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{54) Abstract Title

Spring of excellent fatigue resisting characteristics and surface treatment method for manufacturing the

same

(57) A surface treatment method for manufacturing
springs of excellent fatigue resisting characteristics,
comprising: projecting hard metal particles 500-900 pin
particle diameter which are softer than a nitrided
outermost layer of a spring, and which have a hardness Hv
of 500-800, onto an outer surface of the nitrided spring at
40-90 m/sec with the occurrence of fine cracks in an outer
layer thereof being prevented, whereby residual
compressive stress due to the projection operation is
applied up to a comparatively deep inner portion of the
spring; and projecting onto the surface of the same spring
a large number of fine metal particles having an average
particle diameter of not smaller than 10 u and larger than
100 u, a spherical shape or a shape near a spherical shape
with no angular portions, a specific gravity of 7.0-9.0, and
a hardness Hv which is not lower than 600 and not higher
than 1100 and which is not higher than the hardness of the
outermost layer of the nitrided spring, at 50-190 m/sec
while being controlled to a temperature which causes
work hardening to occur in the outer layer of the spring
but which is lower than a level at which the softening of
the outer layer due to the recovery recrystallization thereof
occurs, whereby a high residual compressive stress is
applied to a portion very close to the outer surface of the
spring without causing fine cracks to occur in the outer
layer thereof, this enabling a valve spring of a high fatigue
strength to be obtained.
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PATENT OFFICE - DEFINITIVE CoPYy

DESCRIPTION
SPRING WITH EXCELLENT FATIGUE ENDURANCE PROPERTY AND SURFACE

TREATMENT METHOD FOR PRODUCING THE SPRING

TECHNICAL FIELD

The present invention relates to a surface treatment
method for enhancing the performanée of valve springs for
internal combustion engines, clutch springs for
transmissions of automobiles and the like, high-strength
thin-sheet springs, and the like by projection of hard fine
metal particles, and a high-performance spring produced by

thise surface treatment method.

BACKGROUND ART

The following are found to be prior art related to
the present invention.
1. Japanese Patent Publication for Opposition No. 2-17607
"Surface thermo-mechanical heat treatment method for metal
product”

This technique relates to a surface thermo-mechanical
heat treatment method in which 40 to 200 um shots having a
hardness equal to or higher than that of a product to be
treated are injected at a velocity of 100 m/sec or more so'
as to raise the temperature near the surface of the product

up to an A3 transformation point or higher.



This method is a process in”which a material to be
processed is austenitized by heating the surface layer of
the work due to collision and promptly cooled down so as to
cause metallographic transformation of the work. This is
different from the present invention in the technical
principles and contents.

2. Japanese Laid-Open Patent Publication No. 9-2792283,
wSurface treatment method of steel work”

The disclosed technique mainly includes allowing a
number of hard metal particles having a diameter of 20 to
100 pm to collide against the surface of a steel work at a
velocity of 80 m/sec or more while controlling the
temperature rise 1imit of the work surface to be equal to or
higher than 150°C but lower than a
recovery/recrystallization temperature.

This disclosure does not mention nitriding, and
hardly defines the properties of the metal particles, e.g.
the specific gravity and hardness thereof. Although the
collision velocity is defined as 80 m/sec or more, where the
optimal velocity exists 18 unclear. Only the velocity of
180 m/sec is presented in an example and recognized to be
effective. However, whether or not this velocity is optimal
is unclear. '
3. Japanese Laid-Open Patent Publication No. 10-118930,

»Shot peening method of spring and spring product”



A 0.64% C-Si-Mn-Cr-Mo-V steel spring is nitrided,
shot-peened with 0.5 to 1.0 mm dia. shots, and then peened
with particles having a specific gravity of 12 to 16, a
diameter of 0.05 to 0.2 mm, and a hardness of 1200 to 1600.
As the result, a surface residual stress of oR = -1950 Mpa
and a fatigue limit of 700 = 620 MPa at 5 x 10’ times of
repetition were obtained. This fatigue limit stress does
not reach the level of the fatigue strength specified in
claim 8 of the present invention.

The objects and method of this disclosure are partly
similar to those of the present invention, but different in
that while this disclosure uses manufacturer-specific high-
hardness and expensive cemented carbide particles having a
size of 0.05 to 0.2 mm and a specific gravity of 12 to 16,
the present invention uses more inexpensive and more
available metal particles such as iron-based particles
héving 2 diameter of 0.01 to 0.08 mm. The resultant fatigue
strength obtained in the present invention is superior to
that obtained by this conventional method.

4. Japanese Patent Gazette No. 2613601 (Japanese Laid-Open
bPatent Publication No. 1-83644), “RHigh-strength spring”

This disclosure describes a spring containing 0.6 to
0.73 of C, 1.2 to 1.6% of Si, 0.5 to 0.8% of Mn, 0.5 to o.é&
of Cr, a total of 0.05 to 0.2% of one, two or more types
selected from V, Mo, Nb, and Ta, and iron and impurities as

the remainder, having nonmetallic inclusions with a maximum



gize of 15 um, a surface roughnesévnmax of 15 pm or less,
and a maximum compression residual stress near the surface
of 85 to 110 kgf/mm’ (B33 to 1079 MPa). This patent
describes that, if the max imum compression'residual stress
near the surface exceeds 110 kgf/mm’ (=1079 MPa), the
production of the spring becomes difficult and the surface
roughness of the spring degrades, ﬁnintentionally decreasing
the fatigue strength. One of the inventore of this patent
together with other researchers report in detail the
performance of a spring produced according to the technique
disclosed in this patent in the ESF (Europeah Spring
Federation) sponsored spring technology international
conference held in Dusseldorf, Germany on April 3, 1990
after the filing of the application of this patent.
According to the related article, titled “A High Strength
Spring for Automotive Engine” by M. Abe, K. Saito, N.
Takamura, and H. Yamamoto, the maximum compression residual
stress of a spring which corresponds to the invention of the
patent (Gazette No. 2613601) is about 950 MPa in the surface
layer and about 820 MPa on the outermost surface as is seen
from Figure 9 of this article, and the surface roughness
Rmax of the spring 1s 10.6 um as is seen from Table 2 of
thig article. The fatigue 1imit of the spring is wm = 588
MPa and ta = %(450 to 480) Mpa or so at 5 x 107 times of

repetition as is seen from Figure 11 of this article, which



does not correspond to claims 9 and 10 of the present
invention.

According to the present invention, the surface
roughness will not increase even if the maximum compression
residual stress in the surface layer exceeds 1079 MPa,
Moreover, the-residual'stress is maximum on the outermost
surface or closely near the surface, effectively preventing
fatigue breaking from the surface. Accordingly, it is
possible to obtain a spring satisfying the fatigue limit
represented by equation or éxpression (2) in claim 10 of the
present invention without nitriding.

5. Japanese Laid-Open Patent Publication No. 5-339763,
“Production method of coil spring”

This disclosure describes that a spring product
having a surface roughness Rmax of 5 um or less and a
fatigue strength of 60 = 57 kgf/mm* (588 z 559 MPa) at 5 x
10" times of stress repetition was obtained by descaling so
as to suppress the surface roughness to a low level by shot
peening, nitriding, and the following shot peening with 0.8
mm dia. cut wires. However, according to the data provided
in an example of this disclosure obtained in the above
manner, the fatigue strength does not satisfy expression (1)
in claim 8 of the present invention. Moreover, thig '
document does not disclose projection of fine particles as

disclosed in the present invention.



6. Japanese Laid-Open Patent Publiéation No. 7-214216,
vproduction method of high strength spring”

This disclosure describes that a steel wire spring
may be electropolished, nitrided, and then subjected to two-
stage shot peening using first particles having hardness of
Hv 600 to 800 and diameter of 0.6 to 1.0 mm as first-stage
shots and then particles having hardness of Hv 700 to 900
and diameter of about 0.05 to 0.2 mm as second-stage shots.
However, no further analysis, examination nor consideration
on the particle size of 0.05 to 0.2 mm are made. This
disclosure reports that, in an example which uses steel
palls having a grain diameter of 0.15 mm and a hardness of
Hv 800 as the second-stage shote, the fatigue limit of the
spring is 637 MPa as a mean gtress and =560 MPa as an
amplitude stress at 5 x 107 times of repetition. This does
not satisfy expression (1) representing the spring fatigue
limit in claim 8. Moreover, the definition of the second-
stage particle projection conditions is different from that
of the present invention.

7. Japanese Laid-Open patent Publication No. 5-177544,
sproduction method of coil spring”

This disclosure relates to a method including
nitriding after spring formation and then shot peening the'
spring. In the shot peening, first-stage shot peening, low-
temperature annealing, and gecond-stage shot peening using

shots smaller than those used in the first-stage shot



peening are sequentially performed; According to the
detailed description of this disclosure, it is preferable,
in consideration of the residual stress, to use shots having
a size of about 0.05 to 0.20 mm and a hardness of Hv 700 to
900 in the second-stage shot peening and project these
shorts under a high pressure. However, no further analysis
and description are made on the difference in the effect of
particle projection between 0.05 mm dia. particles and 0.1
mm dia. or 0.2 mm dia. particles, and the like. 1In an
embodiment of this disclosure, second-stage shot peening is
performed using steel balls having a diameter of 0.1 mm and
a hardnees of Hv 800 under a projection pressure of S
kgf/cm’. According to the disclosure, the resultant fatigue
limit is Tm = 686 MPa as a mean stress and TA = 2567 MPa as

an amplitude stress at 5 x 10’ times of repetition. The

compression residual stress in a near surface layer does not
reach 1400 MPa as seen from Figqure 3. Both values therefore

do not satisfy claim 8 of the present invention.

DISCLOSURE OF THE INVENTION

We have pointed out the problems for the respective
conventional techniques in the BACKGROUND ART. In the
conventional techniques, as shot projection methods for a
surface-nitrided spring having a comparatively high surface
hardness, projection of cemented carbide particles having

diameters from 50 um to 200 um has been disclosed (Prior Art



Technique 3), and projection of péfticles having diameters
from 20 to 100 um has been mentioned for improvement of the
fatigue property of a steel work and the particle diameter
has been limited although roughly (Prior Art Technique 2;
gsimilarly, ?rior Art Techniques 6 and 7). However, the
relationship between a truly effective and appropriate
projection method and the performahce of the spring which
has been subjected to the projection method has bean rather
unclear.

In Prior Art Technique 3, since the cemented carbide
particles used are expensive, the projection particles are
presumed to be economically disadvantageous. Moreover,
since the fatigque strength of a spring in an embodiment of
this disclosure is lower compared with that of the present
invention, this technique is not considered to have
sufficiently explicated and golved the technical problems.

Hitherto, it has been strongly requested to reduce
the size and weight of various kinds of springs for
automobiles such as valve gprings for internal combustion
engines. In view of this request, the object of the present
invention is to provide a gepring processing method which can
further increase the fatigue strength of the springs and
thereby realize improvement in the traveling performance of
_automobiles, improvement in fuel consumption by reducing the
size and weight of the automobiles, and the like, and a

spring produced by such a method. Technical problems to be



overcome to realize a spring with .éuch an excellent
performance are to prevent a microcrack from generating and
growing from a surface layer of the spring under repeated
high stress and to prevent a microcrack from growing from a
nonmetallic inclusion existing right under the surface layer
of the spring. Claims 1 and 2 (with a nitriding step),
claim 4 (without a nitriding step); and claim 6
(with/without a nitriding step) are directed to technologies
challenging these technical problems, and claims 8 to 12 are
directed to high performance springs produced by these
technologies. These claims provide solutions for the above
two problems in comparatively economical manners. Claim 3
is directed to a method for improving the fatigue strength
of a comparatiQely thin sheet or fine wire spring. cClaim 13
is directed to a spring produced by the method of Claim 3.
The techniques of Claims S and 6 have a greater effect
especially in preventing fatigue breaking from the surface
layer compared with the technologies of claims 1 to 4
described above.

The projection velocity as used herein refers to a
velocity immediately before the collision of projected
particles against the surface of a spring. As the particle
projection methed, the present invention adopts impeller |
method and honing method using gas such as air as a carrier.
Also, so-called stress peening in which particles are

projected against a spring by loading an external stress



statically or under a constant stféin state may be adopted
without losing the effect of projection of particles such as
fine particles. Rather, thie further improves the
compression residual stress in the surface layer providing
an effect of preventing fatigue breaking. Therefore, such a
method of projecting particles under stress loading is also
included in the present invention.- It should be noted,
however, that the stress peening requires a special
exclusive jig or device resulting in cost increase. Claims
8 to 12 of the present invention are related to springs
subjected to particle projection without stress or strain
being applied, and springs with high fatigue strength are
obtainable without depending on the strese peening.

A spring may be pre-heated to a temperature of about
100 to 250°C before being subjected to the microparticle
projection according to the present invention. The effect
of the present invention is not lost by this method, which
is therefore included in the present invention. Also
included in the present invention are performing strain age
hardening or low-temperature annealing at a temperature of
150 to 250°C between the particle projection recited in the
claims of the present invention and the subsequent
projection of finer particles and after the final particle'
projection step, and performing warm/cold setting after the

particle projection.
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As the stress received by a“spring becomes greater, a
greater stress is applied on the surface layer of the spring,
causing a microcrack when the surface layer is no more
durable against repetition of the stress. In order to
prevent such a microcrack, it 1s necessary to put the
residual stress in the surface layer in a compressed state
and increasing the absclute value of the compressive
residual stress as much ag possible. It is not possible to
provide a compression residual stress exceeding the elastic
limit of the material. In order to overcome this, according
to the present invention, the elastic limit is
simultaneously improved by work hardening of the spring
surface layer by fine particle projection, so as to increase
the compression residual stress to a high level. At the
same time, the yield point and hardness of the spring
surface layer are made as high as possible without losing
the ductility and toughness of the spring surface layer, so
as to prevent sliding deformation due to repeated stress and
thus prevent generation and growth of a microcrack in the
surface layer. Further, a micro-recess and crack generated
in the surface layer may be a source of fatigue cracking.

