DESCRIFTION

CARBIDE END MILL AND CUTTING METHOD USING THE END MILL

TECHWICAL FIELD

[G001]

The present invention relates to a carbide end mill
used for cutting in a range from rough cutting to semi-
finishing cutting, and to a cutting method performed by use
of the end mill.

[0002]

An object of the present invention is to provide a
versatile carbide end mill which can solely and
multifunctionally perform, longitudinal-feed machining,
lateral-feed machining, and obligue machining which 1s
combination of longitudinal-Feed machining and lateral-feed
machining, in machining steps from a rough cutting step to a
semi-finishing cutting at high speed. These machinings
described above are perfcormed respectively by selecting
different type of end mill on prior art. Ancther object of
the present invention is to provide a cutkting method which
is performed by making use of such an end mill.

[0003]

& conventional typical end mill for reugh cutting, to
which the present invention can be applied, is made of high-
speed tool steel or carbide as the base material. Each of

peripheral cutting edges of the end mill has a wavy shape or



nicks. The phases of the wavy peripheral cutting edges or
nicked peripheral cutting edges are shifted at egual
intervals along the direction of the tool axis such that no
uncut portions remain in each cutting edge. As compared
with an end mill having ordimary peripheral cutting edges,
without wavy or nicked cutting edges such a conventional end
mill having wavy or nicked peripheral cutting edges can
easily break chips, and can perform efficient cutting while
reducing cutting resistance. Accordingly, when such a
conventional end mill is used, the depth of cut in the tool
diameter direction can be increased, thereby enabling high-
efficiency machining. However, a machined surface hecomes
rougher than that attained by an end mill having ordinary
peripheral cutting edges without wavy or nicked cutting
edges is used. Therefore, in many cases, the end mill
having wavy or nicked peripheral cutting edges is used in a
rough machining skep.

[0004]

In a rough machining step, in order toc increase
machining efficiency, the depth of cut is increased for
high-efficiency machining. However, in such a case, a
problem of chakttering wibration often arises. In particular,
an edqual separation end mill, that is defined as the end
mill having same separation angle between lines extending
from the axis of the end mill to the circumferentially
adjacent all cutting edges, has an advantage in that it can

be manufactured guite easily. However, when an equal



separation end mill is used, resonance is apt bo occur
during machining, resulting in generation of chattering
vibration. BAs measures for solwving such a problem, there
has been proposed an unequal separation end mill in which
the separation angle of cutting edges is varied such that
the period of cutting force does not become constant. But
such an end mill involves increased producticon cost and time
in the course of its producticn.

[Q005]

Patent Document 1 discloses an end mill having a wavy
cutting edge shape in which the amount of shift in phase
between adjacent peripheral cuttbting edges is rendered
unequal, whereby the shape and area of a biting cross
section becomes unegual among the peripheral cutting edges.
Patent Document 1 describes that such an end mill suppresses
chattering vibration as in the case of an unequal separation
end mill, whereby tool life is extended, and high-efficiency
machining becomes possible.

[0006]

Patent Document 2 discleses an end mill in which the
pitch of the waveform of each peripheral cutting edge
constituted by a roughing cutting edge is increased and
decreased sinuscidally in one cycle of an even number of
period of troughs and crests of the waveform, and, in
accordance with the increase and decrease of the number of
the pitch, the depth and radius of curvature of each troughs

and crests in the waveform are changed at each cycle of the



waveform. Patent Document 2 describes that, in such an end
mill, due to the increase and decrease in the pitch, the
manner of cutbting changes in the axial direction, and shift
in resonance freguency occurs, whereby, when the tool is
considered as a whole, resonance is mitigated, and
chattering vibration i1s suppressesd.

[C007]

Some conventional typical end mills for rough cutting
or semi-finishing cutting, to which the present inventions
intend to apply, have nicked peripheral cutting edges. Such
a conventional end mill having nicked peripheral cutting
edges can easily break chips, and can perform cutting with
reduced cutting resistance, as compared with an end mill
having ordinary peripheral cutting edges. Accordingly, when
such an end mill is used, the depth of cut in the taol
diameter direction can be increased, and thereby it enables
high-efficiency machining. However, when high-efficiency
machining is performed by increasing the depth of cut, there
often arises a problem in that chipping or fracture occurs,
particularly, at nick portions due to chattering wibration.

[0008]

Fatent Documents 3 and 4 describe examples of end mills
in which nicks have improved shapes for preventing chipping
or facture. In the end mill described in Patent Document 3,
large flank angles are provided at opposite ends of each
nick so as to secure the strength of portions which connect

the nicks and peripheral cutting edge portions. Patent



Document 4 describes an end mill in which connecting
portions on opposite sides of each nick are rounded so as to
improve resistance to chipping and improve the roughness of
a machined surface.

[a009]

Even in a rouagh machining step, in order to increase
machining efficiency, in leongitudinal-feed cutting, lateral-
feed cutting and obligue cutting or the like, high-speed
cutting is performed with an increased depth of cut.
Howewver, 1t is difficult to perform these cuttings by using
a single end mill. In particular, in the longitudinal-feed
cutting, oblique cutting, or the like, when the depth of cut
is too large, cutting resistance increases unless chips are
easily removed,

[0010]

There have been made several propesals for the purpose
of improving the chip removability of an end mill. Patent
Document 5 proposes an end mill in which plural gash
surfaces are formed such that the gash notch angle increases
stepwise toward kthe rear-end side. The front-end side gash
surface at the center of the end mill body on which a large
load acts during longitudinal feed, securss strength to
thereby prevent fracture, etec. The rear-end side gash
surface secures a space for chip removed.

[(0011]

Patent Document & proposes an end mill in which a gash

surface is provided on the side toward the rotational center



of the end mill, ancother gash surface is provided on the
peripheral side of the end mill, and the peripheral-side
gash angle is larger than the rotaticnal-center-side gash
angle. This configuration improves the chip remowvability ak
the time of lateral-feed cutting of a hard material, and
enables high efficient machining through high-speed cutting.

[(0012]

Various hard coats have been developed sc as to enhance
the performance of a carbide end mill and extend the service
life thereof. Patent Document 7 disclosed a practically
used carbide end mill which has such a hard coat and which

was proposed by the applicant of the present application.

PETOER ART DOCUMENT
PATENT DOCHOMENTS

(00013]
(Prior art documents regarding the shape of peripheral
cutting edges)
Patent Document 1: Japanese Patent Application Laid-Open
{kokai) No. HO01-127214
Patent Document 2:; Japanese Patent Application Laid-Open
{kokai} No. 2002-233810

[0014]
(Prior art documents regarding the shape of nicks)
Fatent Document 3: Japanese Patent Application Laid-Open
{kokail No, HO6-335814

Patent Document 4: Japanese Patent Application Laid-Open



{hkokai)l No. 2005-1317283
[0015]
(Erior art documents regarding gashes)
Patent Document 5: Japanese Patent Application Laid-0Open
{kokai) No. 2006-1541B
Patent Document 6: Japanesse Patent Application Laid-Open
{kokai) No. 2007-2956588
[0016]
{Prior art document regarding hard coat)
Patent Document 7: Japanese Patent Application Laid-Open

({kokai) No.2000-334806

SUMMARY OF THE INVENTION
PROBLEMS TC BE SGLVED BY THE TIWNVENTICH

{0017]

In recent years, there has been an increasing demand
for high-efficiency machining of workpieces, such as dies
and parts, by use of an end mill, the workpieces being made
of structural steel, structural alloy steel, die steel for
cold or hot working, stainless steel, titanium allecy, or
super-heat-resistant alley. Therefcore, there has been a
demand for an end mill whiech enables unprecedented high-
afficiency machining by performing, at high speed, for all
types of cutting, such as leongitudinal-feed cutting,
lateral-feed cutting, and obligque cutting. Accordingly, on
shop floors where die machining and part machining are

performed, there has been a strong desire for end mill



machining in which various types of machining are able to be
performed at high speed by use of a single end mill without
toocl exchanga.

[0018]

As explained in the introduced prior art documents,
conventionally different type of end mills specialized for
each longitudinal-feed machining and lateral-feed machining
respectively have been preoposed. In the case of machining
for concave shape which machining invelves longitudinal-feed
cubtting and ebligque cutting, an end mill, specialized for
longitudinal-feed cutting or a drill is first used to form a
hole, and the formed hole is then expanded by use of an end
mill specialized For lateral-feed cutting. In the
longitudinal—feed cukbiting or the obligue cutting, an end
mill having a small number of cutting edges which can secure
large chip pockets is often used to improwve chip remowval.
When lateral-feed with high-speed cutting is performed, an
end mill having a large core diameter and a2 large number of
cutbting edges is often used to secure tool rigidiky. As
described above, when conventional end mills are used, an
end mill suitable for each type of machining must be used
through exchange of suitable end mills. Therefore,
conventional end mills are not suitable for increasing
efficiency because of loss of setup time. In addition,
since a conventional ordinary end mill has a plurality of
cutting edges along the periphery therecf and cuts a

workpiece while rotating {i.e., characteristics of a milling



tnol), the conventicnal end mill encounters difficulty in
performing longitudinal-feed machining because of poor chip
removability, even though there is little problem, when the
gnd mill performs lateral-feed machining. When
longitudinal-feed machining is performed by use of a
conventional end mill, chips produced by end cutting edges
in the wvicinity of the center of the axis are not removed
smoothly, whereby the end mill becomes likely to be broken
due to jamming of chips. Furthermore, in the case where
chip pockets of the end cutting edges are made larger in
order ko smoothly remove chips, although chips are removed
satisfactorily, there arises a probklem in that, when
lateral-feed machining i=s performed, fracture becocmes more
likely to occur doue to insufficient rigidity of the end
cutting edges. In view of the above reason, in the case
where longitudinal-feed machining and which is a combination
of lateral-feed machining or obligque cutting, in which the
longitudinal-feed machining and the lateral-feed machining,
tailor-made toopls have been used in order to perform high-
efficiency machining. Heowever, recently, there has been
increasing desire for performing such machining more
efficiently. In order to perform such machining more
efficiently, all the machining operations may be performed
by use of a single end mill, without exchanging it with a
drill or other end mill to eliminate setup time. However,
in such a case, since the same conventional end mill is used

in machining in a unsuitable direction for that end mill, in



many cases it makes whole machining time longer, against
expectation ko reduece machining time.

[0018]

High-speed cutting is a method of performing high-
efficiency machining by increasing cutting speed; i.e.,
increasing rotational speed. Theoretically, high-efficiency
machining can be achieved by means of increasing both
cutting speed and the depth of cut. However, in actuality,
high-efficiency machining has not yet been achieved by use
of a practical end mill in which carbide iz used as a base
material. The reasons are as follows. 1In particular, in
rough machining, if an end mill having wavy peripheral
cutting =dges or nicked peripheral cutting edges is used,
and the depth of cut and rotational speed are increased,
chattering vibration occurs. In such a case, a carbide end
mill which is lower in toughness than an end mill formed of
high-speed tool steel suffers anomalous wear and chipping,
to thereby shorten its service 1ife. Also, such chattering
ribration causes fracture or breakage of a carbide tool. :

[0020]

As hawving been described in the pricor art section, in
order to suppress chattering vibration which is generated
when cutting operation is performed by use of an end mill,
there has been proposed an end mill in which unegually
separated cutting edges are provided in place of egually
separated cutting edges. In the case of an end mill in

which unegually separated cutting edges are provided,
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chattering vibration can be suppressed ko a certain level
through proper shape design. Howewer, since the cutkbing
edges are arranged unegqually, grinding of the cutting edges
is5 difficult, which increases manufacturing cost of end mill.
Moreover, at the time of re-grinding of end mill, difficulty
is encountered in positioning of cutting edgs, because the
separation angle differs ameng the cutting edges.

[0021]

Further, in the case of the end mill in which unegual
separation is employed, shape of flutes become nonuniform,
and chip removabkility is apt to bkecoms nonuniform, resulting
in bad chip ejection. Therefore, such an end mill has a
problem of anomalous wear and chipping. This has keen a
sarious problem associated with treaktment of a large
quantity of chip ejection as a result of recently spreaded
high-speed cutting. & carbide end mill, which is expected
to have a long service life unless anomalous wear o
chipping occurs, has a risk of being damaged bacause of
brittleness of the base material, which causes a delay in
application of a carbide end mill to high-efficiancy
machining.

[0022]

In Patent Document 1, an end mill is proposed in which
the amount of shift in phase between adjacent wavy
peripheral cuttbing edges is made uhegual so as tEo suppress
chattering wibraticon as a result of the same effect as in an

unegual separation end mill. However, since the base
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material of the end mill of Patent Document 1 is high-speed
tool steel, the phase deviaticn amount of each peripheral
cutting edge is relatively large (about 6%). Since persons
gkilled in the art hawve had strong awareness that peripheral
cutting edaes of a carbide end mill easily suffer fracture
or chipping as compared with those of an end mill formed of
high-speed tool steel, it 1s no exaaggeration to say that the
persens skilled in the art have not heen motivated to
deviate the phases of peripheral cutting edges of an end
mill formad of carbide.

(0023]

Since an end mill formed of high-speed tool steel has a
relatively high toughness, even when the phase deviation
amount of each peripheral cutting edge is considerably large,
chipping or the like does not occur. Therefore, the ratio
of the phase deviation amount is not required to he taken
inte consideration. However, in the case where the base
material of an end mill is carbide having relatively low
toughness as in the present invention, the following problem
remains. Specifically, in the case where the phase
deviation amount is increased by merely making the phase
deviation amount unegual, fracture or chipping is apt to
occur at the peripheral cutting edge of a carbide end mill
when the amount of cutting amount increases. Therefore,
such a carbkide end mill cannhot provide stable operaktion in
advanced high-speed cutting. That 1s, conventional carbide

end mills have not been optimized in terms of phase
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deviation amcount. Weedless to say, a proper value of the
phase deviation amount of nicks of a carbide end mill or the
shape of nicks are completely unknown from Patent Document 1,
and Patent Document 1 provides no hints for determining the
proper value or the shape.

[0024]

In Patent Document 2, there is proposed an end mill in
which at least one of the piktch, depth, and radius of
curvature of the waveform of each roughing cutting edge is
increased and decreased at a periecd greater than the period
of troughs and crests of the waveform so as to change the
cutting amounkt of each cutting edge, wherehy chattering
vibration is suppressed. However, in the case where the
cutting edges have different waveforms, a grinding stone for
gcach waveform i=s reguired at the time of manufacture of the
end mill, which results in a caonsiderably high tool
production cost, as in the case of an end mill in which
unegual separaticon is employed.

[0025]

In the end mill described in Patent Document 3, a
portion which connects a nick and a peripheral cutking edge
portion has a sharp sdge shape as shown in FIG., 19. The
purpese of this shape is to provide large flank angles at
opposite ends of the nick to thereby ensure strength.
Howewver, in the case of a carbide end mill for high-
efficiency machining, to which the present invention

pertains, employment of such & shape raises a big problem
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from the viewpoint of chipping resistance. Therefore,
Patent Document 3 does not even serve as a reference.

