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(7) ABSTRACT

The high-strength valve spring uses, as the material, a steel
containing 0.5-0.8% C, 1.2-2.5 wt % Si, 0.4-0.8 wt % Mn,
0.7-1.0 wt % Cr, balance Fe and inevitable impurities,
where, in the inevitable impurities, Al is no more than 0.005
wt % and Ti is no more than 0.005 wt %, and the largest
non-metallic inclusion is 15 um. In the oil tempering
treatment, the heating temperature at hardening is between
950-1100° C., and nitriding treatment is performed after
coiling. It is preferable to nitride at a temperature no lower
than 480° C. Since the material is a high-silicon steel, the
tempering temperature can be set at a higher temperature,
and the nitriding temperature can be so high. In another way,
after coiling, the spring is subjected to shot peening at least
twice with shot particles of hardness 720 Hv or higher to
produce a compressive residual stress of 85 kgf/mm?® at
around surface. These measures render high surface
hardness, and produce high-strength valve springs having
good fatigue strength, sag resistance and delayed fracture
resistance.
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HIGH-STRENGTH VALVE SPRING AND IT’S
MANUFACTURING METHOD

The present invention relates to valve springs used
mainly in an internal combustion engine of an automobile
and having high fatigue resistance, high sag resistance and
high delayed fracture resistance. It also relates to manufac-
turing methods of such valve springs.

BACKGROUND OF THE INVENTION

In the Japanese Industrial Standards (JIS), Oil-tempered
Wire for Valve Springs (SWO-V: JIS G3561), Chromium-
Vanadium Steel Oil-tempered Wire for Valve Springs
(SWOCV-V: JIS G3565), and Silicon-Chromium Steel Oil-
tempered Wire for Valve Springs (SWOSC-V: JIS G3566),
etc. are specified as wires for valve springs of internal
combustion engines. Among them, SWOSC-V has been
mainly used because it has a higher fatigue resistance and
higher sag resistance.

From the viewpoint of environmental protection and
resource saving, cleanliness of the exhaust gas and fuel
efficiency are always required on automobiles. Weight
reduction of an automobile greatly contributes to those
requirements, and thus weight reduction of automotive parts
is always pursued.

Several new wires for valve springs have been proposed
so far having high fatigue resistance and high sag resistance.
In the Unexamined Publication No. H8-176730 of Japanese
Patent Application, an oil-tempered wire for high-strength
valve springs is proposed in its claim 1 as: using a steel
including 0.5-0.8 wt % C, 1.2-2.5 wt % Si, 0.4-0.8 wt %
Mn, 0.7-1.0 wt % Cr and inevitable impurities with iron
balance, where Al content is no more than 0.005 wt % and
Ti content is no more than 0.005 wt % in the inevitable
impurities (claim 1). The steel is heated to a temperature in
the range 950-1100° C., then quenched and tempered. In the
Publication, oil-tempered wire including 0.05-0.15 wt % V
(claim 2), and oil-tempered wire including, in addition to
that, one or more among 0.05-0.5 wt % Mo, 0.05-0.15 wt
% W and 0.05-0.15 wt % Nb (claim 3) are also proposed.
In the Unexamined Publication No. H971843 of Japanese
Patent Application by the same applicant, a high toughness
oil-tempered wire for valve springs is proposed as using the
same steel as above and the residual austenite (y) after
quenching and tempering is suppressed to 1-5 vol % (claims
1 and 2). In the Publication, another oil-tempered wire is
proposed whose microscopic structure is required to be so
that the density of carbide particles no smaller than 0.05 um
in its diameter is no more than five pieces/ um* in the
microscopic photograph (claims 3 and 4). Combination of
these are proposed in claims 5 and 6. The manufacturing
method is disclosed as follows. In case of claims 1, 2, 5 and
6, the heating speed in tempering is no smaller than 150°
C./sec and the maximum heating temperature in tempering
is within 450-600° C. The time period from the beginning
of heating to the beginning of cooling by water or the like
is no longer than 15 sec. In case of claims 3, 4, 5 and 6, the
heating speed in hardening is no smaller than 150° C./sec,
and the maximum heating temperature in hardening is no
higher than 1100° C. but no lower than the temperature T(°
C.) calculated as T=5004+750-C (Carbon) +500-V
(Vanadium). The time period from the beginning of heating
to the beginning of cooling by water or oil is no longer than
15 sec.