It is therefore necessary to provide precaution and
projection conditions which ensure that such a surface
defect will not be created in the surface layer during
particle projection. In order to satisfy such requirements,

according to the present invention, fine metal particles

11



having optimal shape and propertiéé including the diameter
between 10 pm inclusive and less than 100 pum, more
preferably in the range of 10 to 80 um, are projected under
optimal velocity condition. In particular, it has been
found that as“the projection velocity and the projection
density in the spring surface layer are increased even when
the particle projected spring surféce temperature does not
exceed the A3 transformation point, the gpring surface layer
produces microcracks or decreases ductility and toughness
due to severe deformation even when
recovery/recrystallization is not generated, decreasing the
fatigue strength to a lower level than that observed when
the projection velocity is lower. Thus, a spring having
excellent properties can be obtained by projecting
microparticles at a temperature which is low enough to
prevent generation of such a microcrack in the spring
gurface layer, lower than the A3 transformation point, and
lower than the temperature at which iron matrix causes
recovery/recrystallization, 80 that work hardening or strain
age hardening is generated to a sufficlent extent but
reduction in ductility and toughness and microcracking are
not generated. For a spring having a wire diameter of about
2 mm or more or a sheet thickness of about 1.5 to 2 mm or ,
more, it is necessary to first provide the residual stress
deep inside the spring by projecting iron-base particles

having a diameter of 0.2 to 0.9 mm against the nitrided or

12



non-nitrided spring before performing the fine particle
projection described above. This step of projecting
particles having a diameter of 0.2 to 0.9 mm may include
first projecting particles having a diameter of 0.5 to 0.9
mm and subséquently projecting particles having a diameter
of 0.2 to 0.4 mm (Claime 5 and 6)."

Roughly three methods as foilows are employed for
prevention of fatigque breaking due to existence of
nonmetallic inclusions under a spring surface layer. One of
the methods ie reducing the size of non-ductile nonmetallic
inclusions found in a spring material. The minimum size
(critical size) of a harmful inclusion is smaller as the
hardness of the spring is higher. It is about 20 to 15 um
when the hardness of an iron matrix surrounding the
inclusion is about Hv 520 to 580. It is about 10 um when
the hardness is about Hv 580 to 630. Therefore, if the gize
of nonmetallic inclusions existing in the spring material
is equal to or more than the critical size, the internal
hardness of the spring material must be regulated according
to the maximum size of the inclusion. The second method is
putting the residual stress of the portion surrounding a
harmful nonmetallic inclusion in a compressed state to
prevent growth of a microcrack around the inclusion. 1In
order to achieve this, conventionally, round cut wires
having a comparatively large diameter of 0.5 to 0.90 mm or

up to 1.00 mm are projected at a velocity of 40 to 90 m/sec

13



to provide the compression residuai astress down to a depth
of 0.2 to 0.5 mm from the surface of the spring. When the
wire diameter or sheet thickness of the spring is between
1.5 to 2.0 mm and 2.5 mm, it is necessary to project round
cut wires having diameter of 0.2 to 0.4 mm at a velocity of
40 to 90 m/sec so that the compresgive residual etress is
provided down to a depth of about 6.06 to 0.13 mm and
prevent breaking of the spring from inclugions. In these
cases, if the projection velocity is excessively high, non-
uniform deformed areas may be locally produced in the
gurface layer of the spring material, generating micro-
recesses and cracks in the surface layer, which tend to
cause fatigue breaking from the spring surface layer. It is
therefore required to effect projection as described above
so as not to cause such a defect. In order to prevent
generation of such a microcrack and the like, the maximum
projection velocity must be determined for each specific
spring with 90 m/sec being the upper limit. If the
projection velocity igs lower than 40 m/sec., the residual
stress providing effect is reduced falling to provide the
residual stress sufficlently deep. The minimum projection
velocity was therefore get at 40 m/sec.

The third method is decreasing the hardness of the
spring material in which inclusions exists. Decreasing the
hardness excessively, however, increases the creep which 1s

one of critical properties of the spring, spoiling the

14



performance of the spring. Therefére, this method must be
avoided from being adopted thoughtlessly. In view of thisg
point, in claims 8 to 10, the hardness at a depth of 0.2 to
0.5 mm is set to be at least Hv 520 or more. Normally,
fatigue breaking originating from an inclusion occurs at a
depth of 0.2 to 0.5 mm from the surface of a epring, and the
hardness of the iron matrix in this depth region and the
fatigue breaking have a close relationship. By controlling
the mean size of each inclusion including harmful carbide,
nitride, boride, and the like which appears on fracture
surface to be less than 20 um or not more than about 15 pm
at steel mill and in wire mill where the size of carbide and
the like may be controlled by heat treatment and the like,
when the hardness is HBv 520 to 580 in this depth region, -
fatique breaking due to existence of an inclusion and the
like can be prevented. In claim 8 of the present invention,
the hardness at a depth of 0.2 to 0.5 mm is limited to Hv
630 or less, since in claim 9 of the present invention,
fatigue breaking due to an inclusion and the like can be
prevented when the hardness at a depth of 0.2 to 0.5 mm is
Hv 630 or less if the mean size of an inclusion appearing at
a spring fracture surface can be controlled to be 10 pm or
less. The limitation of an inclusion in claim 9 for a high'
strength spring non-nitrided has substantially the same
purpose as above, where the maximum size of the inclusion is

limited depending on the hardness. In claim 12, the

15



relationship between the maximum size of an inclusion in a
gilicon chrome steel spring non-nitrided and the hardness
thereof is limited. In this case, since the hardness at a
depth of 0.2 to 0.5 mm is Hv 520 to 600, the glize of the
inclusion is ;equired to be about 15 um or less.

The state of an inclusion in a spring material is
different among the types or kinds of the spring material.
That is, in general, as the addition amount of an alloy of
si, ¢r, Mo, V, Nb, W, Al, and the like increases, the level
of a non-ductile nonmetallic inclusion in the spring steel
material may be deteriorated. 1In the case of piano wires,
it is poseible in many cases to substantially eliminate
inclusions having a size of 10 um or more by the existing
technique. In the case of alloy steel oil tempered wires
for valve springs, there exist harmful inclusions such as
21,0, (alumina), MgO-Al,0, (spinel), sio, (silica), and the
like. These hard non-ductile oxide-based inclusions can be
made harmless by controlling the morphology to change to
ductile inclusions during steelmaking. In the case of steel
materials for springs including a comparatively large amount
of elements such as V, Nb and Ti, the following measures
must be taken. Since a carbide, a nitride, or a carbonitride
guch as vc, NbC, TiC and TiN keep their spherical or angul&r
shapes, such inclusions must be made harmless or production
of such inclusions must be avoided by measures such as

examining the heating conditions at rolling and annealing,

16



and preventing the entry of Ti and'the like from raw
materials at the steelmaking stage. In order to prevent
fatigue breaking of a spring due to existence of a harmful
inclusion, it is desirable to reduce the content of V, Nb,
Ti, and the like in a steel material for the spring to the
minimum. In the steel type (1) in’'claim 8, 0.03 to 0.60% of
V and/or 0.02 to 0.20% of Nb are added to be effective in
reducing the size of crystal grains, improving the ductility
and toughness of the spring and promoting nitriding. Ni
added to the steel type (1) has an effect of improving the
ductility and toughness of spring steel and is also
considered to be effective in preventing fatigue breaking
and fatigue crack epreading in a high strength spring.
However, if the added Ni exceeds 0.5%, generation of
residual austenite will be facilitated during processing of
wire rods and wires, resulting in unintentionally reducing
the ductility and toughness of the spring steel during the
production. The upper limit is therefore set at 0.5%.
Addition of Co to the steel type (1) reduces the
transformation time during cooling from a high temperature
such as during pegrlite transformation, providing an effect
of, for example, causing metallographic change to fine
pearlite having good cold processability during production
of wires. This facilitates the production of wires. If the
addition of Co exceeds 3.0%, the effect reduces in

comparison with the cost since Co is an economically

17



expensive element. Therefore, the upper limit is set at
3.0%.

The addition of Mo, Cr, and Al to the steel type (1)
or (2) in claim 8 facilitates the entering of nitrogen
during nitrid;ng. For any of these elements, if the
addition amount of the element is excessively large, a
nitride compound is deposited neaf the surface of the spring,
which prevents nitrogen to diffuse and permeate toward the
depth of the spring, resulting in reducing the effect of
improving the fatigue resistance of the spring. According
to the present invention, in view of this point, the upper,
1imit of the addition amounts of Mo, Cr, and Al were set at
0.6%, 1.8%, and 0.5% by mass, respectively. W enhances heat
resistance and is effective in preventing decarburization of
the spring. However, if the addition amount of W to the
steel type (1) or (2) exceeds 0.5%, quenching ability
becomes excessive and thus a larger number of times of
annealing is required, increasing the complexity and cost of
production. Therefore, the upper limit is set at 0.5%. 1In
the steel type (1), C is required to improve the strength of
the steel and fatigue strength. Since this effect decreases
if the content is less than 0.5%, the lower limit is set at
0.58. If the content of C exceeds 0.8%, the effect of '
improving the strength decreases and brittleness is
exhibited. Therefore, the upper limit is set at 0.8%. If a

decarburization layer is formed in the surface layer, the
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hardness is compensated by nitridihg as far as the degree of
the decarbonization is not extremely large. Accordingly,
the method according to the present invention is also
applicable to such decarbonized materials. Si provides good
effects on the strength and creep resistance of the spring.
For a spring which is strengthened by quenching and
tempering, the effects are weak if the content of Si 1g less
than 1.2%, but if it exceeds 2.5%, processability tends to
be lowered due to promotion of decarburization and reduction
in ductility and toughness during production. Therefore,
the lower and upper limits are set at 1.2% and 2.5%,
respectively, for the steel type (1).

Maraging steel having the component shown in (4) in
claim 8 also has the effect of improving the fatigue
strength. Accordingly, claim 8 includes this steel as the
steel type (4).

Maraging steel becomes comparatively soft martensite
by alloy element solution treatment and austenitization
(solution treatment) under a high temperature of about 800
to 900°C and the following cooling. The resultant
martensite structure material is subjected to cold
wiredrawing and work hardened. This wire is formed to
springs. Thereafter, aging at a temperature near 500°C is
performed to obtain the strength and spring nature.
Nitriding is then performed to increase the fatigue strength

in a manner recited in claim 1 or 2. Alternatively, a
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spring having an excellent fatigué‘strength can be obtained
without nitriding in a manner reclited in claim 3 or 4.
Maraging steel springs have gsuperior creep resistance to low
alloy steel wire springs, and thus exhibits its performance
with a tensile strength after aging of 1500 MPa or more
(claim 9). This is therefore especially gsuitable for
applications requiring creep resisfance and fatigque
resistance. The solution treatment is a heat treatment
employed for high-alloy steel such as stainless steel and
high manganese steel, in which carbide precipitates and the
1ike are dissolved in the structure of the steel during high
temperature heating and then rapidly cooled to room
temperature without allowing re-precipitation of them.

The present invention includes: (1) a spring
subjected to nitriding during ;he processing (including low-
temperature carbonitriding aiming mainly at addition of
nitrogen) (claim 8) and a production method thereof (claims
1, 2, 5, and 7); and (2) 2 spring not subjected to nitriding
or low-temperature carbonitriding (claims 9 to 13) and a
production method thereof (claims 3, 4, 6, and 7).

As for the spring (1) to be nitrided, pickling,
electropolishing, shot peening, and the like are
conventionally known as a descaling treatment performed
pefore nitriding. Pickling is not suitable for the present
invention since it has problems such as generation of a

microcrack due to hydrogen brittleness on the spring surface.
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Electropolishing has problems sucﬁ'that large-scale
equipment is necessary when applied to mass production.
Therefore, the present invention adopts shot peening
(particle projection) for descaling before nitriding. 1In
thls treatment, the projection velocity, the diameter of
particles projected, and the like must be adjusted so as not
to generate a harmful surface microcrack and a local shear
deformation band. Such a surface defect due to the particle
projection before nitriding is left after the nitriding.
When particle projection is performed for descaling before
nitriding, comparatively large particles having a diameter.
of 0.3 to 0.8 mm made of steel and the like may be projected
at a velocity in the range of 40 to 90 m/sec so as not to
damage the surface layer of the spring. When the spring is
stressed, neighboring wire rings are likely to be in contact
with each other especially at ends of the spring. It has
been found that, in order to descale such inter-wire contact
portions sufficiently to promote entrance of nitrogen during
nitriding and thus prevent fatigue breaking from the end
portions of the spring, it is effective to project first
particles having a diameter of 0.3 to 0.8 mm as described
above and then fine particles having a diameter in the range
between 10 ym inclusive and less than 100 um, more desirably
10 to 80 um. It has also been found that the projection
velocity is 50 to 160 m/sec., more preferably 60 to 140

m/sec in order to project fine particles without generating
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a microcrack and a local deformatibn band harmful to fatigue
in the surface layer, and that it is effective for
prevention of a surface defect to control the temperature in
the spring surface layer during the fine particle projection
to be lower than the temperature atrwhiéh
recovery/recrystallization occurs.’ It has been found that
when the temperature of nitrlding is in the range of about
500°C to 450°C inclusive, although the surface plastic
deformation region by the fine particle projection is
comparatively shallow, nitrogen enters to a depth which is
not so different from the projection of 0.3 to 0.8 mm dia..
particles. Therefore, it is also effective to perform only
the fine particle projection omitting the projection of 0.3
to 0.8 mm dia. particles. Based on such purpose and reason,
claim 2 limits the projection conditions.