[0026]

Fatent Document 4 describes a tool in which rounded
portions are provided on cpposite sides of each nick so as
to improve the accuracy of a machined surface. However,
Patent Document 4 does not contain any description regarding
the radius of curvature of the rounded portion on the btool
end side of the nick and that of the rounded porticon on the
tool shank side of the nick. In the case where high-
efficiency machining is performed through high-speed cutting,
if the toecl does nok have a shape in which these radiuses of
curvature are determined optimally, chipping occurs dues ko
lack of the rigidity of the peripheral cutting edges.
Moreover, wear QCCUrs more easily due ko deteriorated
cutting performance.

[0027]

As described above, each of the end mills described in
Patent Documents 3 and 4 is a mere example in which the
shape of nicks is improved so as to prevent occurrence of
chipping or fracture. These end mills do not have cutting
edges designed for high-efficiency machining by, for example,
changing the phase deviation amount of each cutting edge.
Although Patent Documents 3 and 4 teach end mills having
nicks, they do not teach a desired shape of nicks which a
carbkide end mill must have so as to achieve high-efficiency

machining.
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(0028]

In each of the end mills described in Patent Document 5
and Patent Document & characterized by the shape of gashes,
the phases of peripheral cutting edges are shifted at egual
intervals in the direction of the tool axzis, and the phase
deviation amount does not differ among the peripheral
cutting edges. The effect of the gash shape for high-
gefficiency machining as in the present invention is attained
as an effegt of facilitating removal of a large amount of
chips produced due to the shapes of peripberal cutting edges
with different phase deviation amount. That is, Lhe effect
is a synergistic effect achieved by the gash shape and the
shape of the peripheral cutting edges. As to such the
synergistic effect attalned by the gash shape and the action
of the peripheral cutting edges, none of Patent Document 3
and Patent Document 6 serves as a reference for creating the
present invention.

[0029]

Patent Deocument 5 discloses an end mill for
longitudinal-feed machining in which the front-end-side gash
surface at the center of the end mill body on which a large
load acts at the time of longitudinal feed secures strength,
and the rear-end side gash surface secures a space for chip
removal. Patent Document 6 discloses an end mill having a
plurality of gash surfaces suitable for high-speed, lateral-
feed machining of a hard material. However, it was found in

the process of creating the present invention that, in Ethe
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case where more complicated machining is performed more
efficientiy by use of a single end mill, the length of a
transition portion between the front-end-side gash surface
and the rear-end-side gash surxface is impertant so as to
provide satisfactory tool rigidity and satisfactory chip
removability at the same time., Specifically, it was found
that, in the end mills of Patent Document & and Patent
Document &, kthe distance betwesen the rotaticnal center and
the position of the gash surface transition portion is
greater than a proper value, the problem of fracture or the
like caused by chip cleogging accurs often.

[0030]

As described above, when conventional end mills are
used, an end mill suitable for each type of machining must
be used through exchange of end mills. Therefore,
conventional end mills are not suitable for increasing
efficiency because of loss of time for setup. In addition,
since a conventional ordinary end mill has a plurality of
cutting edges along the periphery therecf and cuts a
workpiece while rotating (i.e., characteristics of a milling
tool), the conventional end mill encounters difficulty in
performing longitudinal-feed machining because of poor chip
removability, which does not pose a problem, when the end
mill performs lateral-feed machining. Therefore, it is
difficult to perform high-efficiency machining by the
conventional end mill.

[6031]

16



The problems of the prior art inventicns have been
peinted cut in the ahove. The proposed improvemsnts on end
mills disclosed in the prior—-art of the above documents are
specialized only for longitudinal-feed machining or only for
lateral-feed machining. &ny of the prior-art documents does
not propose an end mill for multi-functional machining in
which one end mill can perform these types of machining.
This multi-functional machining by one end mill is an
important object of the present invention. The present
invention has been accomplished under these circumstances
and through recognition of the problem to solve. An cobject
of the present invention is to provide a carbide end mill
which enables a multi-functional machining efficiently by
the single end mill from longitudinal-feed cutting, lateral-
feed cutting, and to c¢bhlique cutting, ete. The present
invention also intends to provide a carbide end mill, which
can be easily manufactured ak low cost, can be re-ground
easily, can suppress chattering vibration by dispersing
cutting resistance, and which has a long service life.
Another object of the present invention is te provide a
cutting method performed by use of such an end mill. Skill
another object of the present invention is to provide an end
mill having the above-described shape and hard coat so as Lo
maximize the advantages of sitable high-speed cutting.

[0032]

Moreover, the present invention has an object to

provide an end mill which can perform combined machining,
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involving almost all types of cutting operations, and which
copes with various workpieces. The object of the present
invention iz essential for cutting of super—-heat-resistant
alloy and titanium alloy, which demands have increased
recently for an aircraft material or for atomic power
generation plant.

[0023]

In particular, the present invenkion provides a carbide
end mill which is good in chip removability, can disperse
cutbting resistance sufficiently, and can suppress chattering
vibration, even when longitudinal-feed cutting or abligue
cutting is performed at high rotational speed with an
increased depth of cut.

[0034]

Mezanwhile, even an end mill having excellent cutting
performance is not accepted in the market if its
manufackturing cost is high. 35ill another object of the
present invention is to provide a carbide end mill which can
be manufactured easily at low cost and can be easily re-

ground.

MEANS FOR SOLVING THE PROBLEMS

[0035]

The present invention was accomplished with an aim of
developing an end mill for high-efficiency cukting which can
achieve a chip removal quantity per unit time greater than

that achieved through use of a conventional end mill. The
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inventors of the present invention employ an egqually-
separated carbide end mill as a basic type. Because that
type of end mill can =moothly remove chips while suppressing
chattering vibration (an important performance parameter of
a cutting tool), and is easy to form cuttbting edges during
manufacture of the end mill. This is the big advantage from
the viewpoint of productivity. The inventors conceived of
the present invention as a result of studying other shape-
related factors which can suppress chattering vibration to
the maximum.

[0036]

an end mill of the present invention can be put into
practice adopting carbide as a2 base material and wavy
peripheral cutting edges or nicked peripheral cutting edges
as cutting edge.

[0037]

The present inventors directed their attenticon to the
fact that the above-described objects can be achieved by
determining the optimal amount of mutual phase deviation in
the axial directicn cof the wavy peripheral cutting edges or
the nicked peripheral cutting edges under the condition of
disposing cutting edges at equal intervals in the
circumferential direction of the carbide end mill. The
present inventors carried cut various studies to find a
phase deviation amount which minimize chattering vibration,
enabling the end mill to endure high-szpeed cutting. As a

result, the inventors devised a carbide end mill of the
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present invention, which is characterized in that, when
crest portions of a certain wavy peripheral cutting edge or
nicked peripheral cutting edge are used as a reference,
crest portions of other wavy peripheral cutting edges or
nicked peripheral cutting edges are disposed such that their
phases are sifted in the axial directicon of the end mill
within a range in which fracture or chipping does not occur
at the wavy peripheral cutting edges or the nicked
peripheral cutting edges, which fracture or chipping would
otherwise cccur because the end mill is formed of carbide.
fO038]

That 1s, the present invention provides an end mill
which has either one of the shape selected from multiple
wavy peripheral cutting edges each having alternate crest
pertions and trough portions, or a mueltiple peripheral
cutting edges each having a plurality of nicks for breaking
chips. The end mill is characterized in that, when a
certain peripheral cutting edge is considered a reference
peripheral cukbting e&ge with reference phases in a pitch of
the reference perphral cutting edge, wherein the distance of
the reference phase is an amount corresponding to a value
obtained by dividing the pitch of the nicks or waveform of
the reference peripheral cutting edge by the number of the
cutting edges: and the phase of at least one of the
remaining peripheral cutting edges other than the reference
peripheral cutting edge is dewiated in the direction of the

tool axis Erom the corresponding reference phase by an
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amount of 5% or less [(excluding 0%) of the pitch.

(Q039]

Desirably, the end mill of the present invention is
configured such that above mentioned amount of =ach
deviation is in a range of 1% to 3% of the pitech in the
direction of the tool axis from the corresponding reference
phase, wherein the distance of the each reference phase is
an amount corresponding to a value obtained by dividing the
pitch of the nicks or waveform of the reference peripheral
cutting edge by the number of the cutting edges.

[0040]

The end mill of the present invention is used to
machine a workpiece formed of a2 hardened makerial whose
hardness exceeds 40 HRC, which is called a difficult-kEo-cut
material. The target workpiece of the present invention is
that when an end mill formed of high-speed tool steel is
used, irrespective of the shape of the tool, machining of
such a workpiece is difficult in actuality, because the tool
life becomes extremely short under conditions for high-
efficiency machining. Since the base material of the end
mill of the present invention is carbide, the wavy
peripheral cukting edges or the nicked peripheral cutting
edges each have greatly improved wear resistance, as
compared wWith conventional end mills formed of high-speed
tool steel. However, since the phases of the peripheral
cutting edges are shifted from one another, the peripheral

cutting edges suffer fracture or chipping, which occur
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hecause of brittleness of carbide.

[(0041]

In view of the above-described drawback cof the carbide
end mill, the present inventors determined, through z large
number of cutting tests, the optimal arrangement of the
pitches of the nicks or waveforms of the peripheral cutting
edges of the carbide end mill, and found that at least one
of phases of the peripheral cutting edges must be deviated
in the direction of the tool axzis from the respective
reference phases by a considerably small amount of 5% or
le=ss ({excluding 0%) of the pitch of the reference peripheral
cutting edge, wherein the distance of the each reference
phase is an amount corresponding to a value calculated by
dividing the pitech of the nicks or waveform of the reference
peripheral cutting edge by the number of the cutting edges.

[0042]

In the present inventicon, phase deviation is essential,
and the amount of phase deviation must be 5% or less,
preferably 1% to 3%. When the amount of phase deviation
exceeds 5%, fracture and chipping become more likely to
occur at the wavy peripheral cutting edges or nicked
peripheral cutting edges of the carbide end mill. ©One of
the most important feature of the present invention resides
in employment of the carbide end mill and optimization of
the phase deviation amount for enabling high-speed rough
cukbtbing.

{0043]
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According to the present invention, despite the end
mill being formed of carbide, manufacture of the tool is
easy, and fracture or chipping does not occur, because Cthe
wavy peripheral cutting edges or the nicked peripheral
cutting edges are shaped such that their phases are shifted
from one other, and chattering vibration during machining
can be suppressed. Accordingly, it becomes possible to
paerform high-efficiency rough machining or high-efficiency
semi-finishing machining through high-speed cutting, and to
provide a carbide end mill having a long service life.

[0044]

The =ffect of the carbide end mill of the present
invention can be attained even when the shape of the wavy
peripheral cutting edge or the nicked peripheral cutting
edge involving phase deviation is applied to only one of the
peripheral cutting edges.

That i1s, the carkide end mill of the present invention
may be configured such that the carbide end mill has three
or more peripheral cutting edges; at least a pair of
peripheral cutting edges of the adjacent peripheral cutting
edges have no phase deviation from the respective reference

wherein the distance of the each reference shape

phases

is an amount corresponding to a value obtained by dividing
the pitch of the nicks or waveform of the reference

peripheral cutting edge by the number of the cutting

edges——and the amounts of deviation of the remaining

peripheral cutting edges from the respective reference
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phases are unegqual from one another.

[0045]

To find proper cutting edge amounts of deviatien from
the respective referance phase ranged by esgual distance in
the reference prepheral which equal distance is obtained by
dividing the pitch of the nicks of the peripheral reference
cutkbing edge by the number of the cutting edges, to minimize
chattering vibration and enable the end mill to endure high-
speed cutting, the present inventeors conducted various
studies. The present inventors alsp study on the shape of
nicks which does not raise a problem of fracture or chipping
of the peripheral cutting edges even when high-speed cutting
is performed. As a result, the present inventors found that
the carbide end mill of the present invention is desirably
configured such that, when a certain nicked peripheral
cutting edge is used as a reference, at least one remaining
nicked peripheral cutting edge is disposed such that the
phase of nicks of the at least one peripheral cutting edge
is shifted within a range in which fracture or chipping does
not occur alb the nicked peripheral cutting edges, and the
nicks have an improved shaped in order to suppress, to the
possible extent, the influence on chipping caused by cutbing
lecad increased as a result of phase deviation.

f0046]

That is, the end mill of the present invention having a
novel nick shape is desirably configured such that each

peripheral cuntting edge has a plurality of nicks:; when one

24



peripheral cutting =dge and its nicks are viewed on & cross
section skewed ab an angle equal to a helix angle of the end
mill, opposite ends of each nick are smoothly connected to
adjacent portions of the peripheral cukting edge via rounded
portions; and the radius of curvature of the tool-end-side
round portion of the nick is smaller than that of the tool-
shank-side round portion of the nick.

[Q047]

The nicked carbide end mill ¢f the present invention 1is5
enabled to perform cutting at a higher speed, as compared
with econventional end mills, by means of changing the
amounts of deviation from the respective reference phases
ranged by egual distance in the peripheral cutting edge,
which egqual distance is obtained by dividing the pitch of
the nicks of the peripheral cutting edge by the number of
the cutting edges. Therefore, employment of severer cutting
conditions results in increased possibility of occurrence of
chipping at the peripheral cutting edges. In this
connection, the present inventors found that special
attention must be given to the shape of the nicks, including
the shapes of the opposite ends of each neck, so as to
prevent occurrence of chipping at the peripheral cutting
edges, which chipping would otherwise occur due to load
during high-speed cutting.

[DD4E]

In the case of a conventional carbide end mill with

nicks of this type, an average feed rate for securing an
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average surface roughness is about 500 mm/min. However,
through use of a nicked carbide end mill in which the phases
of the nicks are deviated in the direction of the tool axis
and rounded portions are provided on opposite ends of each
nick, feed rate can be increased to a rate approximately
double the conventional feed rate. However, even in such a
case, the feed rate cannot exceed a limit of 800 mm/min to
1000 mm/min, and, in high-speed cutting at a feed rate
exceeding that limit, chipping or the like occurs at the
peripheral cutting edges due to load produced as a result of
high-speed cutting. Therefore, an end mill which is
prescribed only for the shape of opposite ends of each nick
and the amounts of deviation from the respective reference
phases of the reference peripheral cutting edge, wherein the
distance of the reference phase is an amounkt corresponding
to a value obtained by dividing the pitch of the nicks of
the peripheral reference edge by the number of the cutting
edges———=encounters difficulty in performing cutting
operation at higher speed.

[0049]

Therefore, in the carbide end mill of the present
invention, which may be used under severe conditions
involving a feed rate exceeding 1000 mm/min, it is important
to consider not only the radiuses of curvature at opposite
ends of each nick, but also the shape of each nick. That is,
the carbide end mill of the present invention is desirably

shaped such that the bottom end of each nick is connected

26



with the tool-shank-side round portion via a straight
porbtion or a curve portion which i= convexed toward the nick
aroove.