Most of the measures proposed so far are about the
material steels or, at most, about wires (oil-tempered wires),
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but no measure has been taken to the stage of manufacturing
the final product, that is the valve spring, in order to endow
high fatigue strength and high sag resistance. If the spring
manufacturing process is inadequate, even the best material
cannot make a good valve spring, and such an inadequate
process may make it difficult to manufacture an appropriate
valve spring, and may further, in some cases, deteriorate its
fatigue strength or sag resistance.

The present invention addresses such problems, and one
of the objects is to provide a valve spring having an
improved fatigue strength from conventional ones by choos-
ing the best material and then by applying an appropriate
manufacturing process suitable to the material chosen. In
concrete, the present invention provides a valve spring
having the durability of more than 5x10” times under the
repeated stress of T=60 =51 kgf/mm? in its maximum shear
stress at the wire. In the present invention, the delayed
fracture is also taken into consideration and its durability is
addressed.

Another object of the present invention is to provide a
valve spring having a lesser sag while possessing no less
fatigue strength by choosing the best material and then by
applying an appropriate manufacturing process suitable to
the material chosen. In concrete, the present invention
provides a valve spring yielding the residual shear strain y of
less than 5x10™* when left 48 hours at the temperature of
120° C. with the maximum shear stress of T=90 kgf/mm? in
the wire surface. In the present invention, the delayed
fracture is also taken into consideration and its durability is
addressed.

SUMMARY OF THE INVENTION

The first one of the high-strength valve springs of the
present invention corresponding to the above described first
object is characterized in that it:

1) uses, as the material, a steel containing 0.5-0.8 wt % C,
1.2-2.5 wt % Si, 0.4-0.8 wt % Mn, 0.7-1.0 wt % Cr, balance
Fe and inevitable impurities, where, in the inevitable
impurities, Al is no more than 0.005 wt % and Ti is no more
than 0.005 wt %, and the largest non-metallic inclusion is 15
pm;

ii) uses, as the wire, an oil-tempered wire subjected to
hardening and tempering with the heating temperature for
hardening between 950-1100° C.; and

iii) is coiled, followed by a nitriding treatment.

The material steel described in i) may further contain one
or more of: 0.05-0.15 wt % V, 0.05-0.5 wt % Mo, 0.05-0.15
wt % W, and 0.05-0.15 wt % Nb.

It is preferred that the oil-tempered wire described in ii)
contains 1-5 vol % residual austenite after hardening and
tempering.

It is also preferred that, in the microscopic structure of the
oil-tempered wire described in ii), the density of carbides
larger than 0.05 um in diameter is no more than 5 pieces/ um
2in the microscopic photograph.

The nitriding treatment described in iii) may be done at
the same temperature as that used in conventional valve
springs. Valve springs of higher strength can be obtained in
the present invention by setting the temperature at no lower
than 480° C., and making the surface hardness no lower than
900 Hv.

In the first high-strength valve spring of the present
invention, the silicon content of the material steel is set at
1.2-2.5% which is higher than the conventional Silicon
Chromium Oil-tempered Wire for Valve Springs (SWOSC-
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V). Silicon dissolves in ferrite and martensite, strengthens
them, and retards the decomposition of the martensite phase
into [ferrite+carbides] in tempering. That is, it shifts the
phase decomposition temperature to a higher temperature in
tempering, which allows raising the tempering temperature
to obtain the same tensile strength. The rise in the tempering
temperature promotes recovery of dislocations and stabilizes
the microscopic structure. This suppresses initiation of
fatigue cracks, which increases the time fatigue strength and
boosts the fatigue limit. Further it improves the delayed
fracture strength.