The nitriding or the low-temperature carbonitriding
is performed at a temperature of about 500°C or less to
introduce mainly nitrogen, optionally partly carbon
additionally, to the spring surface portion. As a result of
the nitrogen (optionally, with a small amount of carbon)
entering the spring surface portion, large compression
residual stress is provided in the surface portion. The
fine particle projection according to the present inventioﬂ
is recognized to be effective even on a comparatively hard
spring having a surface hardness of about Hv 800 to 1100

after nitriding. When 0.2 to 0.3 mm dia. particles are
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projected after the nitriding, thévcompression residual
stresgs is provided to a further deeper portion compared with
the case where this post-nitriding particle projection is
not performed. This is effective in preventing fatigue
breaking from a nonmetallic inclusion or a microcrack at a
depth from the surface to 0.5 mm dgep.

After the projection of comparatively large iron-
based particles having a diameter of 0.2 to 0.9 mm as
described above, fine metal particles according to the
present invention is projected under optimal cohditions. By
this processing, fatigue breaking both from the surface
layer and from an internal nonmetallic inclusion can be
prevented even under repeated high stress loading.

The post-nitriding particle projection is performed
as follows. First, hard metal particles made of steel and
the like having a diameter of 200 to 900 pm and having
hardness which is Hv 500 to 800 and softer than the hardness
of the outermost surface layer of the treated spring (the
micro-Vickers hardness at a depth of about 5 um from the
outermost surface), are projected at a velocity of 40 to 90
m/sec, 80 as to provide the compression residual stress down
to a comparatively deep portion inside the spring while
preventing generation of a harmful microcrack in the surface
layer (claims 1 and 2). Alternatively, particles having a
diameter of 0.5 to 0.9 mm and a hardness of Hv 500 to 800

and then particles having a diameter of 0.2 to 0.4 mm and a
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hardness of Hv 500 to 800 are proiécted, so as to provide a
high compression residual stress inside the spring including
a portion comparatively near the surface layer while
preventing generation of a harmful microcrack and the like
in the surface layer (claim 7).

Subsequently, metal particles having hardness, Hv 600
to 1100 which is equal to or less ﬁhan the hardnese of the
outermost surface layer of the nitided spring before the
above particle projection, a spherical or comparatively near
spherical shape, a mean diameter of all projection particles
of 80 um or less and a mean diameter of each particle
between 10 um inclusive and less than 100 pum, more desirably
a mean diameter of all projection particles of 65 um or less
and a mean diameter of each particle of 10 to 80 um, and a
gspecific gravity of 7.0 to 9.0, are projected at a velocity
of 50 to 190 m/sec., more preferably 60 to 140 m/sec.
(hereafter, such a technique of projecting hard metal
microparticles is referred to as “SS treatment”).

Figure 1 is the experimental results showing the
influence of the collision velocity of projecting fine
particles on the compresgion residual stress near the
eurface of a spring which had been bombarded by high-carbon
steel particles having a diameter of 0.6 mm (hardness: Hv '
550) at a velocity of 70 m/eec as the first step shot-
peening. The spring contained C: 0.60%, Si: 1.45%, Mn: 0.68%,

N1:0.28%, Cr:0.85%, and V:0.07% (unit: mass percent) and had
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a surface hardness of Hv 930 after nitriding and the first
shot-peening. It 1ls observed from this figure that the
collision velocity of around 95 m/sec is optimal at which
the compression residual stress is as high as 1900 (N/mm’%)
or more both in the outermost surface layer and at a depth
of 10 um from the surface. In this experiment, the nominal
diameter of the projected particles was 50 um, the mean
diameter of all particles was about 63 um for initial (new)
products measured for n = 60, the mean diameter of the
largest particle was 80 wm or less, and the mean diameter of
the smallest particle was 50 um. The shape of the particles
was a sphere or an ellipeoid close to a sphere in which a
majority of the particles have a ratio of maximum to minimum
diameters of 1.1 or less with an extremely small part
thereof having the ratio of 1.5 or more but having no square
sharp edges. The mean hardness was Hv 860 and the specific
gravity was 8.2. The projection was performed while
controlling the temperature so that the instantaneous
temperature rise limit of the iron matrix of the surface
nitride layer of the spring (excluding a nitrogen compound
portion) generated by the colligion is low enough to allow
work hardening to occur effectively under interaction with
nitrogen atoms and is lower than a temperature at which |
softening occurs due to recovery/recrystallization of the
spring surface layer. Confirmation that such temperature

control is under way is performed by a technique such as
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micro-Vickers hardness measﬁremené; high magnification
observation uging an electron microscope for the surface of
a sample work after the shot peening etc.

As observed from the experimental results in Figqure 1,
the maximum compression residual stress value near the
gurface layer (from the outermost surface layer to a depth
of 10 um from the surface) exceeds 1800 MPa in the range of
velocity v of 90 to 152 m/sec., exhibiting a good
distribution. In particular, at v = 90 m/sec., the
compression residual stress on the outermost surface is
about 2000 Mpa and the distribution is good, indicating that
the effect of improving fatigue strength ie great. In other
words, in the projection of high-speed steel particles
having a mean diameter of all particles of 63 um at v = 152
m/sec., there are hardly generated defects which may
possibly deteriorate the fatigue life, such as a local
adiabatic shear band near the work surface and a crack in a
nitride compound layer. However, when the velocity exceeds
170 to 190 m/sec in the same particle projection, a
microcrack and a strong deformation band appear near the
gurface, and also the residual stress becomes lower than the
case of a lower velocity. In view of the above, according
to the present invention, the upper limit of the fine '
particle projection velocity is set at 190 m/sec. If the
micorparticle projection velocity is more than 190 m/sec, a

microcrack is generated on the nitride surface, or the
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effect of improving fatigue resieténce decreasee because the
surface layer becomes brittle by processing. The size of
the fine particles'influences the fatigue strength of the
spring in such a manner that when square sharp particles
exist among the projected particles, the effect of improving
fatique strength decreases, and that when large particles
having a mean diameter of 100 um of more exist, the effect
of improving fatigue strength is lost. Further, the
following is observed: The shot velocity at the crossing of
the stress curves for the outermost surface layer and the
depth of 10 um from the surface is 95 m/sec. In the range .
of the shot velocity covering 20% with this crossing as the
center (76 to 114 m/sec.), the surface compression residual
stress is 1800 MPa or more, indicating that a large
compression residual stress can be obtained over a
comparatively thick surface layer. It should be noted that
the improvement of fatigue strength is more expected in a
lower velocity range than the range where the maximum
compression residual stress value is obtained in the surface
layer down to the depth of 10 um from the sgurface. That is,
the resldual stress is about 1700 MPa or more at a
projection velocity of 60 m/sec. or more, providing good
fatigue test results. Similarly, especially good results of
the fatigue property are expected at a projection velocity
of 130 to 150 m/sec with a mean velocity of 140 m/sec or

less. Accordingly, the desirable velocity range of the
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present invention is set at 60 toui40 m/sec. Figure 2 shows
a residual stress distribution when fine particles having a
mean diameter of all particles of 63 um are projected at
velocities of 90 m/sec and 190 m/sec.

Next, ;he same experiment as that described above was
performed using this time steel particles having a little
lower hardness, Hv 700, and a nominal mean diameter of all
particles of 50 pm, a real mean diameter of all particles of
40 pm, and a maximum diameter of about 75 um. As a result,
when the velocity was 190 m/sec., generation of a microcrack
in the compound layer and local flaking thereof were
observed as in the case of the projection of high-speed
steel particles. When the velocity was 60 to 140 m/sec.,
the maximum compression residual stress near the surface
layer exceeded 1700 MPa although this was slightly lower
than in the case of the projection of high-speed steel
particles, indicating that a large effect is expected for
improvement of durability. In this experiment, the surface
hardness of a nitrided sample spring was about Hv §30. The
surface hardness of the spring after the fine particle
projection increased only slightly to about HAv 950. It was
however confirmed that a large compression residual stress
was formed on the work surface layer by projecting particlés
having hardness equal to or less than that of the work
outermost surface layer. Figure 3 is a view obtained by

projecting particles having different sizes against a spring
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of the same type as that used in fﬁe experiment shown in
Figure 1 in which 0.6 mm dia. high-carbon steel particles
were projected against an oil tempered wire for high-
strength valve springs after nitriding. The X axig of this
figure represents the initial nominal diameter of projected
particles (the nominal diameter indicated on a bag of new
particle), and the Y axis thereof represents the surface
compression residual stress. The material of the projected
particles for all the sizes is high-speed steel having a
specific gravity of 8.2. The initial mean hardness of the
particles is Hv 860 for the nominal diameter of S0 um (the.
initial mean diameter of all particles is about 63 um as
actually measured), and becomes lower as the nominal
diameter 1s greater. When the nominal diameter is 200 um,
the hardness is Hv 770. The numbers in the figure represent
the collision velocities (unit: m/sec.) of particles against
the spring surface. It is evident from this figure that the
effect of providing a compression residual stregs on the
surface greatly decreages in the projection of particles
having a nominal diameter of 100 um compared with the case
of the nominal diameter of 50 um. The mean diameter of the
largest particle among new particles having a nominal
diameter of 100 pum was 125 pm. Similarly, the mean diameter
of the largest particle among new particles having a nominal
diameter of 50 wm was 80 pm (both are measurement results of

n = 60). All particles were free from sharp edges, and the

29



shape thereof was mostly a Sphere_énd partly an ellipsoid
comparatively close to a sphere.

Fine particles having sharp edges are not desirable
since they tend to deteriorate fatigue characteristics.
Also, if the variation in the diameter of fine particles
having a mean diameter of 44 um is large and particles
having a diameter in the range of %0 to 105 um inclusive are
mixed in the rate of at least geveral percents, the effect
of improving fatigue strength decreases compared with the
case of particles having a mean diameter of 44 ym and a
maximum diameter of about 75 pm. Thus, while the effect of
improving fatigue strength of a spring is influenced by the
mean diameter of all projected particles, the fatigue
strength is deterilorated by inclusion of particles having a
large maximum diameter. In view of this, according to the
present invention, the upper limit of the size is set at
less than 100 um, more preferably 80 um, since inclusion of
particles having a diameter greater than 80 um actually
decreases the effect of improving fatigue strength although
it provides the effect. It should be noted that a projected
particle having its own mean diameter smaller than the mean
diameter of all particles or the nominal diameter does not
hinder the projection effect if it has a spherical or near’
spherical shape having no square portions, a specific
gravity of 7.0 to 9.0, and hardness in the range of Hv 700

to 1100 inclusive. Rather, when the mean diameter of each
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particle is smaller than 50 um, sﬁ;h particles are effective
in increasing the hardness and compression residual stress
of the outermost surface layer of the epring. However, as
the particle diameter is smaller, the hardness and the
thickness whege the residual stress is influential become
smaller. Accordingly, in the treatment method according to
the present invention (claims 1, 2, and 5), the mean
diameter of all particles of 20 MM Or more is set ag a
preferable condition. Existence of a small amount of
microParticlés having a diameter of 10 um or less is
accepted by the present invention if the properties such ag
the shape and the specific gravity conform to those of
particles defined in the claims since the projection effect
will not be influenced by an inclusion of a comparatively
small amount of such particles. In general, as the nominal
diameter of projected particles is smaller, it is more
difficult to produce or use the particles without a
variation in the size. Accordingly, even if the nominal
diameter is determined, since the particle diameter has a
distribution, a good-effect will not be obtained unless this
distribution is not taken into congideration in gelecting
particles.

When the hardness of the nitrided surface layer of é
spring 1s about Hv 850 or more, part of kinetic enerqgy
possessed by projected particles at collision is consumed

for deforming the surface layer of the spring even when the
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particles have a hardness equal téror less than that of the
spring surface layer, resulting in increasing the
temperature of the surface layer although instantaneously.
This is considered to promote yleld and plastic deformation
of the nitrided spring surface layer, thereby facilitating
dislocation multiplication by interaction between
interstitial nitrogen atoms in solid solution and moving
dislocations and developing hardening by dislocation pinning.
As the hardness of fine particles becomes lower than Hv 600,
the efficiency of generating a residual stress on the spring
surface layer decreases. Therefore, the lower limit of the
hardness 1s set at Hv 600. However, since deformation of
the spring surface layer and generation of a compression
residual stress are possible when the hardness is Hv 500 to
600, the lower limit of the hardness may optionally be Hv
500 or more. When the hardness of the projected particles
is higher than that of the nitrided spring surface, a
microcrack tends to be generated from the spring surface,
spoiling the fatigue strength. According to the present
invention, therefore, the upper 1imit of the hardness of the
particles is set at a value equal to or less than the
hardness of the spring surface.