[0050]

That is, a nicked carbide end mill according to another
invention is a carbide end mill characterized in that the
bottom end of the groove of each nick is connected with the
tool-shank-side round portion via a straight portion or a
curve portion which is convexed toward the nick groove, or
connected with the tool-shank-side round portion wia a
straight portion and a curve portion which is convexed
toward the nick.

[0051]

In the end mill of the present invention, the amounts
of deviation from the respective reference phases of
peripheral cutting edge, wherein the distance of the
reference phase is an amount correspending ko a value
obtained by dividing the pitch of the nicks of the
peripheral cutting edge by the numker of the cutting

are made unegual. &5 a resuli, the end mill of the

edges

present invention can perform cutting operation at speed far
above conventicnal speed. However, since the cutking load
acting on the end mill increases in such cutting operation,
the consideration of and measure against chipping and
breakage become more important. The technical idea of
designing a carbide end mill in consideration of

conktradictory advantages and disadvantages cannot be
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obtained by combining any reference of the above-described
conventional prior arts and other conventicnal technigues.

[0052]

When cutting is performed by use of the carbide end
mill having nicked peripheral cutting edges according to the
present invention, the cutting volume slightly differ among
each nicked peripheral cutting edges. Therefore, sven when
high-speed cutting is performed, cutting resistance is
reduced by dispersion, and cutting load bhecomes stable,
whereby chattering vibration can be suppressed. Therefore,
the carbide end mill having nicks of the present invention
can yield effects similar to those attained through use of a
carbide end mill having wavy peripheral cutting edges.

[0G6532]

Desirably, the nicked carbide end mill of the present
invention is configured such that, when the tool diameter of
the nicked carbide end mill is represented by D, the radius
of curvature of the tool-end-side rounded portion of each
nick is 0.01D ko 0.03D, the radius of curvature of the tool-
shank-side rounded portion of each nick is 1.5 to 2 times
the radius of curvature of the tool-end-side rounded portion
of each nick, and the depth of each nick is 0.01D tgo 0.05D.

[0054]

Nexk, the gash shape in the present invention and its
effect will be described.

[O055]

Nicked peripheral cutting edges or wavy peripheral
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cutting edges for high-speed cutting is designed as the
peripheral cutting edge for the carbide end milli of the
present invention to enable chips to be removed in a larger
amount per unit time, as coampared with conventional end
mills. The carbide end mill of the present invention
desirably has a novel gash shape which enables satisfactory
treatment of chips removed from the end cutting edges, and
which secures the sktrengkbth of a distal end portion of the
end mill in a region from the rotaticnal center of the end
mill to the periphery thereof.

[0056]

That is, whether the carbide end mill of the present
invenkion has wavy peripheral cutting edges or nicked
peripheral cutting edges, it is recommended that the carbide
end mill hawve the following gash shape between cutting faces
of the end cutting edges and the peripheral cutting edges,
in addition of, peripheral cutting sdges whose phases are
deviated from the respective reference phases of the
reference peripheral cutting edge, wherein the distance of
the reference phase is an amount corresponding to a value
obtained hy dividing the pitch of the nicks of the reference
peripheral cutting edge by the number of the cutting edges.

[Q057]

The shape of gashes suitable for the end mill of the
present invention will be described with reference to FIGS.
12 and 12. Each of gashes provided for end cutting edges in

the present invention is composed of a plurality of
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surfaces; i.e,, a first gash surface 51 {cutting face ¢f the
corresponding end cutting edge}, a second gash surface 52
provided on the side toward the rotational cenkter of the
tool axis of the end mill, and a third gash surface 53
provided on the peripheral side of the end mill. & Eirst
gash angle 55 is formed bektween a crossing portion 54
between the first gash surface 51 and the second gash
surface 52, and a plane perpendicularly intersecting the
axis. A second gash angle 57 is formed between a crossing
portion 56 between the first gash surface 51 and the third
gash surface 53, and the plane perpendicularly intersecting
the axis. The second gash angle 57 is made greater than the
first gash angle 55.

[D05E]

Accordingly, desirably, the carbide end mill of the
present invention is characterized in that the carbide end
mill includes the above-mentioned plurality of peripheral
cutting edges, end cutting edges, and gashes each composed
of a plurality of gash surfaces; the plurality of gash
surfaces include a first gash surface serving as a cutbing
face of the corresponding end cuktting edge, a second gash
surface provided on the =ide toward the rotational center of
the tool axis of the end mill, and 2 third gash surface
provided on the peripheral side of the end mill; a first
gash angle of 15° to 35® is formed between a crossing
portion between the first gash surface and the second gash

surface, and a plane perpendicularly intersecting the axis;
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a second gash angle of 40° to 60° is formed hetween a
¢rossing portion bekween the first gash surface and the
third gash surface, and the plane perpendicularily
intersecting the axis; and the length of a connection
portion between the second gash surface and the third gash
surface is not less than 5% the tool diameter as measured
from the tool rotation axis and less than 20% the tool
diameter.

[0059]

In the case where the carbide end mill of the present
invention is regquired to remove chips in a larger amount per
unit time as compared with conventiconal end mills, as
described above, the gash shape of the end cutting edges is
optimized as descrived above in the present invention.
Through formation of gashes having a gash shape defined in
the present invention, the following advantageous effects
can be yielded. Longitudinal-feed cutting, lateral-feed
cutting, and cbligue cutting can be performed by use of a
single carbide end mill having wavy periphexal cutting edges
or peripheral cutting edges having phase-shifted nicks.
Chips removed from the end cutting edges at the time of
longitudinal-feed cutting or obligque cutbting can be treated
satisfactorily. The gash portieons are strong enough ko
endure high-speed, lateral or obligque cutting. Further,
chattering vibkration can be minimized.

[Q0&0]

The carbide end mill of the present invention has
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peripheral cutting =dges Whose phases are deviated from the
respective reference phases of the reference peripheral
cutting edge, wherein the distance of the reference phase is
an amount corresponding to a value obtained by dividing a
pitch of the nick cof the reference peripheral cutting edge

by the number of the cutting edges and also has the

above-described gash shape in regions from the cutting faces
of the end cutting edges to the peripheral cutting edges.
Therefore, the carbide end mill of the present invention can
efficiently cut structural steel, structural alley steel,
die steel for cold or hot working, stainless steel, titanium
alloy, and super-heat-resistant alloy.

[0061]

That is, the carbide end mill of the present invention
is intended to machine a workpiece formed of structural
steel, structural alloy stesel, die steel for cold or hot
working, stainless steel, titanium alloy, or super-heat-
resistant alloy.

[00€62]

Next, suitable hard coats for the carbide end mill of
the present invention and which enhances the characteristics
thereof will be described. In the present invention, the
shape of the carbide end mill 1s novel enocugh ko enable
high-speed cutting. Therefore, a hard coat is not
necessarily reguired. However, use of an optimal hard coat
is important so as to stabilize and extend the service life

of the end mill of the present invention when the end mill

32



iz used for high-speed cutbting.

[0063]

Varicus hard coats have been developed so as to improve
the performances and service liwves of carbide end mills, and
the hard coat proposed by the applicant of the present
invention and disclosed in Patent Document 7 has been put to
practical use. Since end mills are required Lo have higher
oxidation resistance and higher wear resistance so as to
cope with an increase in cutting speed, measures for
enhancing oxidation resistance and wear resistance must be
taken. When the present inventors actually used the above-
described carbide end mill having a novel shape for rough
machining, they found a remarkable increase in oxidation and
wear of the peripheral cutting edges, which are peculiar to
high-speed cutting. The present invention has been
accomplished as measures against such oxidation and wear.

[0064]

That is, the carbide end mill with hard coat according
to the present invention is charackerized in thakt a hard
coat which can endure high-speed cutting is laminated cn at
leaskt the wawvy peripheral cutting edges or nicked peripheral
cutting edges having a novel shape as described earlier.

(30&5]

In the case where the end mill has the above-described
gashes, the hard coat according teo the present invention is
coated on the gash portions. Although removal of hobk chips

during cutting damages carbide, the hard coat of the present
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invention can greatly mitigate the damage.

[Q066]

That 1s, desirably, the carbide end mill of the resent
invention is configured such that the above-mentioned wavy
peripheral cutting edges are covered with a hard coat.

[0067]

Next, the hard coat applied to the carbide end mill of
the piesent invention will he described specifically. The
hard coat used in the present invention is composed of an
oputermost layer and an innermest layer in contact with the
surfaces of the peripheral cutting edges, or repetitive
composit layer combined by substantially the same of the
outermost layer compeosition and substantially the same of
the innermost layer composition, or a composite layer
including the above-described innermost layer and ocutermost
layer, and one or more intermediate lavers interposed
therebetween. Desirably, the cutermost layer is5 greater in
cxidation resistance and wear resistance than the innermost
layer.

[00€8]

The term "substantially" is used so as to encompass the
case where a diffusion layer is formed between the innermost
layer and the outermost and the diffusion layer may slightly
differ in compeosition from the innermost layer or the
cutermost layer. But in the case where the thickness of the
diffusion layer increases and the content ratic of a certain

element in the diffusion layer deviates 50% or more from
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that element of the innermost layer and the outermost layer,
the diffusion layer is regarded as an intermediate layer in
the present invention.

[U0&5]

By means of forming the hard ceoat on the end mill of
the present invention by use of nitride, carbhonitride,
oxynitride, or oxycarbonitride of a metallic element with
selecting the most sultable metallic element for the
innermest layer, the outermost layer, and the intermediate
layer which constitute a respective hard coat, damage to a
carbide end mill covered by a hard coat can be mitigakted,
thereby enabling cutting operaticn to be performed more
efficiently.

[0070]

That 1s, in the carbide end mill of the present
invention, the innermost layer of the hard coat is formed of
a nitride, carbonitride, oxynitride, or oxycarbonitride
containing Ti and Al as main metallic elements, and the
outermost layer of the hard coat is formed of a nitride,
carbonitride, oxynitride, or oxycarbonitride containing Ti
and S5i as main metallic elements.

[0D71]

Moreover, in the carbide end mill of the present
invention, the innermost layer of the hard coat is formed of
a nitride containing one or more metal elements selected
from ameng Al, Cr, Ti, and Si; the intermediate layer is

formed of a compound containing one or mcore metal elements
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selected from among Al, Cr, Ti, and Si, and one or more
elements selected from among N, B, C, and ©; and the
outermost layer of the hard ccat is formed of a compound
containing cne or more metal elements selected from among Ti
and 5i, and one or more elements selected from among N, 5,
C, and B.

[0072]

Moreover, in the carbide end mill of the present
invention, desirably, both the innermost layer and the
outermost layer are formed of a nitreogen-containing TiAl
compound which is represented by the formula Ti,Al;..H, and
preferably the innermost layer is formed of titanium-rich
TizAl;.MN (i.e., 0.9 <« x £ 1), and the outermost layer is
formed of aluminum-rich Ti,Al;.N {i.e., 0 £ = < (.5}.

[0073]

The shape of the wavy peripheral cutting edges or the
nicked peripheral cutting edges and the novel gash shape in
the present invention yield various effects, such as
enhanced chip breaking performance and enhanced chip removal
performance, even in the case where a cutting edge portion
of the end mill is detachable from a tool-holding portion
thereof which holds the cutting edge portioen. Therefore,
when the cutting edge portion of the end mill wears as a
result of cutting, the cutting edge portion can be exchanged
individually for continucus use., Therefore, desirably, the
end mill of the present invention includes a tool-holding

portion and a cutting edge portion which is formed of
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carbide and which is detachably attached to the tool-holding
porticn.

[0074]

That is, the present invention provides a carbide end
mill characterized in that cutbting edge portion formed of
carbide is detachably attached to a tool-holding portion.

[0075]

In the case where machining of a concave shape or the
like, involving longitudinal-feed cutting and obligue
cutking, is performed by use of conventional end mills,
which are dedicated for longitudinal-feed cutting or oblique
cutkbing, person had to change to a suitable end mill for kthe
purpose of machining. When the carbide end miil of the
present invention is employed, there can be performed a
novel cutting method in which various types of machining
operations can be performed efficiently by use of a single
end mill without tool exchange, hecause the carbide end mill
of the present invention has the above-described novel
gashes and the above-described novel shape of the wavy
paeripheral cutting edges or the nicked peripheral cutting
edges, and a hard coat which can endure high-speed cutting
operation is layered on at least the peripheral cutting
edges having a unique shape.

[(0076]

B cutting method according te the present invention is
characterized by comprising the step of successively

performing at least two types of cutting coperations selected
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from longitudinal-feed cutting, lateral-feed cutting, and
obligue cutting, by use of a carbide end mill. The carhbide
end mill includes a plurality of wavy peripheral cutting
edges each having alternate crest portions and trough
portions, or a plurality of peripheral cutting edges each
having a plurality of nicks for breaking chips, end cutting
edges, and gashes each composed of a plurality of gash
surfaces. The plurality of gash surfaces include a first
gash suriace serving as a cuktting face of the corresponding
end cutkting edge, a second gash surface provided on the side
toward the rotational center of the tool axis of the end
mill, and a third gash surface provided on the peripheral
side of the end mill. A first gash angle of 15° to 35° is
formed between a crossing portion between the first gash
surface and the second gash surface, and a plane
perpendicularly intersecting the axis. A second gash angle
of 40° to 80" is formed between a crossing portion between
the first gash surface and the third gash surface, and the
plane perpendicularly intersecting the axis. The length of a
connection portion between the second gash surface and the
third gash surface is not less than 5% the tool diameter as
measured from the tool rotation axis and less than 20% the
tool diameter. The peripheral cutting edges are disposed
=uch that, when a certain peripheral cutting edge is
considered a reference peripheral cutting edge with
reference phases in a pitch of the reference peripheral

cutting edge, wherein the distance of each reference phase
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is an amount corresponding to a value cbtained by dividing
the pitch of the nicks or waveform of the reference
peripheral cutting edge by the number of the cutting edges,
and the phase of at least one of the remaining peripheral
cutcing edges is deviated in the direction of the tool axis
from the corresponding reference phase by an amount

corresponding to 5% or less {excluding 0%) of the pitch.

EFFECTS OF THE INVENTION

[0077]

In the carbide end mill of one invention, when a
certain wavy or nicked peripheral cutting edge is considered
a reference peripheral cutting edge, the phase of at least
one of the remaining wavy or nicked peripheral cutbting edges
are deviated from the reference phase of the reference
peripheral cutting edge and shifted from one another by an
amount corresponding to a value obtained by dividing the
pitch of the nicks or waveform of the reference peripheral
cuttbking edge by the number of Ehe cutting edges, and the
amount of the deviation in the direction of the kool axis
from each of the corresponding reference phase by an amount
corresponding to 5% or less {(excluding 0%} of the piteh,
preferably, an amount corresponding ko 1% to 3% of the pitch.
Therefore, cutting resistance 15 dispersed, and cutting leoad
is stabilized, whereby chattering vibration can be
suppressed.