The rise in the tempering temperature hampers the change
in the microscopic structure when the temperature of the
valve spring rises in use. This impedes the movement of
dislocations, and contributes to the improvement of sag
resistance.

It is well known that it is easier for nitrogen atoms to enter
into steel at higher nitriding temperature, and a higher
surface hardness is obtained thereby. When, however, the
nitriding temperature exceeds the tempering temperature in
the oil tempering treatment, the hardness of the inner part of
the wire decreases, and the fatigue strength and sag resis-
tance are deteriorated. Thus it is conventionally believed that
it is impossible to raise the nitriding temperature. In the
present invention, however, the tempering temperature can
be raised as described above owing to the strengthening
effect of silicon. Accordingly, the nitriding temperature can
also be raised, which makes it possible to increase the
surface hardness, or the fatigue strength. This also contrib-
utes to the improvement of the sag resistance.

Based on the above considerations, the first valve spring
of the present invention adopts the oil-tempered wire pro-
posed in the Unexamined Publication Nos. H8-176730 and
H9-71843 described before. The reason of the requirements
to the chemical compositions and the microscopic structure
by the present invention is reproduced from the publications
as follows.

C: 05-08 wt %

C is indispensable to strengthening a steel wire, but an
adequate strength cannot be obtained with less than 0.5%.
But C exceeding 0.8% deteriorates the toughness, and the
steel wire becomes more susceptible to flaws, making it less
reliable.

Si: 1.2-2.5 wt %

Si increases the strength of ferrite and martensite, as
described above, and improves sag resistance. The effect is
inadequate with less than 1.2% Si. But Si exceeding 2.5%
lowers the cold forming capability, and promotes decarbur-
ization in hot forming or in heat treatment.

Mn: 0.4-0.8 wt %

Mn enhances hardenability of steels, and fixes S content
in steels, preventing its horn. Less than 0.4% Mn has no such
effect, but more than 0.8% Mn lowers the toughness.

Cr: 0.7-1.0 wt %

Cr, similarly to Mn, enhances hardenability of steels. And
Cr endows toughness to wire in the patenting treatment after
hot rolling. It also enhances resistance to softening in
tempering and increases the strength. Less than 0.7% Cr has
an inadequate effect, but more than 1.0% Cr suppresses the
carbide solution, leading to lower strength and excessive
hardenability with less toughness.

V: 0.05-0.15 wt %

V forms carbides in tempering, which enhances resistance
to softening. Less than 0.05% V is inadequate for such
effect, but more than 0.15% V produces excessive amount of
carbides in the heating of hardening, which deteriorates
toughness.
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Mo: 0.05-0.5 wt %

Mo forms carbides in tempering, which enhances resis-
tance to softening. Less than 0.05% Mo is inadequate for
such effect, but more than 0.5% Mo produces excessive
amount of carbides in the heating of hardening, which
deteriorates toughness.

Nb: 0.05-0.15 wt %

Nb forms carbides in tempering, which enhances resis-
tance to softening. Less than 0.05% Nb is inadequate for
such effect, but more than 0.15% Nb produces excessive
amount of carbides in the heating of hardening, which
deteriorates toughness.

Al, Ti: no more than 0.005 wt %

They form high-melting-point non-metallic inclusions
AL Oj; or TiO. The non-metallic inclusions are hard so that,
when exist just under the surface of a wire, they lower the
fatigue strength much. Thus the content of these elements
are required to be no more than 0.005%, though inevitable
impurities they are. It is preferred to use materials including
lower amount of those elements.

Heating temperature in hardening: 950-1100° C.

The heating temperature determines the soluble amount of
V or other elements in hardening, and the soluble amount is
larger when the heating temperature is higher. When the
heating temperature is lower than 950° C., the soluble
amount of V or other elements are so small that a lot of
carbides precipitate. Since, at 1100° C., most of V, W and Nb
specified in the present invention is thought to dissolve in
Fe, no improvement in toughness or no increase in resistance
to softening can be expected at temperatures higher than
1100° C.