Hereafter, “work hardening under interaction with
nitrogen atoms” will be described. An iron-based nitride
compound such as an epsilon iron nitride may sometimes be

formed on the surface of a nitrided spring steel material.
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Further, inside the material, compératively fine iron
nitride 1is formed by some part of nitrogen atoms which have
diffused and permeated in the steel, contributing to an
increase in hardness. Besides the above, interstitial
nitrogen atoms exists in the iron matrix, which contribute
to improvement of the compression residual stress. The
interstitial nitrogen atoms resist.against plastic
deformation during the SS treatment. Once the work surface
layer starts plastic deformation, however, the interstitial
nitrogen atoms are influenced by heating as a dislocation is
activated kinematically, fixing at least part of the
dislocation in the course of an increase of the diffusion
velocity of nitrogen atoms in the iron and facilitating
dislocation multiplication to reduce the size of dislocation
cells (sub-grains). This is considered to contribute to
preventing generation of a sliding deformation band due to
repeated stress in the spring surface layer during use of
the spring and, as a result, preventing generation of a
microcrack causing fatigue breaking. Nitrogen has a
considerably greater solid solubility compared with carben.
Moreover, coexistence with manganese, silicon, and the like
in the steel is considered to increase the solid solubility
to a markedly higher level compared with the case of an '
iron-nitrogen two-element based steel. In view of this

aspect, as well as that described above, the nitriding and
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the subsequent SS treatment for thé spring steel are very
effective for improvement of the spring properties.
According to the present invention, in consideration
of the influence of the size of projected particles as
described aboye, the initial mean diameter of all particles
is 80 um or less, the diameter of each particle is in the
range of 10 um inclusive and less than 100 um, the shape of
the particles is spherical or near spherical having no
square corners, the specific gravity is 7.0 to 9.0 mainly in
consideration of a steel material which is inexpensive and
easily available, and the hardness is in the range of Hv 600
to 1100 and equal to or lower than the hardness of the
spring surface layer before being subjected to the particle
projection. More preferably, the initial mean diameter of
all particles is between 65 to 50 um and 20 um, and the mean

diameter of each particle is 80 pm or less.

Next, the method according to the present invention
directed to improving the fatigue strength of the spring (2)
which is not subjected to nitriding (and low-temperature
carbonitriding) will be described.

Conventionally, inAprder to increase the compression
residual stress of the surface of a spring without nitriding
or low-temperature carbonitriding, (i) shot peening is
managed to be improved by use of a material having a higher
strength than the conyentional material, or (ii) shot

peening is managed to be improved by use of the same
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conventional material. The following metheds are known for
improving the shot peening indicated in (i) and (ii): A
method in which a stress is previously loaded on the spring
before particle projection (stress peening); a method in
which particle projection is performed in two or three
stages sequentially reducing the projection particle
diameter; and a method in which particle projection is
performed while the spring is heatéd to become warm. As the
spring becomes strong, the elastic limit thereof improves,
providing a higher residual stress. However, as described
in Prior Art Technique 4, Japanese Laid-Open Patent
Publication No. 64-83644, “High-strength spring” mentioned
above, for example, when a compression residual stress of
1079 MPa (110 kgf/mm’) or above is provided near the surface
of a high-strength oil tempered wire, which has a tensile
strength higher than that of a silicon chrome steel oill
tempered wire for valve springs specified in JIS G3561
(1994) and has a chemical composition different from the JIS
specification, by the conventional technique, the
reliability of the spring properties decreases. Thig is
considered because qeneraﬁion of a microcrack on the surface
is also influential in addition to the residual stress.
According to the present invention, however, the following
have been found. By the method recited in claim 4, claims 4
and 6, or claim 7 with claims 4 and 6, without nitriding, a

compression residual stress of about 1200 to 1600 Mpa is
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obtained on the outermost surfaceﬂéf a spring formed from a
high-strength oil temper wire for valve springs, partly
because the elastic limit of the spring material is
increased by an increase of the strength of the spring, and
algo a microcrack and the like which may deteriorate fatigue
strength can be prevented. The high strength of a high-
strength oil temper wire should suitably be a tensile
strength higher than that of the JIS silicon chrome steel
oil tempered wire for valve springs which 1is présently
applied to valve springs worldwide, for example, a tensile
strength exceeding 2060 MPa for a wire diameter of 2.6 mm, a
tensile strength exceeding 2010 MPa for a wire diameter of
3.2 mm, a tensile strength exceeding 1960 MPa for a wire
diameter of 4.0 mm, and a tensile strength exceeding 1910
MPa for a wire diameter of 5.0 mm. A wire having a level of
tensile strength increased by about 300 to 200 MPa from the
above values for respective wire diameters is suitable. The
reagson is that an excessively high tensile strength degrades
the spring formability and céuses fatigue breaking due to a
minute defect such as a nonmetallic inclusion, although it
is advantageous in the prqﬁision of the residual stress.
Claims 9 and 10 are directed to high fatigue strength
gprings obtainable using guch a high-strength material
without nitriding. It has also been found that a high
residual stress and improvement of fatigue strength can be

realized by the method according to the present invention
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for pearlite steel reinforced by wiredrawing or rolling
recited in claim 11, a general-use JIS silicon chrome steel
oil tempered wire recited in claim 12, and a thin-plate
spring and fine-wire spring recited in claim 13, and the
1ike. In step (B) of the method recjited in claim 4, the
material of the projected fine particles is high-carbon
steel, high-speed steel, or the like which is similar to
that of the spring and thus has an elastic modulus equal to
the spring. Accordingly, elastic deformation is distributed
to occur at the spring surface and the projecting particles
simultaneously. This is considered to be a factor of
suppressing generation of a microcrack and excessive
deformation of the surface layer which deteriorate fatigue
strength, together with the fact that the particles are fine
and have no square corners. The large increase in the
surface compression residual stress by fine particle
projection as described above is related to introduction of
dislocations due to large plastic deformation and
development of fixation of a large number of such introduced
dislocations by carbon atoms repeated with particle
collision. More specificaily, the supply of carbon atoms
facilitates multiplication of dislocations for the following
reason. That is, carbon originally existing in the material
for the spring in the form of an iron carbide is made
thermodynamically unstable by very-gshort-term high pressure

and temperature rise due to fine particle projection,
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decomposing part of such carbon inra short time. Resultant
free carbon atoms diffuse around the dislocations relieving
the elastic stress field of the dislocations and also
resisting against movement of the dislocations, thereby
fécilitating multiplication of the dilslocations. This
results in reducing the size of dislocation cell structures,
and providing hardening and a high compression residual
gtress to the surface layer without losing the toughness and
ductility. However, in the maraging steel (4) scarcely
containing carbon recited in claim B, it is considered that
the increase in the dislocation density, not the
decomposition of the iron carbide, mainly contributes to the
increase in the compression residual stress and hardness
near the surface by fine particle projection {(when nitrided,
decomposition of a nitride compound and reduction of
mobility of dislocations due to dislocation fixation
facilitate an increase of dislocation density and
dislocation fixation).

Figure 4 shows the influence of the projection
velocity of iron-based fine particles having a nominal
diameter of 50 pm on the ébat-projection bending fatigue
strength of a plate made of a fine pearlite consisting of C:
0.57%, Si: 1.5%, Mn: 0.7%, Crt 0.68% (units are all mass
percents), and impurities and iron for the remainder,
subjected to cold wiredrawing and subsequent cold rolling,

having a thickness of 0.97 mm and a mean surface hardness of
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Hv 537 to 589 (for high-carbon stéél particles, the initial
mean hardnees is Hv 865, the specific gravity is 7.5, the
mean diameter of all particles is 37 um, the mean diameter
of each particle distributes in the range of 10 to 75 pm,
aﬂd the shape is spherical or near spherical having no sharp
edges; for high-speed steel particles, the initial mean
hardness is Hv 860, the specific gravity is 8.2, the mean
diameter of all particles is 63 pm, the maximum particle
mean diameter is 80 um, and the minimum particle mean
diameter is 50 pm, both as actually measured for n = 60).
It is observed from this figure that the optimal projection
velocity exists around a collision velocity of 100 m/sec.
When high-carbon steel particles are projected at collision
velocities of 107 m/sec. and 183 m/sec., the compression
residual stress on the outermost surface was 950 MPa for
both collisgjon velocities. In spite of this fact, the
fatigque strength of the former is higher than that of the
latter. This indicates that generation of a microcrack in
the surface layer or the ductility and toughness of the
spring surface are influential in addition to the residual
stress. More specifically} generation of a microcrack and
reduction in the ductility and toughness in the spring
surface layer are considered to have occurred when the
projection velocity is 183 m/sec, Thug, when the projection
velocity is 183 m/sec, the effect of improving fatique

strength is smaller than the case of the projection velocity
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of 160 m/sec or less although the effect is recognized.
Accordingly, in claims 3, 4, and 6, the fine particles
projection velocity is set at 160 m/sec. or less, more
preferably 140 m/sec. or less. If the projection velocity
is less than 50 m/sec, the effect of improving fatigue
strength decreases. Therefore, the lower limit is set at
this value. More preferably, the lower limit is set at 60
n/sec. Also, particles were projected against the same
types of springs as the processed springe shown in Figure 4
by varying the mean diameter of all particles. As a result,
as the nominal diameter of projected particles as new
particles increased to 100 um, 200 um, and 300 um, the
fatigue strength of the &prings after particle projection
drastically decreased (Figure 5). The reason why the effect
of improving fatigue strength decreases as the particle slze
increases is considered that the effect of providing the
compression residual stress in the near surface layer
decreases and also the degree of increase of the hardness
decreases among other reasons. Accordingly, according to
the present invention, the mean diameter of all particles is
set at 80 um or less and gﬁe mean diameter of each particle
is set at less than 100 um. If these values are exceeded,
the effectiveness decreases although it exists.

According to the present invention, the minimum mean

diameter of metal particles projected to the non-nitrided

spring surface was set at 10 um for the reason that if the
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minimumn mean diameter is less thaﬂ this value, the depth at
which the compression residual stress arrives by the
projection is several micrometers or less, indicating that
the depth where a sufficient compression residual stress is
obtained decreases. However, particles having a diameter of
10 ym or less may be included without lowering the guality
if the inclusion is a small amount. The maximum mean
diameter was set at less than 100 um for the reason that if
the maximum mean diameter is this value or nore, the effect
of improving the residual stress and hardness of the surface
layer decreases.

The maximum mean diameter of all projected particles
was set at 80 um for the reason that the effect of improving
endurance is greater than the case of the mean diameter of
all particles of 100 um. The specific gravity was set at
7.0 to 9.0 for the reason that it was intended to utilize
particles made of steel material which is comparatively
inexpensive and easily available. Compared with the elastic
modulus of a steel spring of about 196 GN/m?, that of a
Bpring‘made of cemented carbide is 450 to 650 GN/m’. In the
latter case, elastic defogmation and plastic deformation are
likely to concentrate on the surface layer of the target
spring rather than on the projected particles. In the case
of cemented carbide, therefore, the unevenness of the
surface is comparatively large, and non-uniform deformation

such as an adiabatic shear deformation band tends to be
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easily generated. According to the present invention, the
density is set at 7.0 to 9.0 intending to use iron-based
particles partly for the purpose of avoiding excessive
concentration of deformation on the spring to be processed.

The lower 1imit of the hardness of projected
particles against the non-nitrided spring was set at Hv 350
because, while the surface hardness of a spring to be
processed 1s in the range of Hv 400 to 600 in many cases,
the effect of the present invention is also obtained using
particles having ﬂardness even slightly lower than the
hardness of the object to be processed.

The upper limit of the hardness of projected
particles was set at Hv 1100 because Hv 1100 is the upper
1imit of the hardness of steel particles which are
comparatively inexpensive and because the effect of
improving fatigue resistance is sufficiently recognizable if
the hardness is Hv 1100 or less.

The lower limit of the projection velocity of hard
metal particles having a diameter in the range between 10
and less than 100 um, a specific gravity of 7.0 to 9.0, and
the hardness of Hv 350 to.ﬂloo was set at 50 m/sec. because,
if it is less than this value, the projection energy given
to the particle projection area is short, failing to improve
the endurance sufficiently. The upper limit of the
projection velocity of the above particles was set at 160

m/sec. because, if it exceeds this value, the projection
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energy given to the particle projéétion area is excessive.
Ags a result, the compression residual stress in the spring
surface layer becomes lower than the case using the lower
projection velocity, and generation of a microcrack in the
surface 1ayer‘is facilitated, whereby the effect of
improving spring endurance decreases in comparison with the
consumed energy.

- Two types of non-nitrided thin shest spring samples
corresponding to the spring shown in Figures 4 and 5
described above were produced by projecting high carbon
steel particles having a mean diameter of all particles of
37 pm and a hardness of Hv 865 at a velocity of 90 m/sec.
These samples were produced in the same procesg except that
final low-temperature annealing at 230°C was performed for
one type while it was omitted for the other. Then, a creep
test at 160°C was performed for both spring samples. As a
result, it was found that the spring without the final 230°c
low-temperature annealing had the same degree of creep as
the spring subjected to this annealing, both of which
exhibited excellent creep resistance. Meanwhile} spring
sampleé were produced by ?rojecting steel shots having a
diameter of 0.3 mm at a velocity of 100 m/sec., and the same
test was performed. As a result, it was found that the
sample which had been subjected to the final low-temperature
annealing exhibited better creep resistance than the sample

without the annealing.
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The reason for the above is“considered to be that
deformation of carbides in the steel of the former was more
active than that of the latter, producing a comparatively
larger number of free carbon atoms decomposed with the help
of this deformation, and that such free carbon atomg was
probably effective in blocking the movement of dislocations
during the creep test. However, when short-term setting was
performed for the above two types of springs with and
without the 230°C low-temperature annealing at room
temperature under the game stress condition, the spring
without the annealing exhibited greater setting creep than
the spring with the gnnealing.