[0078]
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In the carbide end mill of one invention, when a
certain peripheral cutting edge i= considered a reference
peripheral cutting edge, the phase of at least ane of the
remaining peripheral cutting edges are shifted frem the
reference phase of the reference peripheral cutkting edge by
an amournt corresponding to a value obtained by dividing the
pitch of the nicks or waveform of the reference peripheral
cutting edge by the number of the cutting edges, and the
amount of the deviation in the direction of the tool axis
from each of the corresponding reference phase by an amount
corresponding to 3% or less {excluding 0%) of the pitch of
the peripheral cutting edge, prefarably, an amount
correspanding to 1% to 3% of the pitch. This end mill not
only suppresses chattering vibration, but alsoc breaks chips
properly, can stably rotate at high speed, and has an
extended service life.

[A079]

The end mill according to another invention in which
the radius of curvature of the tool-end-side rounded portion
of each nick is made smaller than the radius of curvature of
the tool-shank-side rounded portion of each nick and the
bottom end of each nick is connected with the togl-~-shank-—
side round portion via a portion having a novel shape has a
higher chipping resistance. Accordingly, stable machining
can be performed without occcurrence of fracture or chipping.
Therefore, according to the present invention, there can be

provided a nicked carbide end mill which can perform high-
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efficiency rough machining and high-efficiency semi-finish
machining through high-speed cutting, and which has a long
service life. BAlso, the nick shape according to the present
invention improves the cutting performance of the end mill,
to thereby reduce line-shaped marks on a machined surface.
Accordingly, a workpiece can be machined to have an
accurately machined surface.

[0080]

Moreover, in the end mill of the preszent invention, a
cutting edge portion formed of carbide is detachably
attached to a ktegl-holding portion. Therefore, when the
cuktting edge porticn wears, the cutting edge pertion can be
exchanged individually For new one of the the end mill of
the present invention maintaining of the above-mentioned
effects, such as enhanced chip-breaking performance and
enhanced chip-removing performance, realized through
employment of the novel gash shape and the novel shape of
the wavy peripheral cutting edges or the nicked peripheral
cutting edges.

[0081]

An end mill hawving wavy or nicked peripheral cutfing
edges according to the present invention can be rotated at a
speed at least 1.5 times that of a conventional end mill
whose peripheral cutting edges have no phase deviation in
the direction of the togl axisz. In particular, the hard
coat applied to the peripheral cutting edges enables stable

high-efficiency machining.
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[QDB2]

The carbide end mill of the present invention which is
coated with a hard coat can have improved characteristics,
can perform cutting at high speed, and can have a long
service life, thanks to synergetic effecks; i.e., the
combinatbion of the effects of the novel shape of the tool
which can disperse cutting resistance and can suppress
chattering vibration to thereby prevent accidental
occurrence of fracture or chipping even when the carbide end
mill performs high-speed cutting, and the effect of the hard
coat which prevents oxidation and wear caused by severe
high-speed cutting.

[0DOE3]

Spacifically, the end mill of the present invention can
machine at a cutting speed (peripheral speed) greater than
200 m/min, unlike the conventional end mill whose peripheral
cutbing edges have no phase deviation in the direction of
the tool axis. Such an effect of high-efficiency machining
is attained by the synergetic effect of the novel shape of
the end mill and the hard coat of the present invention.

[0CB4]

The peripheral cutting edges and gashes covered by the
hard coat may be the wavy peripheral cutting edges or the
nicked peripheral cutting edges of the present inventicn.
When the hard ceat covers not only these novel periphsral
cutting edges but alsc all the gash portions which satisfy

the above-described condition for the gashes shape, damage
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to carbide caused by removal of chips can be suppressed to
the greatest possible extent.

[0085]

Although a carbide end mill is expeacted that it might
have a longer service life as compared with a conventional
end mill formed of high—-speed tool ateel, a nick of fractuxe
iz always worried at the cutting edges, because the carbide
end mill is formed of a brittle material. According toc the
present invention, there can be provided a carbide end mill
with hard coat which can prevent chipping or breakage of the
cutting edges and which has a long service life.

[00B&]

Since the nicked carbide end mill of the present
invention is configured such that the phases of the nicked
paripheral cutting edges are shifted from one another,
chattering vibration can be suppressed without causing
fracture or chipping. Accordingly, the prasent invention
can perform high-efficiency rough machining or high-
efficiency semi-finishing machining at a feed rate of 1000
mm/min ¢r greater, and can have a long service life.

[0087]

The carbide end mill of the present invention in which
the gash shape is optimized within a range defined in the
present invention can cope with warious types of machining
such as longitudinal-feed cutting, lateral-feed cutting, and
oblique cutting. Therefore, the carbide end mill of the

present inwvention can perform varicus types of machining
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operations, from high-efficiency rough machining te high-
efficiency semi-finishing machining, through high-speed
cutting, and can have a long service life.

fO0OBE)

specifically, any of the carbide end mills of Lhe
prasant invention can perform, at the time of lateral-feed
cutting, high-efficiency machining in which cutting speed is
made at least 1.5 times the cutting speed of a conventional
end mill whose cutting edges have no phase shift in the
diraction of the tool axis, while greatly suppressing
chattering vibration. Moreover, the carbide end mill of the
present invention in which the gash shape is optimized can
perform, at the time of oblique cutting, high-efficiency
machining in which cutting speed is made at least 1.5 times
the cutting speed of the conventional end mill.

[00B2]

The carbide end mill of the present invention can be
manufactured in the same manner as ordinary end mills,
becanse the cutting edges are not separated unegually.
Therefore, the carbide end mill of the present invention can
be easily manufactured at lowser cost. Furthermore, singe
all the flutes of the cutting edges have the same shapea,
chips are removed uniformly, and excellent chip removability
is attained. Thus, the carbide end mill of the present
invention can have a consistent service life, and can
perform high-speed Cuttingf

[0020]
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The carbide end mill according to the present invention
can perform high-efficiency machining for a wide range of
waorkpleces, including those formed of structural steel,
structural alleoy steel, die steel for ceold or hot working,
stainless steel, titanium alley, and super-heat-resistant
alloy, which workpisces have many applications in the market,

[Q0S1]

When a conventional end mill is used, the maximum
(Limit) tilt angle of the end mill during oblique cutting is
about 3°. In general, ordinary cobligue cutting is performed
while the ti1lt angle is set to about 3°. When the end milil
of the present invention is used, ordinary coblique cutting
can be performed while the tilt angle iz set to 20° or
greater. Therefore, even when a concave shape, such as a
pecket is machined, a drill is not regquired to be used in
combinakion with the end mill, and coperaticon of exchanging
the drill with the end mill and setup operation become
unnecessary. That is, according to the cutting methoed
performed by use of a carbide end mill of the present
invention, obligue cubtting, such as hele machining, can be
perfarmed eificiently, and, at the time of machining of a
pocket shapea, a number of btool exchange operations and setup
operations can be reduced, whereby the process can be

shortenad, and the machining time can be shortened.

BRIEF DESCERIPTICON OF THE DRAWINGS

[00922]
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FIG. 1 is an overall schematic view of a carbide end
mill showing one embodiment of the present invention.

FIGS5. 2{a} and 2(b) are enlarged cross—-secitional views
of a peripheral cutting edge taken aleng line A-A' of FIG. 1,
wherein FIG. Z2(a) is an enlarged cross—-sectional view of a
wavy peripheral cutting edge, and FIG., 2{b) is an enlarged
crogss—-sectional view of a nicked peripheral cutting edge.

FIG. 3 is a development figure showing the phases and
pitch of the wavy peripheral cutting edges of a conventional
end mill in which the peripheral cutting edges have no phase
deviation.

FIG. 4 is a development figure showing the phases and
pitch of the wavy peripheral cutting edges of a carbide end
mill of the present invention.

FIG. 5 is a development figure showing one embodiment
of the present invention in which one pair of wavy
peripheral cutting edges of adjacent wavy peripheral cutting
edges has no phase deviation from the respective reference
phases lined up in a pitch of the reference peripheral
cutting edge, wherein the same distance of the reference
prhase is an amount corresponding to a value obtained by
dividing the waveform pitch by the number of the cutking
edges—and one cutting edge is deviated from the
corresponding reference phase.

FIG. 6 is a development figure showing the pitch of
nicks and the phase of nicked peripheral cutting edges of a

conventional end mill in which the peripheral cutting edges
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have no phase deviation.

FIG. 7 is a development figure showing the pitch of
nicks and the phase of nicked peripheral cutting edges of a
carbide end mill of the present invention.

FIG. B is a development figure showing one embodiment
in which a pair of nicked peripheral cutting edges of the
adjacent nicked peripheral cutting =dges has no phase
deviation from the respective reference phase ranged by
equal distance of the reference peripheral cutting edge,
which egqual distance is obtained by dividing the nick pitch
by the number of the cutting edges of the peripheral cutting
edge.

FIG. 9 is a graph showing cutting resistance for a
conventional end mill in which the phases of cukting edges
are shifted from cone anther by an equal amocunt,

FIG. 10 is a graph showing cutting resistance for a
conventional end mill in which cutting edges are separated
unegqually.

FIG. 11 is a graph showing cutting resistance for the
case where cutting operation is performed by use of the
carbide end mill of the present invention in which the
phases of the waveform peripheral cutting sdges are deviated
by an amount corresponding to 2% the waveform pitch which
falls in a desired range of the present invention from the
respective reference phases arrayed in equal distance which
equal distance is obtained by dividing the waveform pitch by

the number of the cutting edges of the peripheral cutting
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edga.
FIG. 12 is an enlarged view of end cutting edges of FIG.
1 and neighboring portions.

FIG. 13 is a partial cross-sectional view taken along
line £-C' of FIG. 12 schematically showing the shape of a
gash taken along a plane parallel to a firsk gash surface,

FIG. 14 1is an owverall schematic wiew of a nicked
carbide end mill showing one embodiment of the present
invention.

FIG. 15 iz an enlarged cross-sectional view of a nicked
peripheral cutting edge of FIG. 14, taken along line B-B',
that is taken along a cutting plane parallel to a line
representing the helix angle of the end mill, for the case
where the bottom end of each nick is connected to a tool-
shank-side rounded portion wia a straight portion.

FIG. 16 is a view corresponding to FIG. 15 for the case
where the bottom end of each nick 15 connected to a tool-
shank-side rounded portion via a curve portion convexed
toward the nick groove.

FIG. 17 iz a view corresponding to FIG, 15 for the case
where the bottom end of each nick is connected to a tool-
shank—-side rounded portion via a strailght peortion and a
curve portion convexed toward the nick groowve,

FIG. 18 shows a conventional nicked carbide end mill in
which the bottom end of each nick is connected to a tool-
shank-side rounded portion via a curve portion convexzed

toward the direction opposite the nick groove.
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FIG. 13 i5 a view showing the nick shape described in
Patent Document 3 in which a portion connecting each nick
and a corresponding peripheral cutting edge portion has a
sharp edge shape.

FIG. 20 i3 a view corresponding te FIG. 1% and showing
a2 rounded nick shape described in Patenk Document 4.

FIG. 21 is a view showing the nick shape described in
Patent Document 4 in which a connection portion between each
nick and a corresponding peripheral cutting edge has a
radius of curvature smaller than that of a concave circular
portion forming the nick groove, and the radius of curvature
iz made equal bhetween the tool end side and the tool shank
side.

FIG., 22 1is a view corresponding to FIG. 21 and showing
the nick shape described in Patent Document 4 in which the
radius of curvature on the tool shank side is made larger
than that on the tool end side.

FIG. 23 15 a development figure showing kthe pitch of
nicks and the phase of paripheral cutting edges of a
conventional nicked carbide end mill in which the peripheral
cutting edges have no phase deviation.

FIG, 24 is a development figure showing the pitch of
nicks and the phases of peripheral cutting edges of the
nicked carbide end mill of the present invention.

FIG. 25 is a development figure showing one embodiment
of the present invention in which a pair of nicked

peripheral cutting edges of the adjacent nicked peripheral
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cubttbting edges has no phase deviation from the respective
refarence phases arrayed in squal distance which equal

distance is obtained by dividing the nick pitch by the

number of the cutting edges and one cutting edge is
deviated from the corresponding reference phase.

FIGS. 26{a) and 26(b) are views corresponding to the
cross—-sectional view of a peripheral cutting edge of FIG. 1
taken along line A-A' and showing a hard ceoat applied to the
carbide end mill of the present invention, wherein FIG,
26{a) is an enlarged cross—-seckicnal view of a wavy
paripheral cutting edgse, and FIG. 26{(b} is an enlarged
cross-secticnal wiew of a nicked peripheral cutting edge.

FIG. 27 is an overall schemaktiec view of an end mill
showing one embodiment of the present inventicn configured
such that a cutting edge portion is detachably attached to a
tool-holding portion.

FIG. 28 shows, for comparison, a flowchart of a process
in which engraving is performed by use of a conventiconal end
mill and a flowchart of a process in which engraving is
performed by use of an end mill according te the present
invention.

FIG. 292 is a view showing an example laminakte structure
of a hard coat suitable for a hard-coat-ceoated end mill of
the present invention, the hard coat being composed of an
putermost layer and an innermost layer.

FIG. 20 is a view showing an example laminate structure

of a hard coat suitable for the hard-coat-coated end mill of
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the present invention, the hard coat being a composite layer
formed by repeating an operaktion of laminating a first layer
having substantially the same compositicon as the innermost
layer and a second layer having substantially the same
compesition as the outermost layer is repeated atbt least cnce.
FIG. 21 ig a view showing an example laminate structure
of a hard coat suitahle for the hard-coat-coated end mill of
the present invention, the hard coat being composed of an
outermost layer, an intermediate layer, and an innermost

layer.

MODE FOR CARRYTHG OUT THE THNVENTION

[0093]

Embodiments of the present invention will now be
described with reference to FIGS. 1 to 31, while comparing
with conventional examples. In the case of the embodiments
of the present invention described below, hard coat is not
necessarily reguired. Howewvar, desirably, hard coat is
provided in order to improve performances. FIG. 1 is an
orerall schematic view of a carbide end mill showing cne
embodiment of the present invention. FIG. 1 shows an example
carbhide end mill which has a toel diameter D and has flutes
16 for chip removal and four peripheral cutting edges 1 on
the periphery therecf. The peripheral cutting edges are
wavy peripheral cutting edges extending from a tool end side
2 toward a shank side 3. The number of the cutting edges

can be changed as needed so long as the number of the
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cuktting edges is two or more, which enables phase shift
among the cutting edges. For example, in the case where the
end mill is used to cut aluminum or the like, the number of
the cutting edges is set to two or so in order to make chip
pockebs for chip remowval a little larger. In the case where
he end mill is used to cuk hard material, the number of the
cutting edges can be increased up to eight so as to cope
with high feed rates.