Nitriding treatment: no lower than 480° C. and surface
hardness no lower than 900 Hv

Because the nitriding treatment is done after the oil
tempering treatment, the nitriding temperature cannot
exceed the tempering temperature at the oil tempering
treatment. In conventional oil-tempered wires, the temper-
ing temperatures were under 450° C. at most, and,
accordingly, the nitriding treatment is done below that
temperature. Since, as described before, the high-strength
valve spring according to the present invention uses high-
silicon steel as its material, the tempering temperature in the
oil tempering treatment can be raised to a higher
temperature, so that the nitriding treatment can be done at as
high as 480° C. or higher.

Generally, every chemical reaction is activated as the
temperature is raised. In the case of nitriding treatment,
nitrogen (N) atoms become easier to enter steel as the
temperature is raised, by which the spring surface is further
hardened. At temperatures under 480° C., the surface hard-
ness does not reach the object value. Also, the object fatigue
strength cannot be obtained with the surface hardness of
under 900 Hv.

Residual austenite (y): 1-5 vol %

The residual austenite phase in the tempered martensite
increases the toughness of the steel. The effect is negligible
when the volume percentage is less than 1%, but, while in
use, the residual austenite transforms to martensite when the
volume percentage exceeds 5%, which renders sag.

Density of carbide particles larger than 0.05 ym in diam-
eter: no more than 5 pieces/um”

Carbide particles larger than 0.05 um in diameter may
generate cracks in the microscopic structure in forming a
valve spring or in other manufacturing stages. If the density
in the microscopic structure exceeds 5 pieces/ um?, the
toughness remarkably deteriorates.
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It is preferable to satisfy the requirement to the amount of
residual austenite and the requirement to the amount of
carbide particles using the following heat treatment.

As for the heating for hardening in the hardening/
tempering process, the heating speed is no smaller than 150°
C./sec. The heating temperature is no higher than 1100° C.
but no lower than T(° C.)=500+750-C+500 V or no lower
than 950° C. whichever higher. The time period from the
beginning of heating to the beginning of cooling by water or
oil is no longer than 15 sec.

If the time period is longer than 15 sec, the crystal grains
coarsen and the toughness deteriorates. If the heating speed
is no more than 150° C./sec the carbides are not adequately
dissolved in the 15 seconds until the beginning of cooling.
If the heating temperature is higher than 1100° C. or higher,
toughness deteriorates due to grain coarsening and decar-
burization occurs. If, on the contrary, the heating tempera-
ture is the temperature T(° C.)=500+750 C +500 -V or lower,
the carbides are not adequately dissolved.

As for the heating for tempering in the hardening/
tempering process: the heating speed is no smaller than 150°
C./sec; the heating temperature is 450-600° C.; and the time
period from the beginning of heating to the beginning of
cooling by water or other coolant is no longer than 15 sec.

If the heating speed is smaller than 150° C./sec or the time
period until cooling is longer than 15 sec, the residual
austenite phase diminishes to less than 1 vol %.

It can be summarized that, in the first high-strength valve
spring of the present invention, the silicon content of the
material steel is increased to obtain the solution strengthen-
ing effect to the ferrite and martensite and to obtain the effect
of retarding decomposition of the martensite phase to
[ferrite+carbides]. That is, the phase decomposing tempera-
ture is shifted to a higher temperature in the oil tempering
treatment, by which the recovery of dislocations is promoted
and the microscopic structure is stabilized. The rise in the
tempering temperature enables high-temperature nitriding,
which can increase the surface hardness. Owing to these
effects, the fatigue strength is improved. The rise in the
tempering temperature, on the other hand, prevents changes
in the microscopic structure due to the temperature rise
while in use of the valve springs, and impedes movement of
dislocations, which greatly contribute to the improvement of
sag resistance. To an oil-tempered wire having such
characteristics, in the present invention, an appropriate
nitriding treatment is applied so that high-strength valve
spring is manufactured taking the most of such characteris-
tic.