From the above results, it is found that only the
projection of hard metal microparticles is insufficient for
fixation of dislocations generated in the spring surface
layer by the projection. The reason why the creep by the
160°C creep test 1s irrespective of whether or not the 230°C
low-temperature annealing has been performed is that
deformation and disappearance of the iron carbides, i.e.,
cementites in the spring surface portion are more decomposed
by projection of hard fin§ metal particles compared with by
projection of 0.3 mm dia. metal particles, allowing for
short-term development of strain aging due to carbon atoms
decomposed during the temperature rise to 160°C. It is
presumed, however, that the temperature rise due to

instantaneous heating of the spring surface layer subjected
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to particle projection is substanﬁially in inverse
proportion to the diameter of projected particles. The
reason is considered as follows: The time required for
deformation of the spring surface layer by the collision of
particles is in éroportion to the particle diameter if the
hardness of the particles and the quality of the spring are
the same. As the particle diameter is smaller, the time
required for deformation is shorter and thus the time when
heat generated during the deformation is dissipated outside
the deformation area is shorter, resulting in increasing the
temperature in the deformation area. (See descriptien and
expresgion (8) on page 256 of “Kotai no Masatsu to Junkatsu
(Friction and lubrication of solid)” by Bowden & Taber,
translated by Norimune Soda, 4th ed., Maruzen, 1975. This
literature describes that the contact time of colliding
materials is in proportion to the square root of (mass M/
grain radius r), i.e., V(M/r). According to thie
description, since V(M/r) = r, the contact time is
eventually in proportion to r.)

It is considered that in the spring surface layer
gubjected to the fine pargicle projection according to the
present invention, the heating due to collision and
deformation and the strain age hardening by carbon atoms and
nitrogen atoms have developed greater than the case of the
0.3 mm dia. particles. It is also considered that the

cementite is deformed partly because the cementite has a
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property that deformation resistaﬁée decreases as the
temperature rises. It should be noted that the cementite is
deformed and partly disappears, facilitating its
fragmentation, when the fine particle projection velocity is
about 180 m/sec. Fragmetation of the cementite reduces the
effect of blocking the movement of a dislocation generated
by the deformation in the iron. The fragmentation is
therefore considered to be a cause of the reduction of the
surface residual stress as well as the increased projection
velocity. It should be noted that, when the varilation in
the size of particles with respect to the mean diameter of
projected microparticles used for the present invention
becomes great and the percentage of larger-size particles
increases, the effect of improving endurance decreases. In
view of this, the maximum mean diameter gshould actually be
less than 100 um, preferably 80 um or less.

As another effect of the fine particle projection
according to the present invention, it has been found that
deformation of the spring due to the fine particle
projection can be reduced and, as a result, occurrence of a
variation in the size of ?pringe during mass production can
pe reduced. The reason for this effect 1s presumed to be
that the layer influenced by the fine particle projection
according to the present invention is comparatively thin,
contributing to suppression of a large deformation of the

springs and that the collision velocity during the fine
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particle projection is comparativeiy low éccording to the
present invention, contributing to a smaller variation in
the projection velocity compared with high-velocity
projection (Figure 6).

When t@e surface layer of the thus-treated high-
carbon steel spring is observed with a transmission electron
microscope, development of a very minute structure (sub-
grain) having a bending in a deformation band generated by
deformation of the surface is recognized, as well as
decoupling(frangmentation) of part of cementite precipitates
with very small intervals between them and an increase of
dislocation density in the iron. However, when fine
particles were projected at an optimal projection velocity
according to the present invention, cementite decoupling
hardly occurred. WNo clear micro-structure (polygonal
structure) due to recovery/recrystallization was observed.
No supercooled structure such as martensite and bainite was
recognized, either.

It 1s effective to provide the compression residual
stress inside down to a considerably deep portion of the
surface layer by multi-stége shot peening for springs having
a comparatively large wire diameter or plate thickness,
specifically a wire diameter of 1.5 to 2.0 mm or more for
wire eprings. This is broadly adopted for valve springs for
internal combustion engines of automobiles. According to

the present invention, also, as in (A) of c¢claim 4, particles
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having a diameter of 0.2 to 0.9 mﬁ'are projected at a
velocity of 40 to 90 m/sec for preventing fatigue breaking
from a nonmetallic inclusion by providing the compression
residual stress comparatively deep inside the spring. For
springs having a wire diameter of 2.0 to 2.5 mm or more,
generation of cracks from inside apd a position near the
surface can be prevented to some extent by projecting
particles having a diameter of 0.2 to 0.4 mm after the
projection of particles having a diameter of 0.5 to 0.9 mm
(claim 7) to improve the residual stress in a layer
comparatively near the surface. After such projection of
particles having a diameter of 0.2 to 0.9 mm, the
compression residual stress of the surface is still
insufficient. The insufficient compression residual stress
can be enhanced by the microparticle projection according to
the present invention. For springs having a wire diameter
or plate thickness smaller than the above value, improving
fatiqgue strength by the projection of fine metal particles
according to the present invention without nitriding is also
jncluded in the treatment method according to the present
invention (claim 3).

In order to overcome the disadvantage of the
projection of comparatively large particles, according to
the present invention (claim 4), hard fine metal particles
having diameter between 10 to lesgs than 100 um, a mean

diameter of all particles of 20 to 80 um, a spherical or
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near spherical shape having no squére portions, a specific
gravity of 7.0 to 9.0, and its hardness of Hv 350 to 1100
are sufficiently projected at a velocity of 50 to 160 m/sec
to form a strongly treated layer in uniform without
génerating a microcrack or a large recess harmful to fatigue
strength in the surface layer, to provide a high compression
residual stress.

The coverage of the above projectidn of particles
having a diameter between 10 to less than 100 um, preferably
10 to 80 um is desirably 100% or more of the area of the
target spring which requires improvement of endurance. The
sufficient projection described above corresponds to this
coverage,

The lower limit of the initial hardness of the
particles having a diameter of 0.2 to 0.9 mm was set at Hv
350 for the following reasons: Particles having a lower
hardness than that of the spring surface are repeatedly
deformed by repeated collisions and gradually work-hardened,
increasing the hardness. Part of energy at collision is
used for deformation of the spring surface layer if the
hardness of the particles;is Hv 350 or more. In
consideration of the above, Hv 350 was adopted as the lower
limit.

As described above, it was found that goad results

were obtainable for non-nitrided springs having a surface

49



hardness lower than that of the niﬁrided springs under
conditions similar to those for the nitrided springs.

The initial hardness of projected particles as used
herein refers to the hardness of new particles. The values
of the hardness and the like recited in the cléims are those
of new particles. In the present invention, since particles
to be projected are gradually worn and abraded over repeated
use, particles smaller than new particles are actually used.
It is therefore necessary that such particles are not
changed to particles having sharp edges by breaking during
the use. The following steps are included in the spring
production process according to the present invention: low-
temperature annealing for removing the residual stress at a
temperature of about 250 to 500°C for springs subjected to
cold forming; peolishing a seat face after coil spring
formation, after annealing for removing the residual strees
after the coil spring formation, after nitriding, or the
like; low-temperature annealing by heating at a temperature
of about 200 to 250°C for improvement of creep resistance
after microparticle projection or after projection of
particles having a diameter of 0.2 to 0.9 mm as a pre-step
of the microparticle projection; and warm or cold setting
for the same purpose.

An effect of the projection of hard metal particles
according to the present invention is to provide a high

compression residual stress without reducing the ductility
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and toughness of the spring surfaéé layer which may be
caused by generation of a microcrack or excessive plastic
working harmful to fatigue breaking, so that spread of a
microcrack from a defective portion on the surface or in the
sﬁrface layer which may cause fatigue breaking is prevented,
to improve fatigue endurance. The projection of hard fine
particles according to the present invention realizes work
hardening due to metallographic work deformation in a
substantially outermost surface layer without generating a
defect harmful to fatigue in the spring surface layer, and
as a result provides an extremely high compression residual
stress. Instantaneous heating and high pressure generated
by the fine particle projection causes strong deformation of
Fe,C in the spring steel and disappearance thereof by
partial decomposition, generating C atoms in solid solution,
which in turn facilitate dislocation fixation and
dislocation multiplication. In the nitrided spring surface
layer, also, nitrogen in solid solution causes dislocation
fixation and multiplication via instantaneous deformation
and heating during fhe fine particle projection as described
above for C atoms. TheseihsPecially facilitate size-
reduction and work hardening of the cell structures of the
spring surface layér. Such forms were clarified by several
ten thousand magnification transmission electron microscope.
It is considered that large work hardening in the surface

layer improves the elastic limit of the surface layer and,
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as a result, contributes to improvément of the residual
strese which falls within the elastic limit. The best
effect can be obtained when the collision velocity against
the spring during fine particle projection is 60 to 140
m/sec. If it is higher than this range, although an effect
is obtained, the residual stress by processing is gradually
reduced as the collision velocity increases egpecially for
nitrided springs, and the material becomes brittle due to a
microcrack and excessive plastic working, resulting in
reduction of the effect of improving fatigue strength. If
the velocity exceeds 190 n/sec, more strictly 170 m/sec for
nitrided springs, such a defect becomes more significant.
For non-nitrided springs, if the velocity exceeds 160 m/sec,
although an effect 1ls obtained, it is far from the optimal
conditions. If the collision velocity during projection is
less than 60 m/sec or 50 m/sec, the depth of the surface
portion of the spring which can be processed by the
collision becomes small and the residual stress decreases.
Ag a result, although the effect of improving fatigue
strength is obtained, it is clearly inferior to the optimal

conditions.

BRIEF DISCRIPTION OF THE DRAWINGS
Figure 1 shows curves representing the relationship
between the compression residual gtress at the surface of a

high tensile spring and the particle projection velocity,
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when 0.6 mm dia. steel particles éﬁd then fine steel
particles (mean diameter of 63 um for new particles) are
projected after nitriding.

Figure 2 shows curves of the compression residual
sﬁress obtaingd when high-speed steel fine particles having
a mean diameter of 63 um are projected against a nitrided
spring after the projection of 0.6 mm dia. particles, as in
Figure 1, at projection velocities of 90 m/sec. and 190
m/sec.

Figure 3 shows curves representing the relationship
between the compression residual stress obtained by the
second-stage particle projection against the nitrided high-
strength spring already subjected to the projecticn of 0.6
mm dia. particles, as in Figure 1, and the diameter of the
projected particles.

Figure 4 is a view showing the effect of the
collision velocity of the projection of the two types of
steel particles having a nominal diameter of 50 um against a
Sspring on the fatigue limit amplitude stress of the spring
after the projection. This figure was obtained by
extracting part of the daﬁa of Figure 5 and rearranging the
data.

Figure 5 shows the investigation results of the
influence of the projection of hard metal particles on a
spring steel thin-plate spring, showing the relationship

between the mean diameters of projected particles made of
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high-carbon steel and high-speed sﬁeel and the fatigue limit
amplitude stress (mean stress; fixed at 786 N/mm’) after
particle projection. The numbers in this figure represent
collision velocities in m/sec.

‘ Figure 6 shows the measurement results of the
reduction in the height of a thin-sheet spring due to
projection of hard metal particles. This figure was derived
from the measurement in the same test that was performed for
the data of Figures 4 and 5. The numbers accompanying
respective plot points represent nominal particle diameters.

Figure 7 shows iron matrix residual stress
distribution curves obtained by X-ray method of the surface

porticn of a valve spring made of 4.0 mm dia. piano wire.

BEST MODE FOR CARRYING OUT THE INVENTION

Hereinbelow, embodiments of the present invention

will be described.

(Embodiment 1)

Conventionally, the following procese has been
employed for improving thé durability, especially the
fatigue resistance strength, of valve springs, crutch
springs, and the like by nitriding.

Alloy steel oil tempered wires for springs (hereafter,
referred to as OT wires) — forming springs (cold coiling)

— annealing for removing a residual stress — polishing a
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seat face — descaling the surfacev-a nitriding — ghot
peening — low-temperature annealing

As the shot-peening after the nitriding, normally,
steel balls having a grain diameter of about 0.5 to 0.9 mm
and a hardnesa of Hv 500 to 800 or a number of hard metal
particles such as cut wires are projected in the case of
one-gtage shot. In the case of two-stage shot, first a
number of steel balls having a particle diameter of about
0.5 to 0.9 mm and then a number of metal particles having a
grain diameter of about 0.2 to 0.4 mm are projected.

