%. Further, the solid-solution carbon
concentration in the matrix was in the range of 0.6-0.95% by mass. Generation of a WEC-type structural change was
considerably delayed. This was able to increase the rolling fatigue lives of the specimens. Further, in Examples 4-12,
the rolling contact portions of the specimens had the Ni plating layer, whereby hydrogen infiltration into the matrix was
suppressed and generation of the hydrogen embrittlement-type structural change was delayed. This was able to en-
hance the rolling fatigue lives of the specimens. Further, in Examples 4-12, the specimens were made of the steel
materials 1-8 which contained a combination of Ti, Nb or V or the increased amount thereof. This caused increase in
amount of fine carbide particles precipitated or nitride particles precipitated, thereby preventing crystal grains from
coarsely growing during the heat treatment and enhancing the function of trapping hydrogen during the rolling fatigue
test. This was able to increase the flaking lives of the specimens in both of the WEC rolling fatigue test and the hydrogen
embrittlement rolling fatigue test.
[0047] In Example 12, the specimens were made of steel material 3 and subjected to the heat treatment pattern D.
In this case, M23C6 carbide was not precipitated because of a small amounts of Cr and Mo contained in the steel
material.
[0048] In contrast, in Comparative Examples 1-9, the specimens were subjected to the heat treatment pattern A. In
this case, the specimens were held at the temperature ranging from the Ac1 transformation point to less than the
temperature of the Acm transformation point plus 150°C, where M23C6 carbide was precipitated, and then heated to
the temperature ranging from 550°C to less than the Ar1 transformation point and held at the temperature ranging from
550°C to less than the Ar1 transformation point. As a result, M3C carbide was coarsely precipitated at grain boundaries,
and therefore, the flaking lives of the specimens were not remarkably improved in the WEC rolling fatigue test. Even
when the specimens had the Ni plating layer in Comparative Examples 2-9, the flaking lives of the specimens were
not greatly improved in the hydrogen embrittlement rolling fatigue test.
[0049] In Comparative Examples 1-2, the specimens were made of steel material 10 which had the Si content of
less than 0.5% by mass as shown in Table 1. In these cases, the resistance to temper softening was reduced. Therefore,
the flaking lives of the specimens were reduced in a relatively-high to high temperature condition in the WEC rolling
fatigue test. In Comparative Example 3, the specimens were made of steel material 11 which had the Cr content of
less than 0.5% by mass and the concentration ratio Cr/Si of less than 0.8% as shown in Table 1. The specimens had
a small amount of carbide precipitated and a solid-solution carbon concentration of more than 0.95%. In this case, the
flaking lives of the specimens were reduced in the WEC rolling fatigue test. In Comparative Example 4, the specimens
were made of steel material 12 which had a concentration ratio (Mn+Ni)/Mo of more than 20 as shown in Table 1.
Therefore, the amount of microsegregation of Mn and Ni became too large relative to Mo. Crack occurred from the
segregation boundary of Mn and Ni upon high pressure being applied to the rolling contact portions of the specimens.
As a result, the flaking lives of the specimens were reduced in both of the WEC rolling fatigue test and the hydrogen
embrittlement rolling fatigue test.
[0050] In Comparative Examples 5-7, the specimens were made of steel materials 13-15 which had a Ti content, a
Nb content or an Al content larger than the specified range of the present invention as shown in Table 1. In these cases,
coarse particles of carbide or nitride were precipitated along grain boundaries. The solid-solution carbon concentration
was less than 0.6%, and therefore, the flaking lives of the specimens were not greatly improved in both of the WEC
rolling fatigue test and the hydrogen embrittlement rolling fatigue test. In Comparative Example 8, the specimens were
made of steel material 16 which had a P content of more than 0.01% by mass as shown in Table 1. In this case, the
amount of P segregated along grain boundaries was increased. Therefore, the flaking lives of the specimens were
reduced in the hydrogen embrittlement rolling fatigue test.
[0051] In Comparative Example 9, the specimens were made of steel material 3 having the specified composition
of the present invention, but the carbon concentration in the rolling contact portion thereof was more than 1.2%. In this
case, coarse particles of carbide were precipitated along grain boundaries, and the solid-solution carbon concentration
was reduced. As a result, the flaking lives of the specimens were reduced in both of the WEC rolling fatigue test and
the hydrogen embrittlement rolling fatigue test.
[0052] In Comparative Examples 10-11, the specimens were made of steel material 11 which composition was out
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of the range specified by the present invention as shown in Table 1, but the rolling contact portion thereof had a carbon
concentration of 0.8-1.2% by using the heat treatment pattern C. As compared to the heat treatment pattern A, in the
heat treatment pattern C, the step of holding at 970°C after carburizing, quenching and tempering was omitted. In this
case, the M3C carbide precipitated along grain boundaries during the primary carburizing and quenching step, made
it difficult to form the solid solution in the matrix again. Therefore, the carbon concentration at and near grain boundaries
became larger than that within the crystal grain, so that M23C6 carbide was able to be readily precipitated at and near
the grain boundaries. This caused excessive trap of hydrogen infiltrating into the grain boundaries, so that the flaking
lives of the specimens were relatively reduced in the hydrogen embrittlement rolling fatigue test. Further, in this case,
the M23C6 carbide was not readily recrystallized, and therefore, the crystal grains were kept coarse. As a result, the
flaking lives of the specimens were relatively reduced in the WEC rolling fatigue test.
[0053] This application is based on a prior Japanese Patent Application No. 2003-209275 filed on August 28, 2003,
the entire contents of which are hereby incorporated by reference.
[0054] Although the invention has been described above by reference to certain examples of the invention, the in-
vention is not limited to the examples described above. Modifications and variations of the examples described above
will occur to those skilled in the art in light of the above teachings. The scope of the invention is defined with reference
to the following claims.