The second one of the high-strength valve springs of the
present invention corresponding to the above described
second object is characterized in that it:

i) uses, as the material, a steel containing 0.5-0.8 wt % C,
1.2-2.5 wt % Si, 0.4-0.8 wt % Mn, 0.7-1.0 wt % Cr, balance
Fe and inevitable impurities, where, in the inevitable
impurities, Al is no more than 0.005 wt % and Ti is no more
than 0.005 wt %, and the largest non-metallic inclusion is 15
pm;

ii) uses, as the wire, an oil-tempered wire subjected to
hardening and tempering with the heating temperature for
hardening between 950-1100° C.; and

iii) is coiled, followed by a shot peening treatment using
high-hardness shot particles.

The material steel described in i) may further contain one
or more of: 0.05-0.15%, V, 0.05-0.5% Mo, 0.05-0.15% W,
and 0.05-0.15% Nb.
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It is preferred that the oil-tempered wire described in ii)
contains 1-5 vol % residual austenite after hardening and
tempering.

It is also preferred that, in the microscopic structure of the
oil-tempered wire described in ii), the density of carbides
0.05 um or larger in diameter is no more than 5 pieces/ um>
in the microscopic photograph.

The hardness of the high-hardness shot particles described
in iii) is no lower than 600 Hv, and it is preferable to be no
lower than 720 Hv.

The shot peening treatment may be performed just once.
When the shot peening treatment is performed twice or more
so that the compressive residual stress around the surface is
no less than 85 kgf/mm?, the fatigue strength is further
improved.

The second high-strength valve spring of the present
invention uses the same material steel as that of the first
high-strength valve spring described above. Thus the
requirements to the chemical compositions and microscopic
structure are almost the same as describe above for the first
high-strength valve spring, except that the nitriding treat-
ment is replaced by the following shot peening treatment.

Shot peening: using shot particles of hardness no lower
than 600 Hv

A shot peening treatment endows compressive residual
stress on the surface of a valve spring, which effectively
reduces the maximum shear stress working on the surface of
the valve spring in use and improves the fatigue strength
remarkably. Enough improvements have been made so far so
that the current level of compressive residual stress of a
conventional valve spring has almost reached to its maxi-
mum value, and no greater residual stress was able to obtain
even when the hardness of the shot particles is increased or
the shot peening treatment is done twice or more. Since, as
described above, the high-strength valve spring of the
present invention uses a high-silicon steel material, the
tempering temperature can be set higher to obtain the same
hardness, whereby the microscopic structure is more stable
than conventional ones. This enables using shot particles of
higher hardness than conventional ones, i.e., no lower than
600 Hv, which renders greater compressive residual stress.

Instead of raising the tempering temperature taking
advantage of the strengthening effect of silicon, it is possible
to lower the tempering temperature a little and use the valve
spring at higher hardness than conventional ones. This
improves the fatigue strength and sag resistance. It may also
be possible to increase the compressive residual stress of the
surface and further improve the fatigue strength by applying
a shot peening treatment with shot particles having higher
hardness than conventional ones. When the hardness of the
material is raised, shot particles of higher hardness, i.e., no
lower than 720 Hv, may be used to obtain an adequate
compressive residual stress.

In any case above, a higher compressive residual stress
can be obtained by applying the shot peening treatment
twice or more and higher fatigue strength can be obtained.
Specifically, it is preferable to set the residual stress at
around surface to be no less than 85 kgf/mm?. The multiple
shot peening treatments are also effective to prevent delayed
fracture from surface.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 Chemical compositions of tested materials
FIG. 2 Manufacturing process of an oil-tempered wire
FIG. 3 Oil tempering conditions
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FIG. 4 Tensile characteristics of an oil-tempered wire

FIG. 5 Dimensions of a valve spring

FIG. 6 Nitriding condition

FIG. 7 Hardness distribution around surface after nitrid-
ing treatment

FIG. 8 Fatigue test results (t0=60 kgf/mm)

FIG. 9 Fatigue test results ( T=70+60 kgf/mm?)