[0024]

FIGS. 2{a} and 2{b} are enlarged cross-secticonal views
of a peripheral cutting edge taken along line A-A' of FIG. 1.
FIG. 2{a} 1s an enlarged cross-sectional view of a wavy
peripheral cutting edge. As shown in FIG. 2, a normal wavy
cutting edge has a waveform whose wave height is indicated
by 5 and which includes crest portions & and trough portions
T repeatedly appearing at a waveform pitch 4. FIG. 2{b} is
an enlarged cross-secticonal view of a nicked peripheral
cutting edge. Each nicked peripheral cutting edge has a
shape which has & nick {depth i35 dencoted by 9} and which is
repeated at a nick pitch 8, which is the interval aof
intersections 20 between the peripheral cutbting edge and
nicks. Thus, the nicked peripheral cukting edge can break
chips to thereby reduce cutting resistance.

[0095]

The waveform pitch and phases of wavy peripheral
cutting edges of the carbide end mill of the present

invention and those of a conventional end mill will be
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described for comparison with reference teo FIGS. 3 to 5.
FIG. 3 iz a development figure showing the phases and pitch
of the wavy peripheral cutting edges of & conventional end
mill in which the peripheral cutting edges have no phase
deviation. FIG. 4 is a development figure showing the
phases and pitch of the wavy peripheral cutbttbting edges of a
carbide end mill of the present invention. FIG. 5 is a
development figure showing the one embodiment of the present
invention in which one pair of wavy peripheral cutting edges
of adjacent wavy peripheral cutting edges has no phase
deviation from respective reference phases——which are
shifted from one ancother by an amount corresponding to a
value obtained by dividing the waveform pitch by the number
of the cutting edges——and one cutting edge is deviated
from the corresponding reference phase. Notably, in FIGS. 2
to 5, the positions of crest portions of the waveform are
indicated by circular marks.

[009%&]

As shown in FIG. 3, in the case of the conventional end
mill, a first wavy peripheral cutting edge, which is
illustrated at the top in the drawing, is a reference
peripheral cutting edge 10. A waveform pitch 4, which is a
distance from a certain crest porticon to the next crest
portion, (in the case of a nicked peripheral cutting edge, a
nick pitch 8, which is a distance from the intersection of a
certain peripheral cutting edge with a certain nick to the

next intersection of the next peripheral cutting edge with
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Lhe next nick) is divided by four so as toc obtain each
reference phase 14. The remaining peripheral cutting edges
are disposed such that crest peortions of second, third, and
fourth wavy peripheral cutting edges 11, 12, and 13 are
successively arranged with the distance of the each
reference phase 14 {every 1/4 the pitch of the reference
peripheral cutting edge 10) therebetween.

[0097]

In such an arrangement, the reference phase 14 between
the crest portions of a certain wavy peripheral cutting edge
and those of a wavy peripheral cutting edge adjacent thereto
is constant among all the wavy peripheral cutting edges.
Therefore, the amount of cutting of a workpiece by the end
mill is equally shared by each of the wavy peripheral
cutting edge. In the case where each cutting edge cuts the
workpiece in the same amount, resonance occurs during
machining, as in the case of an equal separation end mill,
which has been described in the pricr art sectieon.
Therefore, chattering vibration is apt to be generated.

[0098]

In contrast, in the case of the end mill of the present
invention, as shown in FIG. 4, the crest portion of the
phases of the second wavy peripheral cutting edge 11 which
are disposed adjacent to the reference peripheral cutting
edge 10, and the phase of the fourth wavy peripheral cutting
edge 13, are shifted egqually by a deviation amount 15 from

each of the reference phase 14 wherein the distance of esach
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reference phase 14 is obtained by dividing the waveform
pitch 4 by four. 3Specifically, the deviation amcunts 15 of
the reference phases 14 of the wavy peripheral cutting edges,
other than the reference peripheral cutting edge 10, are
determined such that the phase of at least one wavy
peripheral cutkbing edge is deviated by an amoant
corresponding to 5% or less (excluding 9%} of the waveform
pitch 4 of the reference peripheral cutting edge 10 in the
direction of the tool axis from the corresponding reference
phase 14, the distance of the reference phase 14 obtained by
dividing the wavy form pitch 4 by four.

[0D99]

One of the embodiment of the carbide end mill of the
present invention shown in FIG. 4 is that the waveform pitch
4 of the reference peripheral cutting edge 10 is 1 mm and
the reference phase 14 1s obtained by dividing 1 mm of
waveform pitch 4 by four that is the number of the wavy
peripheral cutting sdge. In =such a case, the deviation
amount 15 of the phase of the second wavy peripheral cutting
adge 11 from the corresponding reference phase is 0.02 mm
{2% the waveform pitch 4), the deviation amount 15 of the
phase of the third wavy peripheral cutting edge 12 from the
correspending reference phase is 0 mm, and the deviation
amount 15 of the phase of the fourth wavy peripheral cutkbing
edge 13 from the corresponding reference phase is 0,02 mm
{2% the waveform pitch 4}. The deviation amount 15 assumes

a pesitive value when the phase is deviated toward the shank
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side 3, and a negative value when the phase is deviated
toward the tool end side 2.

[0100]

In the case of another end mill of the present
invention shown in FIG. 5, peaks of the phase of the second
wavy peripharal cuotting edge 11 disposed next to the
reference peripheral cutting edge 10 is deviated fraom the
corresponding reference phase by the deviation amount 15,
and the phases of the adjacent third wavy peripheral cutting
edge 12 and the fourth wavy peripheral cutting edge 13 are
not deviated from the corresponding reference phase 14 of
the reference phases. The deviation amounts 15 of the
phases of at least one wavy peripheral cutting edges, other
than the reference peripheral cutting edge 10, are
determined such that the deviation amount 15 ig 5% or less
{excluding 0%) of the waveform pitch 4 of the reference
peripheral cutting edge 10 and the peripheral cutting edge
with that deviation amount 15 from the reference phase 14 is
set to the direction of tool axis. 2As described abowve, the
carbide end mill is configured such that the carbide end
mill has three or more wavy peripheral cutting edges: at
least a pair of peripheral cutting edges of the adjacent
peripheral cutting edges has no phase deviation from the
respective reference phases; and the amounts of deviation of
the remaining peripheral cutting edges from the respective
reference phases are unegqual from cone another. Even in such

a case, chattering vibration can be suppressed, and high-

56



efficiency machining can be performed through high speed
cutting.

[0101]

An example of the end mill in which the phase of only
one cutting edge is deviated from the corresponding
reference phase will be described below. A small-diameter
end mill used to form a groove in a workpiece often has
three {odd number) cutting edges in order to secure chip
removeal. In such a case, according to the specifications
described in Patent Document 1, 21l the deviation amounts 15
from the reference phase 14 of the mutually adjacent
peripheral cutting edges are rendered different from one
another. In contrast, according Lo the present invention,
the deviation amount 15 from the reference phase 14 is
limited to only one peripheral cutting edge.

[0102]

In the case of an end mill which has five (odd number)
cutting edges, according to the specifications described in
Patent Document 1, ktwo kinds of deviation amcunts 15 from
the reference phases are required. In conktrast, according
ta the present invention, only cne type of deviaticn amount
15 from the reference phases 14 is regquired. Even in such a
case, chattering vibration can be suppressead, high-
efficiency machining can be performed through high-speed
cutting, and service life can be extended according to the
present invention.

[0103]
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In the carkbide and mill of the present invention, as
described above, when the positions of the crest peortions of
cach wavy peripheral cutting edge are deviated, the amount
of cutting of a workpiece by the end mill is unequally
shared by the cutting edges, whereby chattering vibration
can be suppressed.

[0104]

The results of an experiment in which cutbting
resistance and chattering wibration were measured for a
conventional end mill in which peripheral cutting edges have
no phase deviation and a carbide end mill of the present
invention, will be described with reference to FIGS. 9 to 11.

[0105]

FIG. 9 is a graph showing cutting resistance for a
conventional end mill in which the phases of cutting edges
are shifted from one anther by an equal amcunt. FIG. 10 is
a graph showing cutting resistance for a conventional end
mill in which cutting edges are separated unequally. FIG.
11 is a graph showing cutting resistance for Lhe case where
cutting operation is performed by use of a carbide end mill
of the present invention. The end mill of Ehe presant
invention has peripheral cutting edges in which phases are
deviated from the respective reference phases of peripheral
cutting edge. The respective reference phase is arranged
equally with the distance value cobtained by dividing the
pitch of the wave by the number of the cutting edge. The

amcunt of the deviation is 2% the waveform pitch, which
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falls within a preferred range of the present invention in
Fig.11.

[0106]

L workpiece was formed of structural steel, and an end
mill used For measurement was formed of carbide, and had a
tool diameter D of 8 mm and four cutting edge=s. Data were
acguired in a state in which the end mill was forming a
groove in the workpieces under the following cukbting
conditions: N = 8000 rpm {Vc = 200 m/min); v = 2000 mm/min
(fz = 0.0% mmftooth), and axial cutting amount = 8§ mm.
Chattering wvibration was determined Ffrom the amplitude of
the waveform of cutting resistance.

[0107]

as shown in FIG. 9, in the case of the convenktional end
mill in which the cutting edges had no phase deviation, the
amplitude of the waveform of cutting resistance was 251.9 N
{(Newton). This means Ehat a cutting force acts on a
workpiece at a period corresponding to a value obtained by
multiplying the rotational speed at the time of cutting by
the number of the cutting edges, and resonance occurs at a
frequency corresponding to that period;, whereby chattering
vibration is generated, In particular, during high-speed
cuktking, resonance is more likely to occur, and the
magnitude of chattering wvibration increases. As shown in
FIG. 10, in the case of the conventional end mill in which
cutting edges are separated unequally, the amplitude of the

cutting resistance waveform was 151.9 N. 2As shown in FIG.
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11, in the case of the end mill of the present invention,
the amplitude of the cutting resistance waveform was 146.1 N,
and the amplitude ¢fF the cutting resistance waveform of the
end mill of the present invention was the smallest.

[0108]

The end mill of the present invention 15 configured
such that the end mill includes a plurality of wavy
peripheral cutkting edges each having alternate crest
portions and trough portions. When a certain peripheral
cutbing edge is considered a reference peripheral cutting
edge with the egually distant reference phases which
distance 1s obtained by dividing the wave pitch of the
reference peripheral cutting edges by the number of the
cutting edges, and the phase of at least one of the
remaining peripheral cuttbting edges is deviated in the
direction of the tool axis from the corresponding reference
rphase of the reference peripheral cutting edges by an amount
corrasponding to 3% or less (excluding 0%) of the waveform
pitch. When the end mill of the present invention is used,
the amount of cut by an edge slightly differs ameng =ach of
the peripheral cutting edges. Therefore, even when high-
speed cutting is performed, cutting resistance is dispersed,
and cutting load becomes stable, whereby chattering
vibratiocn can bhe suppressed.

[0109]

The reascn for determining the phase dewviation amount

such that it becomes equal to or less than 5% (excluding 0%}
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of the waveform pitch will be described below., In the case
where the phase deviation amount is greatbter than 5%, bthe
amount of cutting greatly differs among the peripheral
cutting edges, and cutbttbting load concentrates on the
paripharal cukting edge having the largest phase deviation
amount. Accordingly, breakage of the tool or chipping of
the wavy peripheral cutting edge occurs, whereby the service
life of the end mill becomes short as a whole.

[0118]

Fatent Document 1 discloses an example in which cutting
was performed by use of an end mill which was formed of
high-speed steel and in which the phase deviation amount was
sat to about 6%. If high-speed cutting is performed by use
of an end mill of the present invention whose base makterial
is carbide and in which the phase deviation amount was set
to the same value, wvariation of cutting load increases, and
chipping occurs at the wavy peripheral cutting =dge having
the largest deviation amount.

[0111]

In the case where a workpliece formed of a material
having a good machinability such asz cast iron is machinad by
use of an end mill whose base material is high-speed tool
steel having a high toughness at a cutting speed of 80 m/min
or less, the workpiece can be machining without problem.
However, in the case where a carbide end mill is used for
performing higher-efficiency machining, the above-mentioned

phase deviation amount of 6% is excessively large, and the
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problems of chipping, fracture, etc. occur. This was
confirmed through an experiment in an example to be
described later.

(0112]

At present machining sites where dies and parts are
machined, there is required an end mill which can machine a
hardened material having a hardness greater than 40 HRC, as
wall as steel not having hardening treatment. End mills
formed of high-speed tocl steel cannct satisfy the above-
mentioned need, irrespective of their shapes, bhecause their
service lives become extremesly short.

[0113]

In order to enable high-efficiency machining or cutting
of 3 hard material, which is common in such machining sites,
the present invention provides a carbide end mill in which
the phases of the wavy peripheral cutting edges are deviated
optimally and which is characterized by the phase deviation
amount which prevents fracture or chipping during high-speed
cutting. The phase dewviation ameunt is set to 5% or lesas.
Desirably, the phase of at least one wavy peripheral cutting
edge is deviated in the direction of the tool axis from the
corresponding reference phases of the reference peripheral
cutting edge by 1% to 3% the waveform pitch.

{0114]

As described above, the carbide end mill of the present
invention in which the phases of the wavy peripheral cutting

edges are deviated can be used to machine a workplece formed
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of structural steel, =tructural alloy steel, die steel for
cold or hob working, hot-relled die steel, sktainless steel,
Eitanium alleoy, or super-heat-resistant alleoy. Ewven in such
a case, chattering vibration can be suppressed, breaking of
chips can be performed properly, the end mill of this
inventien can be =stahly rotated at high speed, and the end
mill can have an extended service life.

[0115]

Next, a carbide end mill of the presant invention which
haz nicked peripheral cutting edges will be described. FIGS.
& to 8 are development figures which show, for comparison,
the nick pitch and phases of nicked peripheral cutting edges
af a carbide end mill of the present invention and those of
a conventional end mill. FIG. & is a development figure
showing the pitch of nigcks and the phase of nicked
peripheral cutting edges of a conventicnal end mill in which
the peripheral cutting edges have no phase deviation. FIG.
7 is a development figure showing the pitch of nicks and the
phase of nicked peripheral cutting edges of a carbide end
mill of the present invention. FIG. & 1s a develgppment
Figure showing one embodiment in which a pair of nicked
peripheral cutting edges of the adjacent nicked peripheral
cutting edges has no phase deviation from the respective
reference phases with egual distances which are obtained by
dividing the nick pitch by the number of the cutting edges,
and one cutkting edge is deviated from the corresponding

reference phase. HNotably, in FIGS. 6 to 8, the positions of
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intersections between the peripheral cutting edges and nicks
are Iindicated by circular marks.