According to the present invention, a method of shot
pPeening after nitriding is provided, where the following
metal particles are projected at a velocity of 50 to 190
mm/sec. after the first-stage projection or after the
second-stage projection subsequent to the first-stage
projection. The metal particles have a mean diameter of all
particles in the range between 20 um and 80 um inclusive, a
mean diameter of each particle in the range between 10 um
inclusive and less than 100 um, a spherical or near
spherical shape having no square portions, a specific
gravity of 7.0 to 9.0, and hardness which is in the range
between Hv 600 and Hv 1100 inclusive and equal to or less
than the hardness of the spring surface after nitriding or
carbonitriding. By this projection, work hardening of the
spring surface layer and prevention of generation of a

microcrack are effectively obtained, and a high residual
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stress and hardness are provided fér the outermost surface
layer. '

After the above steps, low-temperature annealing is
performed to ensure dislocation pinning in the layer
influenced by the shot peening (150 to 200 um from the
surface layer). By this annealing, a spring having markedly
good fatigue resistance and creep resistance which would not
have been realized by only conventional methods was obtained.

Examples of methods of descaling before nitriding
include pickling, electropolishing, and metal particle
projection. According to the present invention, a descaling
method before nitriding is defined by claim 2. This method
jg intended to obtain a high fatigue resistance after
nitriding by projection of fine particles made of iron or
the like.

The manufacture and performance of a spring in
Embodiment 1 are as follows.

The high-performance spring corresponding to claim 8
can be produced by the method defined by claim 2, i.e.,
descaling before nitriding, followed by nitriding and
subsequent particle projections.

A 3.2 mm dia. high-strength oil tempered wire for
valve gpring containing C: 0.59%, Si: 1.90%, Mn: 0.84%,
Ni:0.27%, Cr:0.96%, and Vvi10.09% (unit: all mass percent)
(material recited (2) in claim 8) was subjected to cold

coiling, tempering for removing a stress at 420°C, and
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polishing a seat face. Then, the spring was subjected to
descaling, where particlés having a mean diameter of all
particles of 37 um, a mean diameter of each particle of 75
to 10 um, a shape having no square portions with a
méximum/minimqm diameter ratio of each particle of 1.2 or
less, a specific gravity of 7.5, and a hardness of Bv 865
were projected at a velocity of 107 m/sec, followed by
nitriding, to obtain a hardness of Hv 910 at a surface layer
(a depth of 3 to 5 um). Thereaftér, round cut wires having
a diameter of 0.6 mm and a hardness of Hv 550 were
sufficiently projected at a velocity of 70 m/sec to provide
the compression residue stress comparatively deep inside the
spring. The hardness of the surface layer at this time was
Hv 3930. sSubsequently, high-carbon steel particles having a
mean diameter of all particles of 37 um, a mean dlameter of
the largest particle of 75 pm or less, a mean diameter of
the smallest particle of about 10 um, a substanﬁially
spherical shape having no square portions with a major/minor
diameter ratio of 1.2 or less, a specific gravity of 7.6,
and a mean hardness of Hv 865 were projected sufficiently at
a mean velocity of 107 m/éec. Low-temperature annealing was
then performed at 220°C. The surface hardness at this time
was Hv 975.

The compression residual stress in the spring
outermost surface layer at the above time was 2010 MPa. The

hardnesses at depths of 0.2 mm and 0.5 mm from the surface
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of the spring were Hv 570 and Hv 545, respectively. The
sizes of nonmetallic inclusions and carbonitrides in the
steel were 15 um or less and less than 10 um, respectively.
The hardness of the outermost surface of the nitrided spring
before the prqjection was Hv 910, the hardness of the
projected 0.6 mm dia. carbon steel particles was Hv 550, the
initial mean hardness of the fine high-carbon steel
particles was Hv 865, and the mean hardness of used fine
high-carbon steel particles was Hv 960. The resultant
spring was subjected to a fatigue test varying an amplitude
stress with a mean stress of 686 MPa at a velocity of 1000.
times/min. under a constant amplitude stress. As a result,
the fatigue limit was x677 MPa or more in amplitude stress
at § x 10’ times, and no breaking was exhibited in any of n
= 6 spring samples. Such a spring corresponds to claim 8,
and the above production method correspondse to claims 1 and
2.

Springs were also produced in the following manner.
As the descaling, first, cut wires having a diameter of 0.6
pm and a hardness of Hv 550 were projected against springs
at a velocity of 70 m/sec. Then, high-carbon steel
particles having a mean diameter of all particles of 37 um
were projected at a velocity of 107 m/sec. The nitriding
and subsequent steps were the same as those described above
for the spring of Embodiment 1. As a result, springs having

substantially the same fatigue resistance were obtained. In
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thie case, when projection of only-the 0.6 mm dia. cut wires
having a hardness of Hv 550 was performed as the descaling,
the fatigue limit at N = 5 x 10’ times was 686 MPa = 647 Mpa
even when the two-stage projection was performed after the
nitriding. The fatigue strength of a coil spring for valve
spring can be expressed by the mean stress wm and the
amplitude stress zta if the number N of stress repetition
times is fixed to a constant value. In this embodiment, N
1svfixed to 5 x 10’ times. In the prior art technique, Qhen
w = 686 MPa, a value of about 610 to 620 MPa wae attained
as ta. Conventionally, however, such a high fatigue
strength as va = 677 MPa at mn = 686 MPa has not been
attained. It is conventionally known that for springs
having the same quality and shape, as the mean stress m
increages, the stress amplitude ta of the fatigue limit
decreases. It has been recognized that with an increase of
T by x MPa, ta of the fatigue limit decreases proximately
by x/5. Therefore, the fatigue limit wm = ta can be
represented by (constant 1 - X) = (constant 2 + x/5). When
constant 1 is 800 MPa, the fatigue limit can be represented
by (800 - x) z (constant 2 + x/5). When the above fatique
686 MPa + 647 MPa is substituted into this ekpression,
constant 2 is 624.2 MPa. Thus, in the present invention, a
spring having a fatigue limit which satisfies expression (1)

is claimed as in claim 8.
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Wwhen mn = 800 - x, Ta = 620 + x/5 e (1)

Where, the unit is all MPa and x denotes a variable in the
range of 0 to 150 inclusive.

The springs descaled by the projection of 0.6 mm dia.
iron-based particles before nitriding managed to satisfy
expression (1), but with high stress repetition of a mean
stress of 686 MPa and an amplitude stress of =677 MPa,
inter-wire contact occurred at spring ends sporadically
generating fatigue breaking. When the SS treatment
according to the present invention is sufficiently performed
subsequent to the projection of the 0.6 mm dia. particles as
descaling, such fatigue breaking at an inter-wire contact
portion can be improved. Thus, such two-stage shot
descaling including the SS treatment is also included in the

present invention.

Reference springs (1) and (2) in Embodiment 1

The above spring in which the second-stage
microparticle projection was omitted, i.e., Reference spring
(1), exhibited a fatigue limit amplitude stress of 510 MPa
with a mean stress of 686 MPa. This does not satisfy the
fatique strength recited in claim 8. Additionally,
Reference spring (2) was produced, in which the second-stage
projection was changed to projection of steel particles

having a mean diameter of all particles of about 72 um, a
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mean dlameter of the largest particle of about 200 um, and a
mean diameter of the smallest particle of about 7 um under
an air pressure of 0.5 MPa (the collision velocity of
particles having a mean diameter of 72 um is about 130
m/sec.). The mean stress of the fatigue limit stress of
this spring was the same as that of the spring of Embodiment
1 according to the present invention, and the amplitude
stress was =530 MPa. Although some effect is recognized,
this does not satisfy claim 8.

In the above experiment, after nitriding, the spring
was subjected to projection of steel particles having a
diameter of 0.6 mm and a hardness of Hv 550 before the Ss
treatment. However, this pre-projection is little
advantageous for a work having a wire diameter or plate
thickness of 1.5 to 2 mm. Rather, it is more advantageous
to perform the SS treatment immediately after the nitriding
in the aspects of performance such as fatigue resistance and
Cost. This is therefore substantially included in the

present invention.

(Embodiment 2)

This embodiment according to the present invention is
a method for processing a non-nitrided spring. According to
this method, a number of hard metal particles havihg a mean
diameter in the range between 10 pm inclusive and less than

100 um, a specific gravity of 7.0 to 9.0, and a hardness of
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Hv 350 to 1100 are projected so as_to keep the surface
roughness as small as possible, form a strongly deformed
layer comparatively in uniform on a substantially outermost
surface layer without generating a local excessive
deformation (also referred to as a local shear deformaﬁion
band or an adiabatic deformation band), and provide a
residual stress as high as possible, so that fatigue
breaking from the surface layer of the spring can be
prevented without the necessity of nitriding.

Hard metal particles having a hardness of Hv 350 to
1100, a specific gravity of 7.0 to 9.0, and a mean diameter
in the range between 10 um inclusive and less than 100 um,
desirably 10 to B0 um are projected at a velocity in the
range between 50 m/gec. and 160 m/sec. inclusive, desirably
60 m/sec. to 140 m/sec., so that a microcrack and a non-
uniform shear deformation band harmful to the durability is
not generated near the surface layer, the compression
residual stress in substantially outermost surface layer is
increased, and fatigue breaking of the spring from the
surface layer is prevented. By this processing, the fatigue
strength and endurance of small springs and various thin=-
sheet springs made of small diameter piano wires and small
diameter oil tempered wires.

According to the present invention, the influence of
the projection velocity was investigated and studied in

detail, so as to obtain higher endurance. That is, fine
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particles are projected at a veloéity V < 160 m/sec.,
desirably 60 m/sec. £ V < 140 m/sec., 8o as not to exceed
the A3 transformation point unlike Japanese Patent
Publication for Opposition No. 2-17607, “Surface processing
heat treatment method for metal work” defining the
microparticle projection velocity v as 100 m/sec or more,
and soc as not to cause excessive deformation of the surface
layer by projecting at a velocity V > 160 m/sec, so that the
resultant instantaneous temperature rise is controlled to be
lower than the point at which recovery/recrystallization
occurs and excessive deformation of the surface layer is
prevented. In this way, higher durability is obtained.

As sample springs, spring steel containing C: 0.55%,
Si: 1.47, and the other alloy elements having a section of a
plate thickness of 0.97 mm and a plate width of 5.1 mm and a
hardness of Hv 537 to 589 subjected to patenting,
wiredrawing, and cold rolling was used. The spring
processing steps were in the order of forming springs —
annealing for removing a stress — projecting fine particles
— low temperature annealing (230°C). The step of projecting
fine particles was performed using (1) fine carbon steel
particles having a mean diameter of all particles of 37 um
(new particles), a hardness of Hv 865, and a specific
gravity of 7.6 and (2) fine high-speed steel particles
having a mean diameter of all particles of 63 um (new

particles), a hardness of Hv 860, and a specific gravity of
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8.2. These fine particles were sufriciently projected at
various velocities. Then, a fatigue test was performed for
the resultant springs, to obtain the relationship between
the fine particle projection velocity and the fatigue
strength. The‘results are shown in Figure 3. The fatigue
1imit stress at this time was a mean stress of 785 MPa and
an amplitude stress of no breaking at 107 times of
repetition. As a result, it was found that for both the
carbon steel particles and the high-speed steel particles,
the best effect of improving the fatigue strength was
obtained at a collision velocity of 60 to 140 m/sec. As for
the projection of (2) high-speed steel particles, it is
considered that the fatigue limit amplitude stress exceeds
700 MPa when the collision velocity V is in the range of 50
to 140 m/sec. As for the projection of (1) high-carbon
steel particles, it is considered that the fatigue limit
amplitude stress exceeds 700 MPa when the collision velocity
v is in the range of 60 to 160 m/sec. Therefore, a very
good improving effect is recognized.

As comparative examples of the present invention, a
spring without shot peening had a fatigue limit amplitude
stress of 440 MPa exhibiting a low fatigue limit. A spring
gubjected to sufficient projection of 0.3 mm dia. steel
shots at a velocity V = 100 m/sec. had a fatigue limit
amplitude stress of :300 MPa, exhibiting no effect of

particle projection (this sample was produced in the same
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manner as that for Embodiment 2 except that 0.3 mm dia.

steel shots were projected in place of microparticles.

(Example 3)

For non-nitrided high-strength springs having a
comparatively large section, e.g., a wire diameter of 2 mm
or more, steel particles having a diameter of 0.2 to 0.9 mm
are projected at a velocity of 40 to 90 m/sec. as a pre-
treatment of the fine particle projection to provide a
compression residual stress comparatively deep inside the
springs. By this pre-treatment, while the compression
residual stress reaches the maximum value at a depth of
several tens of micrometers from the surface, it is low in
the substantially outermost surface layer compared with the
maximum value obtained inside the spring. This fails to
satisfactorily prevent fatligue fracture originating from
near the surface of the spring. In order to improve this
problem, hard metal particles having a diameter between 10
and less than 100 um, more desirably 10 to 80 um, a specific
gravity of 7.0 to 9.0, and a hardness of Hv 350 to 1100 are
projected at a velocity v of 50 to 160 m/sec., more
| desirably 60 to 140 m/sec., after the above projection of

particles having a diameter of 0.2 to 0.9 mm.