FIG. 10 Hot setting test results Nitrided samples)

FIG. 11 Delayed fracture test results (Nitrided samples)

FIG. 12 Shot peening condition

FIG. 13 Residual stress distribution after shot peening

FIG. 14 Hot setting test results (Shot peened samples)

FIG. 15 Delayed fracture test results (Shot peened
samples)

EMBODIMENTS

The characteristics of the high-strength valve spring of the
present invention is explained based on experiments using a
comparative steel which is a conventionally widely used
Silicon-Chromium Oil-tempered Wire (SWOSC-V) plus a
small amount of vanadium. The chemical compositions of
the inventive sample and the comparative sample are shown
in FIG. 1.

Both samples are produced in a vacuum melting furnace,
and hot forged and hot rolled to form into a 6.5 mm diameter
crude wire. The crude wire is processed as shown in FIG. 2
to make a 3.2 mm diameter oil-tempered wire. The condi-
tions for the oil-tempering treatment differ depending on the
samples, which are shown in FIG. 3. The tensile strength and
reduction of area of the oil-tempered wires are shown in
FIG. 4.

From the oil-tempered wire thus obtained, two types of
test samples of valve springs having dimensions shown in
FIG. 5 are formed.

The first type of valve springs underwent nitriding treat-
ments as shown in FIG. 6. For the inventive samples, the
nitriding temperature is set at 450° C. which is the same as
conventional ones and at 480° C. which is higher than that.
As shown in FIG. 7, the surface hardness rises and hardening
depth increases at higher nitriding temperature. Though the
internal hardness decreases due to high nitriding
temperature, the internal hardness and the hardening depth
of the 480° C.-nitrided sample are almost equal to that of
normally nitriding comparative sample. Thus it is possible in
the present invention to increase the surface hardness while
maintaining the internal hardness. The inventive sample is
expected to have higher stability than conventional ones
with respect to the sag resistance because the nitriding
temperature is higher than conventional ones. The charac-
teristic will be discussed later.

After the nitriding treatment, the springs are shot peened
by the same method as the conventional one to make them
the same as actually used.

The results of fatigue strength test, sag resistance test and
delayed fracture strength test for the first valve springs are
shown in FIGS. 8-10.

FIG. 8 is the graph of number of loading cycles until the
450° C.-nitrided inventive valve springs break when repeat-
edly loaded to yield T=60+51 kgf/mm?* shear stress at the
wire surface. As shown in FIG. 8, even the 450° C.-nitrided
inventive samples have higher fatigue strength than com-
parative ones, and the object of the present invention, i.e.,
B10 life (the number of loading cycles at which 10% of the
tested samples break) is longer than 5x107 at T=60+51
kgf/mm?.
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When tested at higher stress T=70+60 kgf/mm?, the inven-
tive samples have higher fatigue strength at any nitriding
temperature than comparative ones as shown in FIG. 9. The
B10 life of the 480° C.-nitrided inventive sample is longer
than 2.5x107, which proves that the inventive valve springs
are well applicable to actual use under such high loading
condition.

FIG. 10 is a graph of residual shear strain yafter samples
are loaded to yield the maximum shear strain T=90 kgf/mm*
at the surface and left 48 hours at 120° C. The inventive
samples have far better sag resistance than comparative
ones.

FIG. 11 is a graph of a delayed fracture test. Various
residual stresses are produced after coiling, and the time
period until a crack initiates at every residual stress is
measured. The inventive samples have a much longer crack
initiation time period than comparative ones.