[0116]

As shown in FIG. 6, in the case of the conventional end
mill, a first nicked peripheral cutting edge, which is
illustrated at the top in the drawing, is a reference
peripheral cutting edge 10. A nick pitch § iz a distance
from the intersecticon 20 between a certain nick and the
reference peripheral cutting edge 10 to the next
intersection 20, Each reference phase 14 is obtained by
dividing the nick pitch B by four, and the remaining
peripheral cutting edges are arranged such that the
intersections 20 between the corresponding nicks and the
second, third, and fourth nicked peripheral cutting edges 17,
18, and 19 are successively arranged with same distance of
the reference phase 14 {1/4 the pitch of the reference
peripheral cutting edge 10) therebetween.

[0117]

In such an arrangement, the reference phase 14 between
the intersections 20 of a certain nicked peripheral cutting
edge and those of a nicked peripheral cutting edge adjacent
thereto is constant amocng all the nicked peripheral cutting
edges. Therefore, the amount of cutting of a workpiece by
the end mill is equally shared by each of the nicked
peripheral cutting edges. In the case where each cutting
edge cuts the workpiece in the same amount, resonance oCCurs

during machining, as in the case of an egual separation end
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mill, which has been described in the prior art section.
Therefore, chattering wvibraticon is easily generated.

[0118]

In contrast, in the case of the end mill cof the present
invention, as shown in FIG. 7, The intersection 20 of a
certain nick and each of the second nicked peripheral
cutting edge 17 which are disposed adjacent to the reference
peripheral cutting edge 10, and the fourth nicked peripheral
cukting edge 19, are deviated from respective ones of the
reference phases 14 in the direction of the tool axis by a
deviation amount 15. The value of the reference phase 14 is
obtained by dividing the nick pitch B by four—by a
deviation amount 15, Specifically, the deviation amounts 15
of the phases of the second nicked peripheral cutting edge
17 and the fourth nicked peripheral cutting edge 19 are
determined such that the phase ofi at least one nicked
peripheral cutting edge is dewiated in the direction of the
tocl axis from the corresponding reference phase 14, by an
amount corresponding to 5% or less (excluding 0%) of the
nick pitch 8 of the reference peripheral cutting edge 10.

[0119]

FIG. 7 shows an example carbide end mill of the present
invention configured such that the nick pitch B of the
reference peripheral cutting edge 10 is L mm. In such a
case, the deviation amount 15 of the phase of the second
nicked peripheral cutting edge 17 from the corresponding

reference phase 14 of the reference peripheral cutting edge
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i=s 0.02 mm (2% the nick pitch 8), the deviation amount 15 of
the phase of Che third nicked peripheral cutting edge 1B
from the corresponding reference phase 14 is 0 mm, and the
deviation amount 15 <f the phase of the fourth nicked
peripheral cutting edge 19 from the corresponding reference
phase 14 is 0,02 mm (2% the nick pitch 8). The deviation
amount 15 18 defined as a positive valvue when the phase is
deviated toward the shank side 3, and a negative value when
the phase is deviated toward the tool end side 2.

[0120]

in the case of another end mill of the present
invention shown in FIG. B, the intersection 20 of a certain
nick and the second nicked peripheral cutting edge 17
disposed next to the reference peripheral cutting edge 10 is
deviated from the corresponding reference phase 14 by the
deviation amount 15, and the phases of the adjacent third
nicked peripheral cutting edge 18 and the fourth nicked
peripheral cutting edge 19 are not deviated from the
corresponding reference phases 14.

[0121]

In FIG., 8, the deviation amounts 15 of the phases of
the nicked peripheral cutting edges, other than the
reference peripheral cutting edge 10, from the respective
reference phases 14 are determined such that the deviation
amount 15 of the phase of at least one nicked peripheral
cutting edge from the corresponding reference phase 14 is 5%

or less {excluding 0%) of the nick piteh B of the reference
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peripheral cutting edge 10. Furthermore, as in the same
manner of the akove-menticoned carbide end mill of the
present invention which have wavy peripheral cutting edges
and in which only one of the peripheral cutting edges has
the phase deviation amount 15, when the number of the
cutting edges is an odd number, by means of making the phase
deviation amount 15 of only one peripheral cutting edge
different from those of the remaining peripheral cutting
edges, the end mill can suppress chattering vibration, can
perform high-efficiency machining through high speed cutting,
and can have an extended service life.

The reason for configuring the carbide end mill of the
present invention having nicked peripheral cutbing edges
such that the deviation amount 15 of the phase of each
peripheral cutkling edge becomes equal to or less than 5%
{excluding 0%) of the nick pitch 8 will be described below.
In the case where the phase deviation amount is greakter than
5%, the amount of cutting greatly differs ameong the
peripheral cutting edges, and cutting lead concentrates on
the peripheral cutting edge having the largest phase
deviation amount. Accordingly, Dbreakage of the toeol or
chipping of the nicked peripheral cutting edge occurs,
whereby the service life of the end mill becomes short as a
whole. FPreferably, the phase of each nicked peripheral
cutking edge is deviated in the direction of the tool axis
from the corresponding reference phase 14 by 1% to 3% the

nick pitch 8.
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[0122]

&5 described above, the carbide end mill of the present
invention in which the phases of the nicked peripheral
cubting edges are deviated from the respective reference
phases can be used to machine a workpiece formed of
gstructural steel, structural alloy steel, die steel for cold
or hot working, stainless steel, titanium alloy, or super-
heat-resistant alloy. Ewen in such a case, chattering
vibration can be suppressed, breaking of chips can be
performed properly, the end mill can be stably rotated at
high speed, and the end mill can have an extended service
life.

[0123]

The distinctive nick shape of the nicked carbide end
mill of the present invention will be described, together
with the nick shape of a conventional end mill, for
comparison with reference to FIGS. 14 to 22. FIG, 14 is an
overall schematic view of a nicked carbide end mill showing
one embodiment of the present invention. As shown in FIG.
14, the end mill ¢of the present invention has an end mill
body which has a tool diameter D and which has a plurality
of peripheral cutting edges 1 having a helix angle @. Nicks
34 for breaking chips are provided on the outer
circumference of the end mill body at predetermined
intervals from the tool end side 2 toward the shank side 2.

[0124]

The detailed cross-sectional shape of the nicks 34 of
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the nicked carbkide end mill of the present invention will be
described with reference to FIGS. 15 ko 17. The detailed
cross—sectional shape of the nicks 34 of a conventional
nicked end mill will ke described with reference to FIGS. 1B
to 22. FIG. 15 is an enlarged cross-sechtional view of a
nicked peripheral cutting edge of FIG. 14, taken along line
BE-B', that is taken along a cutting plane parallel to a line
representing the helix angle of the end mill, for the case
where the bottom end of each nick groove is connected to a
tool-shank-side rounded portion via a straight pertion.

[0125]

Since each peripheral cutting edge of the end mill has
a predetermined helix angle 8, the B-B' c¢ross secticon is a
cross section of nicks and a peripheral cutting edge taken
along a cutting plane parallel to a line representing the
helix angle of the end mill. MHotabkly, in FIGS. 15 ko 17,
which show an axample end mill of the presant invenkion and
FIGS. 1B and FIGS. 20 to 22 which show a conventional end
mill, for convenience, the radius of curvature of an
circular porticon {(rounded portion} 35 present on the tocl
end side of each nick is presented by R1, and the radius of
curvabture of an circular portion (rounded portion] 36
present on the shank side of the nick is presented by R2.
Hatching in each of FIG3. 15 to 22 indicates a cross section
of an end mill.

[0126]

In the nicked carbide end mill of the present invention,
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each nick 34 is configured such that each nick groove 392 is
connected to the corresponding peripheral cutting edge 1 via
the tool-end-side rounded portion 35 having the radius Rl of
curvature and the tool-shank-side rounded portion 36 having
the radius R2 of curvature. The curvature radius Rl of the
tool-end-side rounded portion of esach nick is rendered
smaller than the curvature radius R2 of the tool-shank-side
rounded portion of sach nick. Furthermore, preferably, a
bottom portion 37 of each nick groove 2% has a concave shape,
and is connected, at a bottom end 3B of the nick groove 39,
to the tool-shank-side rounded portion (having the curvature
radius RZ2} wia a straight portion or a convex curve.

[(0127]

In the nicked carbide end mill of the present invention,
the bettom end 38 of each nick groove is connected to the
tool-shank-side rounded portion 26 by one of three methods,
as shown in FIGS. 15 to 17. In the representative example
already described with reference to FIG. 15, the bottom end
of esach nick groove is connected to the bool-shank-side
rounded portion wvia a straight portion. In an example shown
in FIG. 16, the bottom end of each nick groove is connected
to the tool-shank-side rounded portion wia a curve portion
convexed toward the nick groove., In an example shown in FIG.
17, the bottom end ¢f each nick groove is connected to the
tool-shank-side rounded porticon via a combination of curve
portion convexed toward the nick groove and a straight

porkion.
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[0128]

High-speed cutting becomes possible through
optimization of the phase deviation amount, which is another
shape-related feature of the present invention. However, in
the case where machining is performed under conditions for
high-efficiency machining at a high feed rate, chipping may
occur and the accuracy of a machined surface may deteriorate
unless the nick =shape is further eoptimized. In such a case;
as better means, there can employed an improved nicked
carbide end mill of the present invenktion in which, as shown
in FIGS. 15 to 17, the tool-shank-side rounded portion 36
and the bottom end 3% of each nick groove are connected via
da shape selected from straight portien 40, a curve portion
41 convexed toward khe nick groove, and the convex curve
portion 41 combined with the straight portion 40. Since the
improved nicked carbide end mill has an increased strength,
stable cutting can be performed without causing chipping
further to the cptimizing of the phase deviation amount, at
a cutting speed 1.5 times or more, as compared with the case
where a conventional end mill is used.

[0129]

As compared with high-speed toecl steel having a
relatively high teoughness, which is used for cutting tools,
carbhide, which is the base material of the carbide end mill
of the present invention, is brittle. Therefore, in the
case where rough machining is performed by use of the

carbide end mill of the present invention at a cutting speed
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1.5 times or more the conventiocnal cutting speed,
optimization of the phase deviation amount, which is
unnecessary for end mills formed of high-speed tool steel,
becomes necessary. In addition, in order to stably perform
high-speed machining, which can be realized through
optimizaktion of the phase deviation amount, a severe shape
design must be applied for the nick shape. Therefore, in
the present invention, as measures against chipping during
high-speed cutting, it is more essential how to connect the
bottom end 38 of each nick groove and the tool-shank-side
rounded portion 36 via a straight portion and/or a curve
portion, which is one feature of the present invention, as
described above,

[01320)]

In the nicked carbide end mill ¢f rthe present invention,
desirably, the curvature radius Bl of the tool-end-side
rounded portion of each nick 34 falls within a range of
0.01D te 0.03D (D represents the tool diameter). When the
curvature radius Rl falls within this range, the strength of
the rounded portion connecting the nick 34 and the
peripheral cutting edge 1 on the tool and side 2 can be
increased, whereby chipping can be prevented. When the
curvature radius Rl of the tool-end-side rounded portion is
less than (.01D, the strength of the rounded portion is
relatively low, whereby chipping may occur during cutting.
When the curvature radius Rl of the tool-end-side rounded

portion exceeds 0.03D, a force with which a machined surface
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is pressed toward to the tonl shank increases. As a result,
line-shaped marks remain on the machined surface, which
affects the accuracy of the machined surface.

[0131]

Desirably, the curvature radius R2 of the tool-shank-
side rounded portion of =ach nick 34 of the nicked carbide
end mill of the present invention falls within a range of
1.50 to 2.00 (D represents the tool diameter). In thisz case,
the nick 34 and the peripheral cutting sdge 1 is connected
together properly, whereby the rounded portion on the tool
shank side 2 of the nick groove 39 can have a sufficiently
large strength, and chipping can be prevented. Therefore,
high-efficiency machining can he performed at a high feed
rate. In the case where the curvature radius RZ2 of the
tocl-shank-side rounded porticon of each nick 34 is less than
1.5 kimes the teool diameter D, the sltrength is insufficient.
In the case where the curvature radius RZ of the tool-shank-
side rounded porticn of each nick 34 exceeds 2.0 times the
tool diameter D, cutting resistance increases. In esither
case, chipping is apt to occur.

[0132]

Desirably, the depth 9 of each nick of the nicked
carbide and mill of the present inventicon falls wikhin a
range of 0.01D to 0.05D. In the case where the depth % of
geach nick is less than 0.01D, the feed amount per single
cutting edge cannot be increased. In such a case, the nick

34 does not act efficiently. For example, in the case where
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the feed amount per single cutting edge is greater than the
depth 9 of each nick, instead of short chips, long
continuous chips are produced, which makes employvment of
high feed rate difficult. In contrast, in the case where
the feed amount per single cutting edge is less than the
depth % of each nick, employment of high feed rate becomes
impossible. In the case where the depth 2 of each nick
exceeds 0.03D, the strength of each cutting edge decreases,
and chipping may Dccﬁr. Therefore, in the case where the
depth 3 of each nick falls in the above-mentioned range of
this invention, chips can be broken more properly, and
cutting resistance decreases. Accordingly, high-efficiency
machining can be performed more reliably.

[0133]

Notably, the contour shape of three representative nick
grooves are shown in each of FIGS. 15 to 17. In the present
invention, each nick 34 must satisfy the essantial condition
that the curvature radius Rl of the tool-end-side rounded
portion is smaller than the curvature radius R2 of the tool-
shank-side rounded portion. However, all the nicks 34 de
not necessarily to have the same curvature radius R1 of the
tool-end-side rounded portion and the same curvature radius
R2 of the tool-shank-side rounded portion. However, since
it iz common to use a grinding stone for grinding the nick
grooves 39, desirably, all the nicks 34 have substantially
the same dimensicons. In this case, when the nicked carbide

end mill is manufactured, the same grinding wheel shape can
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be conveniently used to grind all the nick grooves 39.

[0134]

Both the inventions disclosed in Patent Document 3 and
Patent Document 4 are characterized by the shape of nicks.
As can be understood from the results of evaluation descried
in Table BZ, end mills {Conventiocnal Example B4 ko B7Y)
fabricated on the base of the shapes of these inventions,
have the following problems.

[0135]

As shown in FIG. 19, the shape of nicks described in
Patent Document 3 is such that the connected shape of a nick
34 and a peripheral cutting edge portien 1 has a sharp edge.
Large flank angles are provided at opposite ends of each
nick so as to secure sufficient strength in this case.
Howevear, this shape raises a big problem associated with
chipping resistance during high-efficiency machining.