Claims

1. A contact pressure-resistant member, comprising:

a rolling contact portion having a carbon concentration ranging from 0.8 to 1.2%, the rolling contact portion
being located on a surface of the contact pressure-resistant member and adapted to come into rolling contact
with a counterpart,
the contact pressure-resistant member being made of a steel material containing 0.15 to 0.40% by mass of
C, 0.50 to 1.50% by mass of Si, 0.20 to 1.50% by mass of Mn, 0.50 to 1.50% by mass of Cr, and 0.05 to 0.50%
by mass of Mo, 0.010% by mass or less of P, at least one element selected from the group consisting of 0.50
to 3.50% by mass of Ni, 0.03 to 0.20% by mass of Ti, 0.03 to 0.15% by mass of Nb and 0.01 to 0.10% by mass
of Al, and the balance of Fe and inevitable impurities.

2. The contact pressure-resistant member as claimed in claim 1, wherein the steel material contains 0.16 to 0.40%
by mass of C.

3. The contact pressure-resistant member as claimed in claim 1, wherein the steel material contains 0.50 to 1.25%
by mass of Si.

4. The contact pressure-resistant member as claimed in claim 1, wherein the steel material contains 0.20 to 1.31%
by mass of Mn.

5. The contact pressure-resistant member as claimed in claim 1, wherein the steel material contains 0.50 to 1.31%
by mass of Cr.

6. The contact pressure-resistant member as claimed in claim 1, wherein the steel material contains 0.05 to 0.45%
by mass of Mo.

7. The contact pressure-resistant member as claimed in claim 1, wherein the steel material contains 0.50 to 3.00%
by mass of Ni.

8. The contact pressure-resistant member as claimed in any one of claims 1-7, wherein a concentration ratio Cr/Si
between Cr and Si is in a range of 0.8 to 2.0% by mass, and a concentration ratio (Mn+Ni)/Mo of Mn and Ni to Mo
is 20 or less.

9. The contact pressure-resistant member as claimed in any one of claims 1-8, wherein the steel material further
comprises 0.05 to 0.5% by mass of V.

10. The contact pressure-resistant member as claimed in any one of claims 1-9, wherein the rolling contact portion
has a concentration of carbon forming a solid solution of carbon and Fe, in a range of 0.60 to 0.95% by mass.
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11. The contact pressure-resistant member as claimed in any one of claims 1-10, wherein the rolling contact portion
has a total concentration of carbon plus nitrogen which ranges from 0.8 to 1.2%.

12. The contact pressure-resistant member as claimed in any one of claims 1-11, wherein the surface of the contact
pressure-resistant member contains carbide particles having a mean particle diameter of 1.2 µm or less.

13. The contact pressure-resistant member as claimed in any one of claims 1-12, wherein the surface of the contact
pressure-resistant member has a carbide area ratio of 2 to 8%.

14. The contact pressure-resistant member as claimed in any one of claims 1-13, wherein the rolling contact portion
comprises a Ni plating layer formed on at least a part thereof.

15. The contact pressure-resistant member as claimed in claim 14, wherein the Ni plating layer has a thickness of 0.1
to 20 µm.

16. The contact pressure-resistant member as claimed in any one of claims 1-15, wherein the contact pressure-re-
sistant member is adapted for use in a rolling contact for an automobile.

17. The contact pressure-resistant member as claimed in any one of claims 1-15, wherein the contact pressure-re-
sistant member is adapted for use in a rolling element of a toroidal continuously variable transmission.

18. A method of making a contact pressure-resistant member having a rolling contact portion on a surface thereof,
the rolling contact portion being adapted to come into rolling contact with a counterpart, the method comprising:

subjecting a workpiece made of a steel material containing 0.15 to 0.40% by mass of C, 0.50 to 1.50% by
mass of Si, 0.20 to 1.50% by mass of Mn, 0.50 to 1.50% by mass of Cr, and 0.05 to 0.50% by mass of Mo,
0.010% by mass or less of P, at least one element selected from the group consisting of 0.50 to 3.50% by
mass of Ni, 0.03 to 0.20% by mass of Ti, 0.03 to 0.15% by mass of Nb and 0.01 to 0.10% by mass of Al, and
the balance of Fe and inevitable impurities, to either carburizing or carbonitriding to control a carbon concen-
tration on a surface of the workpiece to a range of 0.8 to 1.2%; and
subjecting the workpiece to quenching and tempering.

19. The method as claimed in claim 18, further comprising:

holding at least the surface of the workpiece at a first temperature ranging from an Ac1 transformation point
to less than a temperature of an Acm transformation point plus 150°C, after the carburizing or carbonitriding;
heating the workpiece to a second temperature ranging from 550°C to less than an Ar1 transformation point,
after holding the at least the surface of the workpiece at the first temperature;
holding the workpiece at the second temperature;
holding the workpiece at a third temperature ranging from the Ac1 transformation point to less than the Acm
transformation point; and
subjecting the workpiece to rapid cooling.

20. The method as claimed in claim 18 or 19, further comprising forming a Ni plating layer on at least a part of the
surface of the workpiece which is adapted to act as the rolling contact portion of the contact pressure-resistant
member.
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