The second valve springs are shot peened under the
conditions shown in FIG. 12. Since, as shown in FIG. 4, the
inventive samples have higher hardness after heat treatment
than conventional ones, shot particles of accordingly higher
hardness are used. The residual stress distribution at around
surface after shot peening is shown in FIG. 13. The inventive
samples have larger compressive residual stress than com-
parative samples even after the first shot peening treatment,
and the compressive residual stress further increases after
the second shot peening treatment, which fully satisfies the
condition that it is larger than 85 kgf/mm?>.

The results of sag resistance test and delayed fracture
strength tests on the springs thus manufactured are shown in
FIGS. 14 and 15.

FIG. 14 is a graph of residual shear strain y after samples
are loaded to yield the maximum shear strain T=90 kgf/mm*
at the surface and left 48 hours at 120° C. The inventive
samples have much better sag resistance than comparative
ones, and satisfy the condition that the residual shear strain
y<5x107%,

FIG. 15 is a graph of a delayed fracture test. Various
residual stresses are produced after coiling, and the time
period until a crack initiates at every residual stress is
measured. The inventive samples have much longer crack
initiation time period than comparative ones.

What is claimed is:

1. A high-strength valve spring formed by subjecting an
oil-tempered steel wire made from a steel material compo-
sition containing 0.5-0.8 wt % C, 1.2-2.5 wt % Si, 0.4-0.8
wt % Mn, 0.7-1.0 wt % Cr, balance Fe and inevitable
impurities, where, in the inevitable impurities, Al is no more
than 0.005 wt % and Ti is no more than 0.005 wt %, and the
largest non-metallic inclusion is 15 um, to hardening treat-
ment at a heating temperature between 950-1100° C. fol-
lowed by cooling; tempering treatment followed by cooling;
coiling; and nitriding, wherein the oil-tempered wire com-
prises 1-5 vol % residual austenite after hardening and
tempering and the density of carbides larger than 0.05 ym in
diameter is no more than 5 pieces/um? in the microscopic
photograph of the oil-tempered wire.

2. The high-strength valve spring according to claim 1,
wherein the material steel further comprises one or more of:
0.05-0.15 wt % V, 0.05-0.5 wt % Mo, 0.05-0.15 wt % W,
and 0.05-0.15 wt % Nb.

3. The high-strength valve spring according to claim 1,
wherein the nitriding treatment is performed at a tempera-
ture no lower than 480° C. to make the surface hardness no
lower than 900 Hv.

4. A method of manufacturing a high-strength valve
spring, comprising: subjecting an oil-tempered steel wire
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made from a steel material composition containing 0.5-0.8
wt % C, 1.2-2.5 wt % Si, 0.4-0.8 wt % Mn, 0.7-1.0 wt %
Cr, balance Fe and inevitable impurities, where, in the
inevitable impurities, Al is no more than 0.005 wt % and Ti
is no more than 0.005 wt %, and the largest non-metallic
inclusion is 15 um, to hardening treatment at a heating
temperature between 950-1100° C. followed by cooling;
tempering treatment followed by cooling; coiling; and
nitriding.

5. The high-strength valve spring manufacturing method
according to claim 4, wherein the material steel further
comprises one or more of: 0.05-0.15 wt % V, 0.05-0.5 wt %
Mo, 0.05-0.15 wt % W, and 0.05-0.15 wt % Nb.

6. The high-strength valve spring manufacturing method
according to claim 4, wherein in the hardening heat treat-
ment: the heating speed is no smaller than 150° C./sec; the
heating temperature is no higher than 1100° C. but no lower
than the temperature T(° C.)=500 +750-C (Carbon
%)+500-V (Vanadium %), or no lower than 950° C., which-
ever higher; and the time period from the beginning of
heating to the beginning of cooling by water or oil is no
longer than 15 sec.

7. The high-strength valve spring manufacturing method
according to claim 4, wherein in the tempering heat treat-
ment: the heating speed is no smaller than 150° C./sec; the
heating temperature is 450-600° C.; and the time period
from the beginning of heating to the beginning of cooling by
water or other coolant is no longer than 15 sec.

8. The high-strength valve spring manufacturing method
according to claim 4, wherein the nitriding treatment is
performed at a temperature no lower than 480° C. to make
the surface hardness no lower than 900 Hv.