[0136]

In particular, in the case where cuktking is performed
under conditiens for high efficiency by use of a nicked
carbide end mill in which the phase of the nicked peripheral
cutting edges are deviated frem the respective reference
phases with egual distances which are obtained by dividing
the nick pitch ¢f khe reference peripheral cutting edge by
the number of the cutting edges. If the nicks have edge
portions 432, which are angular; i.e., have sharp edges as
shown in FIG. 1%, which shows the cross-sectional shape of a

nick, the possibility of occcurrence of chipping is high. In
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this case, there arises a problem in that line-shaped marks
remain on a machined surface, and a sufficient surface
roughness cannct be cbtalned, Patent Document 3 describes
that the shape edge portions may be rounded. However, this
only disclosed an idea of rounding the sharp edge portions
within a commonly employed range. As shown in FIG. 20, the
edge portion 43 has a cuarvature radius Rl, and the tool-
shank-side rounded portion has a curvature radius R2Z. The
idea of reounding the sharp edge portions: as shown in FIG. 20
merely produces shapes similar to the basic shape shown in
FIG. 12,

[0137]

FIG. 21 is a view showing the nick shape described in
Patent Documenkt 4. In the nick shape shown in FIG. 21, a
connaction portion between each nick and a corresponding
peripheral cutting edge portion has a radius of curvature
smaller than that of a concave circular portion forming the
nick groove, and the radius of curvature is made equal
between the tool end side and the tool shank side.

FIG. 22 shows a nick shape which is similar to that
shown in FIG. 21 and which is also described in Patent
Document 4. In the nick shape of FIG. 21, the radius of
curvature on the tool shank side is made larger than that on
the toonl end side.

[0138]

In order to achieve the chject of the present

invention; i.e., in order to realize a machining efficiency
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{feed amount per =single cutting edge; rotaticnal speed} at
least two times the machining efficiency achieved by use of
a conventional end mill, only to round the sharp edge
portions within the bound of common sense is insufficient.
In order Eo achieve the object of the present invention, 1t
is important to determine the shapes of portions which
connect each nick 34a and the corresponding peripheral
cutting edge 1, including the relation between the radius of
curvature on the tool end side 2 and the radius of curvature
on the tool shank side 3, and it is also important to
determine the manner how to connect the curvature to the
nick grooves 39.

[(0129]

The present inventor carried studies on the optimum
sizes of the curvature radius Rl of the tool-end-side
rounded portion and the curvature radius RZ ¢f the tool-
shank-5ide rounded portiomn, the relation between the
curvature radius Rl and the curvature radius RZ2, and the
mannher in which the bottom portien 37 of each nick groove 1is
connected to bthe corresponding tool-shank-side rounded
porticon 36 in the case where the above-mentioned sizes fall
within respective desired ranges. As a result, the present
inventors succeeded in developing the nicked carbide end
mill which has a cutting performance for obtaining a semi-
finishing surface roughness (which cannot be attained by use
of a conventional end mill in which the portion which

connects each nick groove and the corresponding tool-shank-

7



side rounded portion assumes a mere partial circular shape),
and which has a sufficiently high chipping resistance of the
nick.

[0140]

A desired nick shape of the nicked carbide end mill of
the present invention i1s such that the tool-shank-side
rounded portion is connected to the bottom end of the nick
areoove via a straight portion, a curve portion convexed
toward the nick groove, or a combination of the straight
portion and the convex curve portion. This shape increases
the strength of the nick consicderably.

[0141]

in contrast, in each of the conventional end mills
shown in FIG5. 21 and 22, each of which shows a cross
section of nicks, the bottom portion of each nick groove
assumes a partial circular shape, and, therefore, as viewed
in the c¢ross section, the surface of each of the tool-end-
side rounded portion 35 and the tool-shank-side rounded
portion 36 is connected by a curve having a point of
inflection. The strength of each nick having such a shape
is lower than that of the end mill of the present invention.
Therefore, the conventional end mill in which each nick has
the above-described shape cannot be said teo have a cutting
performance for obtaining a semi-finishing surface roughness
and have a sufficiently high nick chipping resistance.

[0142]

The desired shape of each nick 34 of the present

78



invention and the partial role of the shape, which can be
also understand From the example of the present invention
are as follows. The curvature radius Rl of the tool-end-
side rounded portion is required so as to secure a
satisfactory cutting performance, while securing a
satisfactary strength, and maintain good surface roughness.
Desirably, the curvature radius Rl falls within the range of
0.010 to 0.05D (D: tool diameter), and the more desirable
range is 0.01D to 0.03D.

[0143]

In order to secure the chipping resistance of each nick
34, the curvature radius RZ of the tool-shank-side rounded
portion is desirably set to fall within the range of 1.1
times to 2.5 times the curvature radius Rl of the tool-end-
side rounded portion. The more desirable range of the
curvature radius R2 of the tocl-shank-side rounded porticn
is 1.1 times to 2.0 times the curvature radius Rl of the
tool-end-side rounded portion.

10144]

However, the above dascribed effects of kKhe curvature
radius R2Z of the tool-shank-side rounded portion and the
curvature radius Rl of the tool-end-side rounded portion and
the effect of the shape of nicks groove which i=s kaken into
consideration as needed are not exhibited scolely in the
nicked carbide end mill. The effect of the shape of nicks
groove is truly produced through satisfaction o¢f all the

requirements regarding the nick groowve, in particular,
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additicnally through optimization of the phase deviation
amount of the nicks, which makes possible to perform cutting
at a speed far beyond conventional cukting speed without
chipping.

[0145]

Next, the nicked carbide end mill of the present
invention in which the phase deviation amount is nonuniform
among the nicked peripheral cutting edges and a conventional
nicked carbide end mill in which the nicked peripheral
cutting edges have no phase deviation amount will be
described for comparison with reference to FIGS. 23 to 25.

A nick cross-sectional shape shown in each of FIGS. 23 to 25
shows the case where a tocl-shank-side rounded portion is
contbtinuously connected to the bettom end of a correspeonding
nick groove via a ¢onvex curve portion,

[0144]

FIG. 23 is5 a development figure showing the pitch of
nicks and the phase of peripheral cutting edges of a
conventional nicked carbide end mill in which the peripheral
cutting edges have no phase deviation. FIG. 24 is a
development figure showing the pitch of nicks and the phases
of peripheral cutting edges of the nicked carkide end mill
of the present invention. FIG. 25 shows one of the
embodiment of the present cnvention. In FIG. 25, a pair of
nicked peripheral cutting edges of the adjacent nicked
peripheral cutting edges has no phase deviation from the

respective phases of the reference peripheral cutting edge,
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and one cutting edge is deviated from the corresponding
phase. Notably, in FIG3. 23 to 25, the positions of
intersections between the peripheral cutting edges and nicks
are indicated by circular marks.

[0147]

Az shown in FIG. 23, in the case of the conventional
end mill, a first nicked peripheral cutting edge, which is
illustrated at the top in the drawing, i1s a reference
peripheral cutting edge 10. A nick pltch 8 is a distance
from the intersection 20 of a certain nick with a certain
cutting edge 10 to the next intersection 20 of the next
peripheral cutting edge with the next nick. A reference
phase 14 is obtained by dividing the nick pitch 8 by four.
The remaining peripheral cutting edges are disposed such
that the intersections 20 of the corresponding nicks with
the second, third, and fourth nicked peripheral cutting
edges 17, 18, and 19 are successively arranged with the same
distance of the corresponding reference phase 14 {every 1/4
the pitch of the reference peripheral cutting =sdge 10}
therebetween.

[0148]

In such an arrangement, the raeference phase 14 at the
intersections 20 of a certain nick with a certain peripheral
cutting edge is constant among all the nicked peripheral
cutting edges. Therefore, the amount of cutting of a
workpiece by the end mill is equally shared by each of the

nicked peripheral cutting edges. In the case where each
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cutting edge cuts the workpiece in the same amount,
resonance ogccurs during cutting, as in the case of an equal
separation end mill, which has been described in the prior
art section. Therefore, chattering vibration is apt to be
generated.

[0149]

In contrast, in the case of the end mill of the present
invention, as shown in FIG. 24, the phases of the second
nicked peripheral cutting edge 17 which are disposed
adjacent to the reference peripheral cutting edge 10, and
the fourth nichked peripheral cutting edge 18, are shifted
eaqually by a deviation amount 15 from =ach of the reference
rhase 14 which walue is obtained by dividing the nick pitch
H by four.

[0150]

Specifically, the deviation amounts 15 from the
reference phase 14 of the second nicked peripheral cubtting
edge 17 and the fourth nicked peripheral cukting edge 12 are
determined such that the phase of at least one nicked
peripheral cutting edge is deviated by an amount
corresponding to 5% or less {excluding 0%) of the nick pitch
8 of the reference peripheral cutting edge 10 in the
direction of the tecol axis from the corresponding reference
phase 14. The distance of the reference phase 14 is obtained
by dividing the waveform pitch 4 by four.

[0151]

FIG. 24 shows an example carbide end mill of the
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present invention configured such that the nick pitch 8 of
the reference peripheral cutting edge 10 is 1 mm. In such a
case, the deviation amount 15 of the phase of the second
nicked peripheral cutting edge 17 from the corresponding
reference phase 14 is 0.02 mm (2% the nick pitch 8), the
deviation amount 15 of the phase of the third nicked
peripheral cutting edge 13 from the corresponding reference
phase 14 is 0 mm, and the deviation amount 15 of the phase
of the fourth nicked peripheral cutting edge 19 from the
corresponding reference phase 14 is 0.02 mm (2% the nick
pitch 8). The deviation amount 15 assumes a positive value
when the phase is deviated toward the tool shank side 3, and
a negative value when the phase is deviated toward the tool
end side 2.

[0152]

In the case of another end mill of the present
invention shown in FIG. 25, the phase of the second nicked
peripheral cutting edge 17 disposed next to the reference
peripheral cutting edge 10 is dewviated from the
corresponding reference phase 14 by the deviation amount 15,
and the phases of the adjacent third nicked peripheral
cutting edge 1B and the fourth nicked peripheral cutting
edge 19 are not deviated from the corresponding reference
phases 14.

{0153]

The deviation amounts 15 of the phases of the nicked

peripheral cutting edges, other than the reference
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peripheral cukting edge 10, from the respective reference
phases 14 are determined such that the deviation amounk 15
of the phase of at least one nicked peripheral cutting sdge
From the corresponding reference phase 14 is 5% or less
{excluding 0%) of the nick pitch 8 of the reference
peripheral cutting edge 10,

(0154]

An example of the end mill in which only one cutting
edge has the deviation amount 15 will be described. A
small-diameter end mill used to form a groove in a workpiece
often has three (odd number) cutting edges in order to
secure chip removal. In such a case, according Eo the
specifications described in Patent Document 1, all the
deviation amounts 15 ¢of the phases of the mutually adjacent
peripheral cutting edges from the respective reference
phases 14 are rendered different from one another. In
contrast, according to the present inwvention, the deviatbion
amount 15 of the phase of only one peripheral cutting eadge
fram the corresponding reference phase 14 15 rendered
different from those of the remaining peripheral cutting
edges.

[Q155]

In the case of an end mill which has five {odd number)
cutting edges, according to the specifications described in
Patent Document 1, two kinds of deviation amounks 15 from
the reference phases 14 are required. In contrast,

according to the present invention, even only one kind of
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deviation amount 15 from the reference phases 14 is
accepbeble to suppress chattering vibration teo perform high-
efficiency machining through high-speed cutting, and service
life can be extended.

[01i586]

In order te realize a carbide end mil for high-speed
cutting in which the phase deviation amount is made
nonuniform amonyg the peripheral cutting edges, properly
determining the nick phase deviation amount iz very
important. Furthermore, both the proper determination of
the phase deviation amount and the optimization of the
cross—secticnal shape of the nicks are essential for putting
the nicked carbide end mill into practice.

[(0157]

In tha case of the carbide end mill of the present
invention, to get a larger removal amount of chips per unit
time compared to the amount by use of a conventional end
mill, it iz a good avenue to optimize the gash shape of the
end cutting edges. &n embodiment in which the peripheral
cutting edges as shown in FIG. 1 are wavy peripheral cutting
edges and gashes are provided for the end cutting edges will
be described with reference to FIGS. 12 and 13.

[015B]

FIG, 12 is an enlarged view of end cutting edges of FIG.
1 and neighboring portions. Each gash of the carbide end
mill of the present invention shown in FIG. 12 is composed

of a first gash surface 51 (cutting face of a corresponding
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end cutting edge}, a second gash surface 52 provided on the
side toward the rotational center of the toel axis of the
end mill, and a third gash surface 53 provided on the
peripheral side of the end mill.

[0153]

FIG., 13 is a partial cross-sectional view taken along
line C-C' of FIG. 12 schematically showing the shape of a
gash taken along a plane parallel to the first gash surface.
Notably, a hatched portion of FIG. 13 shows a cross section.

[01&0]

In FIG. 13, a first gash angle 55 is formed between a
crossing portion 54 of the first gash surface with the
second gash surface, and a plane perpendicularly
intersecting the axis, and a second gash angle 57 is formed
between a crossing portion 56 of the first gash surface and
the third gash surface, and the plane perpendicularly
intersecting the axis. The first gash angle 55 is 15% ko 359,

and the second gash angle 57 is 40° to 60°. The length 58 of

4 connecticon portion betwesen the second gash surface and the
third gash surface is nobt less than 5% the tool diameter D
as measured from the tool rotation axis and less than 20%
the tool diameter D. The length 58 of a connection portion
refers to the distance between the center of the rotation
axlis and the connesction portion of the second gash surface
52 with the third gash surface 53.

[0161]

With reference Eo FIGS. 12 and 12, there has been
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described the embodiment in which the peripheral cutbting
edges are wavy peripheral cukting edges, and gashes are
provided for the end cutting edges. Hawever, it is good
practice to optimize the gash shape of the end cutting edges
even in the carbide and mill of the present invention whose
peripheral cutting edges are nicked peripheral cutting edges
a5 shown in FIG. 14. EBEwven in such a case, preferably, the
carbide end mill has & gash shape as shown in FIGS5. 12 and
13; i.e., each gash is formed such that the gash is composed
of a plurality of surface; i.a., a first gash surface
(cutting face of the corresponding end cutting edge), =2
second gash surface provided on the side toward the
rotational center of the tool axis of the end mill, and a
third gash surface provided on the peripheral side of the
end mill; a first gash angle 55 of 15° teo 357 is formed
between a crossing portion 54 of the first gash surface with
the second gash surface, and a plane perpendicularly
intersecting the axis; and a second gash angle 57 of 409 to

60° is formed between a crossing portion 56 of the first

gash surface with the third gash surface, and the plane
perpendicularly inkersecting the axis.

[016Z]

By virtue of such a configuraticon of the gashes, even
when longitudinal-feed cutting, lateral-feed cutting, or
oblique cutting is performed by use of the peripheral
cutting edges having deviated phases, chips are removed

easily from the end cutting edges at the time of
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longitudinal-feed cutting or obligue cutting. Therefore,

the end mill of the present invention having such a gash
configuration can endure high-speed cutting during laterai-
feed cutting or chlique cutting, and can minimize chattering
vibration.