Spring of Embodiment 3
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A high-strength oil temper wire for valve spring
having a diameter of 3.2 mm, a tensile strength of 2070 MPa
which is higher than JIS SWOSC-V, and a hardness of the
surface portion of about Hv 620 (chemical composition is
C:0.61%, Si: 1.46%, ﬁn: 0.70%, Ni: 0.25%, Cr:0.85%, and Vi
0.06%; unit is all mass percent; this material corresponds
to steel type (2) in claim 8) was formed into a coil spring
by cold working. For removing a residual stress generated
by the coiling, the resultant coil was subjected to low-
temperature annealing at 400°C for 20 minutes, seat-face
polishing, projection of steel particles having a diameter.
of 0.6 mm, a specific gravity of about 7.8, and a hardness
of Hv 550 at a velocity of 70 m/sec. Subsequently, it was
subjected to sufficient projection of iron-based particles
having a nominal diameter of 50 um, a mean diameter of all

new particles of 37 um as actually measured, a shape having

no square portions with a maximum/minimum diameter ratio of
each particle of 1.2 or less, a specific gravity of about
7.5, a mean hardness of HV 865, and a mean diameter of each
particle distributing within the range of 10 to 75 um
(measured for n = 60) at a collision velocity of 107 m/sec.
The resultant spring was gubjected to low-temperature
annealing at 220°C for dislocation pinning, and then cold
setting for finishing. The thus-produced spring of
Embodiment 3 was examined by X-ray method and found that the

compression residual stress was 1350 MPa on the outermost
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surface of the iron matrix and deéfeased as the measured
position was deeper from the surface. The hardness was Hv
690 at the substantially outermost surface layer, and Hv 600
to 580 at the depth of 0.2 mm to 0.5 mm from the surface
layer on the inner side of the spring. A fatique test was
performed for this spring and found that for n = 10 test
springs no breaking was found at 5 x 10’ times of repetition
and the fatigue limit mean strese was 588 MPa while the
amplitude stress was #510 MPa. Assuming that the maximum
mean stress loaded on this coil spring is 690 MPa and the
mean stress is expressed as mm = 690 - x, the fatigue limit
amplitude stress ta can be expressed as ta = 489.6 + x/5
from the relationship between mn and ta described in
Embodiment 1. This expression is however a mathematization
of the results of only one test described above. In
consideration of the tensile strength of a steel wire, the
type of the steel, the wire diameter, and the like, the

following was obtained.

When mean stress mm = 690 - X,

fatigue limit amplitude stress

Ta = x(470 + x/5) - (2)

From the above, it is found that the spring of Embodiment 3
satisfies expression (2) in claims 9 and 10. The spring

recited in claim 9 according to the present invention tends
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to have a residual stress of 1200 MPa to 1600 MPa in the
near surface layer (the outermost surface layer). Therefore,
the range for the spring according to the present invention

ig defined as 1100 to 1700 MPa.

Comparative springs (3) and (4) in Embodiment 3
Comparative spring (3) was produced using an oil
tempered wire of the same lot as the spring of Embodiment 3
described above in the same process as that described above
except that the projection of iron-based particles having a
nominal diameter of 50 um was omitted. The maximum
compression residual stress in the surface layer of the

resultant spring was at a depth of about 40 pum from the

gurface, and the value was about 820 MPa. The compression
residual stress near the surface was 630 Mpa which does not
gatisfy the requirement of claim 9. BAs a result of a
fatigue test performed on this spring, the mean stress of
588 MPa and the amplitude stress of +440 MPa were obtained
as the fatigue limit at 5 x 10’ times of repetition, which
ig lower than the fatigue limit recited in claim 10.
Further, comparative spring (4) was produced as follows. As
the second-stage projection, high-carbon steel particles
having a nominal diameter of 100 um, a mean diameter of all
particles of 97 um as actually measured, a mean diameter of
the largest particle of 130 um as actually measured, and a

mean diameter of the smallest particle of 35 um as actually
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measured, and a maximum/minimum diémeter ratio of each
diameter of 1.2 or less were projected at a velocity of
about 85 m/sec. Thereafter, as in the spring of Embodiment
3, the resultant spring was subjected to low-temperature
annealing at 220°C, and then cold setting for finishing. as
the results of a fatigue test at 5 x 10’ times of repetition,
the amplitude stress of #461 MPa with the mean stress of 588
MPa, which does not satisfy the requirement of claim 10.

The relationship between the hardness of the spring
surface before projection of particles having a diameter in
the range between 10 um and less than 100 um and the
hardness of projected particles is as follows. When the.
spring is not nitrided, the spring surface is lower in the
hardness than a nitrided spring and thus higher in the
ductility. Accordingly, a microcrack and the like are less
easily generated even when steel particles having a hardness
higher than that of the spring surface are projected as far
as the projection velocity is 160 m/sec or less. Meanwhile,
the effect of improving the surface layer is observed even
if the hardness of projécted particles is lower than that of
the spring surface. In particular, in the case where the
hardness of the spring to be processed is as high as Hv 550
to 600 or more and the projection is performed at a
comparatively high velocity of 100 to 140 m/sec. or more, if
fine particles having a hardness equal to or less than that

of the material to be processed are projected, the
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unevenness of the surface is reducéd and further a high
residual stress is obtained comparatively deep inside. If
the hardness of projected particles is low, the projected
particles themselves, not the spring to be processed, are
markedly work-hardened by repeated projections. However, if
the hardness of new particles igs less than Hv 350, the
efficiency of obtaining the effect of improving the surface
layer of the spring to be processed decreases. Accordingly,
in claims 3, 4, and 5, the lower limit of the hardness was
set at Hv 350. Fine particles made of carbon steel and
alloy steel are economical since they are available at
comparatively low cost. The hardness of such fine particles
is Hv 1100 or less. In consideration of the economy and for
prevention of an increase of surface roughness and
generation of a microcrack in the surface layer which are
harmful to endurance, the upper 1imit of the hardness of new

fine particles was set at Hv 1100.

(Embodiment 4)

HBereinbelow, a spring corresponding to claim 11 will
be described, which is made of a steel wire mainly composed
of fine pearlite subjected to wiredrawing for strengthening
and produced without nitriding by performing normal shot
peening with comparatively large shots and thereafter
projection of fine particles having a nominal diameter of 50

um. A valve spring for internal combustion engine for
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automobile was produced as a triai-using a2 piano wire having
a diameter of 4.0 mm, a tensile strength oB = 1,735 MPa, a
mean hardnese of Hv about 450. The piano wire was formed
into a spring by cold coiling, subjected to annealing at
350°C for 15 minutes for stress removal, removal of a
tensile residual stress on the surface of the inner portion
of the coil, and polishing of a seat face. Cut wires having
a diameter of 0.6 mm and a hardness of Bv 550 were
sufficiently projected and then low~-temperature annealing
was performed at 220°C. Subsequently, high-carbon steel
particles having a mean diameter of all particles of 37 um,
a mean diameter of the largest particle of about 75 um, a
specific gravity of about 7.6, a hardness of Hv 865, a shape
having no square portions with a maximum/minimum diameter
ratio of each particle of 1.2 or less were sufficiently
projected at a velocity of 107 m/sec. Thig was followed by
low-temperature annealing at 220°C and cold setting. The
compression residual stress of the outermost surface layer
of this spring was 590 MPa (Figure 7).

Comparative spring (5) wae produced using the same
material and process as those described above for the spring
of Embodiment 4 except that the projection of 50 um dia. _
microparticles was omitted. The compression residuval stress
on the outermost surface layer was 430 MPa (Figure 7) which
does not satisfy the requirement of claim 11, i.e., 550 Mpa.

Also, Comparative spring (6) was produced by projecting
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particles having a nominal diameter of 100 pum under the same
conditions as those of the second-stage projection of
comparative spring (2), in place of the second-stage
projection for the above spring according to the present
invention.

The thus-produced valve spring of Embodiment 4
according to the present invention and comparative springs
were subjected to fatigue test. The test was performed at a
speed of 1000 cycles/min using n = 15 springs for each
stress level. As a result, the spring of Embodiment 4
according to the present invention was clearly superior in
the improving effect to the comparative springs as described
below. The former satisfied expression (3) in claim 11
while the comparative examples (5) and (6) did not satisfy

the expression.

Fatigue strength
spring of Embodiment 4 fatigue limit ta = 461 MPa

according to the invention

comparative spring (5) fatiqgue limit ta = 373 MPa

Comparative spring (6) fatigue limit ta = 402 MPa

(Mean stress mn = 588 MPa, 5 x 107 times of repetition for

all cases) | '
Assuming that the maximum mean stress loaded on the

coil spring is 690 MPa and considering the relationship

between the mean stresg and the amplitude stress described
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above in relation to expressions (i) and (2), for the mean
stress ™ = 690 - X, the fatigue limit amplitude stress ta
of the spring of Embodiment 4 can be expressed as ta = 440.6
+ x/5. In consideration of the wire &iameter, the tensile
strength of tbe wire, the type of the steel, and the like,
the spring which satisfies expression (3) below is defined
as the spring according to the preéent invention, and the
compression residual stress in the near surface layer is set

at 550 MPa or more (claim 11).

When mean stress mm = 690 - x,
fatigue limit amplitude stress at 5 x 10’ times of

repetition <a z 422 + x/5 cen (3)
where x: 0 to 140.

From Figure 7 showing residual stress distributions
of the spring of this embodiment and the comparative spring
(Comparative spring (5) only), it is observed that the
residual stress in the surface layer from the outermost
surface to the depth of 50 um was greatly improved by the Ss
treatment. The surface roughness Rmax of these springs was
13.2 pm in the case of only the projection of 0.6 mm dia. '
particles, and 9.2 um in the case of the projection of

particles having a mean diameter of all particles of 37 pm
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after the projection of 0.6 mm dié; particles according to
the present invention.

In the above tests, when the stress loaded on the
spring of Embodiment 4 during the fatigue test was large,
the creep of the spring slightly increased. In order to
prevent this generation of creep, .a steel wire of a pearlite
type subjected to cold wiredrawing with an addition of an
element which increases creep resistance, such as gilicon
and/or chromium, may be used in place of the piano wire.

Hot setting may also be employed for prevention of creep.

The present invention includes these modifications.

(Embodiment 5)

A valve spring was produced as a trial using a 3.2 mm
dia. JIS SWOSC-V oil tempered wire for valve spring. The
valve spring was subjected to the SS treatment without
nitriding. The valve spring was produced in the following
process: spring coiling; tempering at 400°C for 20 minutes;
projection of iron-based round cut wires having a diameter
of 0.6 mm at a velocity of 70 m/sec.; SS treatment with
high-carbon steel microparticles (velocity: 107 m/sec., mean
diameter of all particles: 40 um, mean diameter of the
largest particle: 75 um); low-temperature annealing at 220°C
for 20 minutes; and finally cold setting. The compression
residual stress in the near surface layer was 1010 MPa. The

spring was subjected to a fatique test. As a result, the
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fatigue limit amplitude stress was 466 MPa with the mean
stress tm = 588 MPa at N = 5 x 10’ times of repetition. The
amplitude stress ta can be expressed as ta = 445.6 + x/5
when the mean stress is 690 - x. In consideration of a
variation in the tensile strength of the SWOSC-V oil
tempered wire, the wire diameter range, and the like,
according to the present invention, the compression residual
stress of the iron base in the near surface is set at 900
MPa or more, and the fatigue strength of the spring is

defined as expression (4) below (claim 11).

When mean stress wn = 690 - X, repeat stress ta at S
x 10’ times is:

tTa = 440 + x/5 ves (4)

All of expression (2) in claim 10, expression (3) in
claim 11, and expression (4) in claim 12 indicate that when
the mean stress decreases by x MPa, the fatigue limit
amplitude stress increases by (x/5) MPa. These expressions
were induced in consideration of the results of the fatigue
test for the trial springs produced using the steps and
material recited in the respective claims as essentials.

The residual stress in the outermost surface layer and the
fatigque strength are superior to the conventional springs
which are not subjected to stress-peening as described above.

The fatigue strength and the residual stress can further be
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improved 1f the projection of fine particles according to
the present invention is performed under the state of stress
loading (stress-peening) as described above.

Thus, from the foregoing, the following are
recognized.

(1) The method of improving. the fatigue strength of a
coil spring by nitriding is effective for a compressed coil
spring such as a valve spring, but is disadvantageous in
that cost is high. The present invention provides a surface
treatment method and a spring capable of improving the
endurance at comparatively low cost without the necessity of
a large-scale facility as is required for nitriding.

(2) Considerably great endurance improvement is
possible for a carbon steel spring for which endurance
improvement by nitriding 1is substantially impossible, for
example springs made of piano wire, hard drawn carbon steel
wire, carbon steel oil tempered wire, and carbon steel thin
sheet.

(3) For a thin-sheet spring on which a high teneile
stress acts and a spring used under tensile strength,
nitriding does not stabilize the fatigue strength but in
reverse spoils the fatigue strength.

According to the present invention, fine particles
are projected in the spring surface portion most
appropriately to allow for strong working of the spring

efficiently. This drastically improves the durability of a
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spring used under tensile or bendiﬁg stress, a tensile
spring, and the like, contributing to reduction of weight
and size of the spring.

(4) As the fine particle projectlon velocity
according to the present invention decreases, the amount of
deformation of a spring by the particle projection becomes
smaller compared with the case of projection at an
excessively high velocity, resulting in reducing the
variation in the dimensions of the spring. This contributes

to the stability of the quality of the spring.
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CLAIMSVV
1. A spring surface treatment method, comprising the steps
of:

(A) nitriding surface layer of springs;

(B) prqjecting hard metal particles having hardness
which is lower than the hardness qf the nitrided outermost
surface layer (micro-Vickers hardness at a depth of about 5
um from the outermost surface) and is in the range of Hv 500
to 800 and diameters from 200 to 900 um against the nitrided
surface of the springs at velocity from 40 m/sec. to 90
m/sec., so as to prevent generation of a microcrack in the
surface layer by the projection (shot peening) and provide
compression residual stress comparatively deep inside the
springs; and

(C) projecting a number of fine metal particles
having a mean diameter of all particles of 80 pm or less, a
mean diameter of each particle in the range between 10 um
inclusive and less than 100 um, a spherical or near
spherical shape having no equare portions, specific gravity
from 7.0 to 9.0, and hardness which falle in the range
between Bv 600 and Hv 1100 inclusive and is equal to or less
than the hardness of the outermost surface layer of the
springs after nitriding or low-temperature carbonitriding at
velocity from 50 to 190 m/sec., while controlling an
instantaneous temperature rise limit of the iron matrix

(excluding the nitride compound layer) of the nitrided
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spring surface layer due to colliéion to be low enough to
cause work hardening in the spring surface layer but not to
cause softening due to recovery/recrystallization, thereby
effectively work hardening and preventing generation of any
microcracks ip the surface layer to provide high compression
residual stress and hardness.