9. A high-strength valve spring formed by subjecting an
oil-tempered steel wire made from a steel material compo-
sition containing 0.5-0.8 wt % C, 1.2-2.5 wt % Si, 0.4-0.8
wt % Mn, 0.7-1.0 wt % Cr, balance Fe and inevitable
impurities, where, in the inevitable impurities, Al is no more
than 0.005 wt % and Ti is no more than 0.005 wt %, and the
largest non-metallic inclusion is 15 um, to hardening treat-
ment at a heating temperature between 950-1100° C. fol-
lowed by cooling; tempering treatment followed by cooling;
coiling; and shot peening using high-hardness shot particles,
wherein the oil-tempered wire comprises 1-5 vol % residual
austenite after hardening and tempering and the density of
carbides larger than 0.05 ym in diameter is no more than 5
pieces/um® in the microscopic photograph of the oil-
tempered wire.

10. The high-strength valve spring according to claim 9,
wherein the material steel further comprises one or more of:
0.05-0.15% V, 0.05-0.5% Mo, 0.05-0.15% W, and
0.050.15% Nb.

11. The high-strength valve spring according to claim 9,
wherein the hardness of the high-hardness shot particles is
no lower than 600 Hv.
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12. The high-strength valve spring according to claim 9,
wherein the hardness of the high-hardness shot particles is
no lower than 720 Hv.

13. The high-strength valve spring according to claim 11,
wherein the shot peening treatment is performed at least
twice so that the compressive residual stress around the
surface is no less than 85 kgf/mm?.

14. The high-strength valve spring according to claim 12;
wherein the shot peening treatment is performed at least
twice so that the compressive residual stress around the
surface is no less than 85 kgf/ mn?.

15. A method of manufacturing a high-strength valve
spring, comprising: subjecting an oil-tempered steel wire
made from a steel material composition containing 0.5-0.8
wt % C, 1.2-2.5 wt % Si, 0.4-0.8 wt % Mn, 0.7-1.0 wt %
Cr, balance Fe and inevitable impurities, where, in the
inevitable impurities, Al is no more than 0.005 wt % and Ti
is no more than 0.005 wt %, and the largest non-metallic
inclusion is 15 um, to hardening treatment at a heating
temperature between 950-1100° C. followed by cooling:
tempering treatment followed by cooling; coiling; and shot
peening using high-hardness shot particles.

16. The high-strength valve spring manufacturing method
according to claim 15, wherein the material steel further
comprises one or more of: 0.05-0.15% V, 0.05-0.5% Mo,
0.05-0.15% W, and 0.05-0.15% Nb.

17. The high-strength valve spring manufacturing method
according to claim 15, wherein, in the hardening heat
treatment: the heating speed is no smaller than 150° C./sec;
the heating temperature is no higher than 1100° C. but no
lower than T(° C.)=500+750-C(carbon %) +500-V
(vanadium %) or no lower than 950° C. whichever higher;
and the time period from the beginning of heating to the
beginning of cooling by water or oil is no longer than 15 sec.

18. The high-strength valve spring manufacturing method
according to claim 15, wherein, in the tempering heat
treatment: the heating speed is no smaller than 150° C./sec;
the heating temperature is 450-600° C.; and the time period
from the beginning of heating to the beginning of cooling by
a coolant such as water is no longer than 15 sec.

19. The high-strength valve spring manufacturing method
according to claim 15, wherein the shot peening is per-
formed with shot particles having hardness no lower than
600 Hv.

20. The high-strength valve spring manufacturing method
according to claim 15, wherein the shot peening is per-
formed with shot particles having hardness no lower than
720 Hv.

21. The high-strength valve spring manufacturing method
according to claim 19, wherein the shot peening is per-
formed at least twice.

22. The high-strength valve spring manufacturing method
according to claim 20, wherein the shot peening is per-
formed at least twice.

#* #* #* #* #*
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