2. A spring surface treatment method, comprising the steps
of:

(A) projecting a number of metal particles such as
iron-based particles having diameters between 10 um
inclusive and less than 100 um, a mean diameter of all
particles of 80 um or less, more desirably 65 um or less,
mean diameter of each particle of 10 to 80 um, a gspherical
or near spherical shape having no square portions, a
specific gravity of 7.0 to 9.0, and a hardness of Hv 350 to
900 against the surface of springs before nitriding at
collision velocity in the range of 50 m/sec. and 160 m/sec.
inclusive 8o that a temperature rise limit of the surface of
the spring due to collision is controlled to be low enough
to cause work hardening of the iron matrix of the springs
but lower than the point at which recovery/recrystallization
may occur so as to prevent generation of any microcracks and
the like;

(B) nitriding surface portion of the springs after

the step (A);
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(C) projecting hard metal particles having hardness
which is lower than the hardness of the nitrided outermost
surface layer (the micro-Vickers hardness at a depth of
about 5 um from the outermost surface) and in the range of
Hv 500 to 800, and a grain diameter of 200 to 900 pm against
the nitrided surface of the springs at velocity of 40 m/sec.
to 90 m/sec., S0 as to prevent generation of any microcracks
in the surface layer by the projection (shot peening) and
provide compression residual stress comparatively deep
inside each spring; and

(D) projecting a number of metal microparticles
having a mean diameter of all particles of 80 um or lese, a
mean diameter of each particle in the range between 10 um
inclusive and less than 100 pm, a spherical or near
spherical shape with no square portions, a specific gravity
of 7.0 to 9.0, and a hardness which falls in the range
between Hv 600 and Hv 1100 inclusive and is equal to or less
than the hardness of the outermost gsurface layer of the
spring after nitriding or low-temperature carbonitriding at
the velocity of 50 to 190 m/sec., while controlling the
instantaneous temperature rise limit of the iron matrix
{excluding nitride compound layer) of the nitrided spring
surface layer due to collision to be high enough to cause
work hardening in the surface layer but lower than a point
at which softening due to recovery/recrystallization may

occur, thereby effectively causing work hardening and
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preventing generation of any micrdéracks in the surface
layer to provide a high compression residual stress and
hardness.

3. A surface treatment method comprised of the step of
bombarding ﬁa:d metal particles having hardness in the range
between Hv 350 and 1100, specific gravity of 7.0 to 9.0, a
mean diameter of all particles of 80 um or less, a mean
diameter of each particle in the range between 10 um
inclusive and less than 100 um, and a spherical or near
spherical shape with no square portions, on the surface of
springs with the surface layer hardness of Hv 400 to 750, -
which hardness was obtained either by low-temperature
annealing for removal of macroscopic residual stress after
cold forming, quench and temper after cold forming, or
quench and temper after hot forming, at the collision
velocity of 50 m/sec to 160 m/sec, while controlling the
temperature rise limit of the spring surface layer due to
collision to be low enough to cause work hardening in the
spring surface layer but not to cause softening due to
recovery/recrystallization and preventing generation of any
microcracks in the surface layer and the like which may
deteriorate fatigue strength, thereby improving the hardness
and compression residual etress of the surface layer which
is 30 pm to 50 um or less deep from the surface and

resulting in improved endurance of the springs.

81



4. A spring surface treatment method for preventing
generation of harmful microcracks in surface layer and the
like which may deteriorate fatigue strength and for
improving especially the hardness and compression residual
stress of the surface layer which is. 30 ym to 50 um or less
deep from the surface, to improve endurance of the springs,
the method comprising the steps of:

(A) projecting hard metal particles having hardness
of Hv 350 to 900 and the particle diameter of 200 to 900 um
against the surface of formed and tempered springs having-
hardness of the surface layer of Hv 400 to 750 at the
velocity of 40 m/sec to 90 m/sec so as to prevent generation
of harmful microcracks in the surface layer and provide
compression residual stress comparatively deep inside the
springs; and

(B) performing the surface treatment method according
to claim 3 on the spring surface after the step (A).

5. A spring surface treatment method according to claim 1
or 2, wherein the particles having a mean diameter of all
particles of 80 um or less and a mean diameter of each
particle in the range between 10 um inclusive and less than
100 pm and the projection conditions of the particles are
limited to the following:

hardness of projected particles: initial hardness

(new particles) Hv 600 to 1100
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size of projected particleég initial mean diameter of
each particle (new particle) 10 pm to 80 um

mean diameter of all particles: 65 um or less

specific gravity of projected particles : 7.0 to 9.0

collision velocity against spring: 60 m/sec. to 140
m/sec.
6. A spring surface treatment method according to claim 3
or 4, wherein the particles having a mean diameter of all
particles of B0 um or less and a mean diameter of each
particle in the range between 10 pm inclusive and less than
100 um and the projection conditions of the particles are -
limited to the followings:

hardness of projected particles: initial hardness
(new particles) Hv 350 to 1100

size of projected particles: initial mean diameter of
each particle (new particle) 10 pm to 80 um

mean diameter of all particles: 65 um or less

epecific gravity of projected particles: 7.0 to 9.0

collision velocity against spring: 60 m/sec. to 140
m/sec.
7. A spring surface treatment method according to claim 1
or 4; wherein in the step (B) of claim 1 or in the step (A)
of claim 4, the projection of the hard metal particles
having a diameter of 0.2 to 0.9 mm is divided into first-
stage projection of comparatively large particles having a

diameter of 0.5 to 0.9 mm and second-stage projection of
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comparatively small particles haviﬁg a diameter of 0.2 to
0.4 mm.
8. A spring produced from a circular cross-section wire or
a non-circular cross-section wire by the steps according to
claim 1 as essential steps, the spring being a coil spring
made of any of steel types (1) to k4) containing respective
chemical components, a compression residual stress of iron
in a near surface layer by X-ray method being greater than
1700 MPa, sizes of a hard nonmetallic inclusion, carbide,
carbonitride, nitride, and the like which may cause fatigue
breaking of the spring and the hardness of matrix satisfying
following X or Y, the spring being a high fatigue resistance
strength spring having a fatigue strength at S x 107 times
of repetition satisfying expression (1) below:

in a repeated stress of wn = ta, when wn = 800 - x,

ta = (620 + x/5) ese (1)
where +tm: mean stress,

tat amplitude stress, and

x: variable in the range of 0 and 150 inclusive,

(unit: all MPa),
X: controlling the hardness of the matrix at a depth in the
range of 0.2 mm to 0.5 mm inclusive from the spring surface
in the range between Hv 520 and 580 inclusive when the size

of a harmful nonmetallic inclusion, carbide, and the like

existing in the spring is less than 20 ym or 15 um or less,
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Y: controlling the hardness of the-matrix at a depth in the
range of 0.2 mm to 0.5 mm inclusive from the spring surface
in the range between Hv 520 and 630 inclusive when the size
of a harmful nonmetallic inclusion, carbide, and the like
existing in the spring can be controlled to 10 um or less,
the steel types (1) to (4) being as follows:
(1) a steel type containing as essential components C: 0.50
to 0.80%, Si: 1.20 to 2.5%, Mn: =1.20%, and Cr: =<1.80% and
iron and impurities as the remainder, including a steel type
with one or two kinds of V: 0.03 to 0.60% and/or Nb: 0.02 to
0.20% added thereto;
(2) a steel type containing one or more kinds of Ni: 0.5% or
lesg and/or Co: 3.0% or less in addition to the steel type
(1):
(3) a steel type containing W: 0.5% or less and/or Mo: 0.6%
or less and/or Al: 0.5% or less in addition to the steel
type (1) or (2); and
(4) a steel type containing C: 0.05% or less, Si: 0.8% or
legs, Mn: 0.8% or less, Ni: 16 to 26%, Ti: 0.2 to 1.6%, Al:
0.4% or less, Co: 8.5% or less, Mo: 5.5% or less, Nb: 0.6%
or less (in addition to the above, 0.1% or less of B, Zr,
and/or Ca may be added), and unavoidable impurities and iron
as the remainder (unit of the chemical components is all
mass percent).
9. A steel spring excellent in fatigue strength, produced

using any of the steel types (1) to (3) in claim 8, by
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quenching and tempering, so as to'have a higher tensile
strength than a JIS SWOSC-V oil tempered wire for valve
springs depending on the wire diameter, forming into a
spring, and then annealing at low temperature for removal of
its residual stress, or by quenching and tempering after
spring formation so as to have a hlgher tensile strength or
hardness than a JIS SWOSC-V oil tempered wire for valve
springs, or produced using the steel type (4) in claim 8 by
performing solution treatment, cold wiredrawing or rolling,
forming into a spring, aging, and quality-adjusting so that
the tensile strength be 1900 MPa or more, being followed by
the steps according to claim 4, wherein the spring has
residual stress near the surface layer in the range between
more than 1100 Mpa and 1700 MPa inclusive, the surface
hardness is in the range of Hv 600 and Bv 800 inclusive, and
when the hardness at a depth of 0.2 mm to 0.5 mm from the
gurface is in the range of Hv 580 to 630, the size of
nonmetallic inclusions are less than 10 upm or less, and when
the hardness at a depth of 0.2 mm to 0.5 mm from the surface
is in the range between Hv 520 inclusive and less than Hv
580, the size of nonmetallic inclusions are 15 pm or less or
less than 20 um.
10. A spring according to claim 3, wherein the fatigue
1imit of the spring satisfies the following:

At a repeated stress of wm x Ta, and 5 x 107 times of

repetition,
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Ta = 470 + x/5 evs (2)

when mm = 690 - x,
where x: 0 to 183, and unit: MPa.
1l1. A spring made of cold drawnvor warm drawn piano wire,
low-alloy steel wire for spring superior in warm creep
resistance to the piano wire, or similar steel wire, mainly
composed of fine pearlite structure, having the wire
diameter in the case of circular cross-section wire, the
mean diameter or the mean thickness in the case of the non-
circular cross-section wire of 1.5 mm or more, produced by
subjecting to low temperature annealing for removal of the.
residual stress after forming into a spring, projecting hard
metal particles having diameter of 0.2 to 0.9 mm, andrthen
projecting a number of fine metal particles having a mean
diameter of all particles of 65 um or less, a mean diameter
of each particle of 10 to 80 um, spherical or near spherical
shape having no square portions, specific gravity of 7.0 to
9.0, and hardness in the range of Hv 350 and 1100 inclusive
at velocity of 50 ‘to 160 m/sec, while controlling
temperature to be low enough to cause work hardening in the
near surface layer but not to cause
recoverf/recrystallization, and having compression residual
stress of 550 MPa or more in the iron matrix of the surface
layer by X-ray method and a fatigue limit of:

At a repeated stress of wn + ta, and 5 x 10’ times of

repetition,

87



wa = 422 + x/5 ee- (3)
when wm = 690 - X,
where, unit: MPa, and x: 0 to 140.

12. A spring made of a normal JIS SWOSC-V oil tempered wire
for valve springs produced by subjecting to low-temperature
annealing for removal of residual stress after formation
into a spring, projecting hard metal particles having
diameter of 0.2 to 0.9 mm, and then projecting a number of
fine metal particles having a mean diameter of all particles
of 65 um or less, a mean diameter of each particle of 10 to
80 um, a spherical or near spherical shape having nc square
portions, a specific gravity of 7.0 to 9.0, and a hardness
in the range of Bv 500 and 1100 inclusive at a velocity of
50 to 160 m/sec. while controlling a temperature to be low
enough to cause work hardening in the near surface layer but
not to cause recovery/recrystallization, to obtain
compression residual stress measured by X-ray method of 300
MPa or more in the near surface layer, hardness at the depth
of 0.2 to 0.5 mm from the surface of Hv 520 to 600, sizes of
nonmetallic inclusions of 15 um or less, and the fatigue

limit of:

At a repeated stress of mm x va, and 5 x 107 times of
repetition,
ta = 440 + %x/5 ... (4)

when Tm = 690 ~ X,

where, units MPa, and x: 0 to 208.



13. A sheet spring or wire springmwith excellent fatigue
Btrength, of which hardness at the surface layer before
shot-peening is Hv 400 to 750, obtained by being projected
by metal particles, each of which is characterized by the
hardness of Hv 350 to 1100, the mean diameter of 10 to B0 um,
spherical or near spherical shape with no square portions
and a specific gravity of 7.0 to 9.0, with the mean diameter
of the largest particle and the mean diameter of all
particles to be 80 um and 65 um, respectively and preferably
75 ym and SO um, respeétively, at a collision velocity of 50
to 160 m/sec while controlling the projection 80 as to cause

work hardening but not to cause recovery/recrystallization.
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