[0163]

Since khe first gash angle 55 is set to 15° to 35°, the
rigidity in the wvicinity of the tool rotation axis can be
secured, and chip removability is improved. In the case
where the first gash angle 55 is less than 15°, chip pockets
in the wviginity of the center portion of the tool rotation
axis become narrow, whereby fracture occurs due to chip
clogging. Furthermore, in the case where the first gash
angle 55 is in excess of 35°, fracture occurs due to lack of
the rigidity of the end cutting edges in the vicinity of the
center.

[0164]

The length 58 of the connecktion portion of the second
gash surface 52 with the third gash surface 53 as measured
from the tool rotation axis is zet to be not less than 5%
the tool diameter but he less than 20% the tool diameter.
Thus, the rigidity of the end cutting edges in the wicinity
of the tool rotation axis can be secured, and removal of
chips to the groowves on the periphery can be improved. In
the case where the length 58 of the connection portion of
the second gash surface 52 with the third gash surface 53 as

measured from the tool rotation axis is less than 5% the
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tool diameter, the third gash surface 53 is provided to be
closer to the tool rotation axis. Therefore, the rigidity
of the end cutting edges in the vicinity of the tool
rotation axis decreases, and fracture becomes more likely to
ogccur at the end cutrting edges in the vicinity of the tool
rotation axis.

[0165]

In the case where the length 58 of the connection
portion as measured from the tool rotation axis is equal to
or greater than 20% the tool diameter, chips produced by the
end cutting edges are pressed against the second gash
surface 52 for a longer time. Therefore, at the time of
high-speed cutting, chips stagnate on the second gash
surface 52, and chip removability detericorates. As a result,
chip congestion is likely to occur, which may result in
fracture of the end cutting edges.

[0166]

The second gash angle 57 is set to 40° £o 60° as a
result of studies performed on the removability of chips
produced by the end cutting edges at the time of
longitudinal-feed cutting and oblique cutting. In the case
where the second gash angle 57 is less than 40° chips
pressed against the second gash surface 52 are difficult to
flow along the third gash surface 53 to the flutes on the
periphery, and the chips are scattered to the outside of the
tool. In particular, at the time of longitudinal-feed

machining, the tool is surrounded by the wall surface of a
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machined hole, and, even at the btime of obligue cutting, Ethe
topl is partially surrounded by the formed wall surface.
Therefore, it is difficult For the tool to remove chips to
the outside of the tool. Therefore, in the case where the
second gash angle 57 is less than 40°, chips produced by the
end cutting edges do not smoothly flow toward the flutes on
the periphery, whereby chip clogging becomes more likely Eo
OCCUur.

[(01le7]

In the case where the second gash angle 57 exceeds 60°,
the rigidity in the vicinity of the tool end decrease,
fracture is apt to occur, even if there iz no problem with
removing chip because chip pockets for chip removal become
larger, whereby chips produced by the end cutking edges
smoothly flow toward the flutes on the periphery.

[0168]

By means of setting the first gash angle 55 and the
second gash angle 57 to respective optimal ranges, chips
produced by the end cutting edges can be removed smoothly
during leongitudinal-feed cutting and obligue cutlting. Since
the performance of removing chips preoduced by the end
cutting edges is not affected by the shape of the peripheral
cubttbting edges, the same effect can be obktained irrespective
of whether the peripheral cutting edges are wavy peripheral
cutting edges or nicked peripheral cutting edges.

[0169]

In particular, as an oblique cutting is apt to become
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unstable, an end mill must have satisfactory chip
removablility and satisfactory tool rigidity at the szame Cime
in arder to efficiently and stably perform high-speed
oblique cutting. If importance is attached to the chip
removability, the tool rigidity decreases, and fracture and
breakage become more likely to occur. If importance is
attached to the tool rigidity, the chip removability
detericrates, and fracture and breakags become more likely
to occur. The end mill of the present invention in which
gashes are provided for the end cutting edges has a cutting
adge shape determined by focusing on both of the chip
removability and the rigidity of the end mill. Since
chattering vibration can be suppressed by means of optimally
determining the arrangement of nicks or the waveform of the
peripheral cutting edges, fracture and breakage are less
likely to cccur, and stable and high-efficiency ablique
cutting can be performed. When a conventional end mill is
used, the mazimum Eilt angle of the end mill during obligque
cutting is about 5°. In contrast, when the end mill ¢f the
present invention is used, ordinary oblique cutbtting can be
performed with 20° or greater of the tilt angle.

[0170]

FIG. 27 is an overall schematic view of an end mill
showing one embodiment of the present invention configured
such that a cutting edge portion is detbtachably attached to a
toonl-holding portion. A cutting edge portion 29 formed of

carbide can be detachably attached to a tocl-holding portion
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3. Therefore, in the case where the cutting edges wear as
a result of cutting, only the cutting edge portion 29 is
required to be exchanged. Thus, cost of use can be lowered.
Although the material of the tool-holding portion 30 may be
carbide, which is the same material as the cutting edge
portion 283, the tool-helding portion 30 may be formed of
alloy steel such as SCM440 or SKD&l. In thisz case,
manufacturing cost can be lowerad.

[0171]

FIG. 23 shows, for comparison, a flowchart of a process
in which engraving is performed by use of a conventional end
mill and a flowchart of a process in which engraving is
performed by use of an end mill according to the present
invention. In the case where a pocket is engraved by a
conventional method, first a hole iz formed by use of a
drill. After that, the drill is replaced with an end milil
through tool exchange, and the formed heole is extended by
use of the end mill. In the case where the end mill of the
present invention having a novel shape is used, high-
efficiency oblique cutting can be performed while the tilt
angle iz set to 20" or greater. Therefore, the pocket can
be formed without tool exchange. According to the cutting
method of the present invention, any combination of
longitudinal-feed cutting, oblique cutting, and lateral-feed
cutting can be performed by use of a single end mill.
Therefore, the man-hour reguired for setup can be reduced,

and the machining process can be shortened greatly.
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[(0172]

Mext will be described typical hard coats =suitable for
use in the coated end mill of the present invention. The
end mill of the present invention has a novel shaps, and
thus the end mill realizes high-speed cutting only by virtue
of this shape, as compared with the case of conventional end
mills. However, as shown in the Examples hereinbelow,
coating of the end mill with a hard coat further improves
the performance therszof. The hard coat may be formed of a
TiN coat, from the viewpoint of oxidation resistance.
ABlternatively, the hard coat may be formed of a TiCN coat,
from the viewpoint of wear resistance. However, in
consideration that the end mill of the present inwvention is
employad in the environment where the temperature of a
cutting edge tip reaches 800°C or higher, the hard ccat is
preferably formed of a TiBIN ceat, which is superior to the
aforementioned TiN or TiCN coat in terms of oxidation
resistance f[evaluated by oxidation initiakion temperature)
and hardness propercty.

[0173]

FIG. 26 is an enlarged cross—-sectional view of a
peripheral cutting edge of the hard coat-ceoated carbide end
mill of the present invention, as ktaken along A-A" of FIG.
1. FIG. 26f{a) is an enlarged view of a wavy peripheral
cutting edge, and FIG. 26{b} is an enlarged view of a nicked
peripheral cutting edge. The wavy peripheral cutting edge

shown in FIG. 26é{a) is coated with a hard ccat 31. Also,
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the nicked peripheral cutting edge shown in FIG. 26(bk) is
coabed with a hard coat 31. When the peripheral cutking
edge is coated with a hard ceoat as shown in FIG. 26{a) or
26(b), the performance of the end mill can ke further
improved.

[0174]

The hard coat may be formed of a TIiN film, when
priority is given to oxidation resistance. Alternatively,
the hard coat may be formed of a TiCN film, when priority is
given ko wear resistance. However, in consideraticn that
the end mill of the present invention is employed in the
environment where the temperature of a cutting edge tip
reaches 300°C or higher, the hard coat is preferably formed
of a TiAlN film, which is superior to the aforementioned TiN
or TiCN film in terms of oxidation resistance {evaluated by
oxidation initiaticn temperature) and hardness property.

[0175]

FIG. 29 shows an example laminate structure of a hard
coat suitable for use in the hard coated end mill of the
present invention, wherein the hard ceat includes an
putermost layer and an innermost layer. The lower side of
FIG. 29 corresponds to a base carbide 66, and the base
carbide 66 is coated with the hard ceoat including the
following two layeirs: the innermost layer 62 and the
outermost layer 6l.

[0176]

FIG. 30 shows an example laminate structure of a hard
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coakt suitable for the hard coated end mill of the present
invention, the hard coat keing a compeosikte layer formed by
repeating coating at least one with substantially the same
composition of the innermost layer and substantially the
same composibtion of the cutermost layer. The lower side of
FIG., 30 corresponds to a basé carbide €6, and the base
carbide 66 is coated with the hard ccat including the
following four layers: an innermost layer 62 on the base
carbide 66, a film 64 having the same composition as the
outermost layer, a ceoat 63 having the same composition as
the innermost layer, and an cutermost layer 31, The
composite layer also can be formed by repeating a ceoating
with alternately laminating a plurality of films 34 having
the same composition as the ocutermost layer of the hard coat
and a plurality of films 32 having the same composition as
the innermost layer of the hard coat.

[017%7]

FIG. 31 shows an example laminate struckure of a hard
coat suitable for use in the hard ccated end mill of the
present invention, the hard coat being composed of an
outermost layer, an intermediate layer, and an innermost
layer. The lower side of FIG. 31 corresponds to a base
carbide &6, and the base carbide 66 is coated with the hard
coat including the following three layers: an innermost
layer 62, an intermediate layer 65, and an cutermost layer
61.

[0178]
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In the case of a3 TiAlW hard coat, oxidation initiation
temperature can be contrelled by varying the compositional
proporkions of Ti and Al. When the end mill is employed
under the conditions that the temperature of a cubting edge
tip reaches 300°C to 900°C or thereabouts, preferably, the
amouritk of Al in the hard coat is increased such that the
ratio by ateom of metallic Al to metallic Ti is about 50 to
about 70%. As used herein, "TiAlN compound"” refers to a
nitride, but may be a compound containing Ti and A1 as main
components and containing a nonmetallic element other than
Ti and &l; for example, the compound may be a nitride {i.e,,
the nonmetallic element other than Ti and Al is only
nitrogen), a carbonitride {e.g., (TiAl)CH), an oxynitride
{e.g., {TiA1lICH), or an oxycarbonitride {e.g., {(TiZl)CON].
Hereinafter, these compounds may be collectively referred to
as "nitrogen-containing TiAl compound.”™

[0179]

The end mill realizes more stable cutting and attains
prolonged service life by providing the hard coat on the
surface of a nicked peripheral cutbing edge of the end mill
such thakt the hard coat is a composite layer formed by
repeating coating at least once with substantially the same
composition of the innermost layer and substantially the
same composition of the cutermost layer, or a composite
layer including an innermost layer, an outermost layer, and
one or more intermediate layers interposed therebetween,

wherein the innermost layer of the hard coat is formed of
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salecting from a nitride, carbonitride, oxynitride, and
oxycarbonitride containing Ti and Al as main metallic
components, and the ocutermost layer of the hard coat
contains 5i.

[(180]

More specifically, the hard coak preferably has a
structure formed of a compound containing Ti and Si as main
components in the form of a nitride, carbonitride,
oxynitride, or oxycarbonitride of these metallic elements.

[0181]

The most suitable Si-containing component for the
outarmost layer of the hard coat is a TiSi-nitride,
preferably a TiSi-nitrode having an 5i content of 5 to 30%
by atom (Ti content: balance}. The performance of the
nicked carbide end mill of the present invention can be
considerably improved by use of a TiAlS1 nitride or A1CrSi
nitride having an 3i comtent of 1 to 15% by atom (Ti, Cr, or
Al content: balance)] .,

[0182]

A layered coat formed of a Ti51 nitride, a TiAl=3i
nitride, or an A1CrEi nikride exhibits more excellent
durability. S8Similar to the aforementioned case, when such a
hard coat is laminated together with one or more films
selected from among films formed of, for example, TiN, Cri,
TiAlN, and A1CrN, the nicked carbide end mill of the present
invention exhibits improved cutting performance.

[G1E3)
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From the wiewpoint of improvemant of durability,
preferably, the hard coat having the above-exemplified
compositicon is produced through a physical vapor deposition
technique. Both of arc discharge ion plating and spubtbering
can be applied as the physical vapor deposition technique.
These hard coats can also be applied to a peripheral cukbting
edge of the nicked carbide end mill.

[0184]

In another preferred embodiment of the present
invention, the hard ecoat is provided on the surface of a
wavy peripheral cutting edge or a nicked peripheral cutting
edge of the nicked carbide end mill such that the hard coat
is a composite layer formed by repeating coating at least
onge with substantially the same composition of the
innermost layer and substantially the same composition of
the outermost layer, or a composite layer including an
innermost layar, an outermost layer, and one or more
intermediate layers interposed Lherebetween, wherein the
innermost layer of the hard film is formed of a nitride
confbaining one or more mekal elemenkts selected from among
Al, Cr, Ti, and 5i; the intermediate layer is formed of a
compound containing one or more metal elemenks selecked from
among Al, Cr, Ti, and 51, and one or more elements selected
from among N, B, C, and O; and the cutermost layer of the
hard coat is formed of a compound containing one or more
metal elements selected from ameng Ti and 5i, and one or

more elements selected from ameng M, 5, C, and B.
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(0185]

In such a case, preferably, the hard coat has a film
structure in which the cutermost layer Fformed of a nitrogen-
containing TiSi compound is stacked on a ceoat formed of any
of the aforamentioned nitrogen-containing TiAl compounds, or
a coat structure in which one or more layers formed of a
nitregen-containing TiAl compound and one or more layers
formed of a nitrogen-containing TiSi compound are stacked
alternately so that a layer formed of a nitrogen-containing
TiAl compound is provided directly on the base carbide of
the end mill and a layer formed of a nitrogen-containing
TiSi compound serves as the ocutermest layer of the hard

coat.

(0186]

The aforementioneq nitrogen-containing TiSi compeund
may be a compound containing Ti and 5i as main components;
for example, a nitride {e.g., TiSiW), a carbonitride (e.g.,
{TiSi)CN}, an oxynitride (e.g., (Ti53i)JON}, or an
oxycarbonitride {e.g., ({Ti3i)CONM}. Hereinafter, these
compounds may be collectively referred to as "nitrogen-
containing TiSi compound."

[0187]

An intermediate layer may be provided between the
aforamentioned nitrogen-containing TiAl compound coat and
the nitrogen—containing TiS1 compound film to improve
adhesion between these coats. The intermediate layer is

preferably a coat formed of a compound similar to the
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nitrogen-containing TiAl compound, or a coat formed of a
compound similar to Ehe nitrogen-containing TiS5i compound.
The former intermediate layer coat is preferably formed of a
nitrogen-containing TiAl compound containing a small amount
of B, Si, Cr, Nb, V¥V, or Hf, and the latter intermediate
layer coat is preferably formed of a nitrogen-containing
TiS5i compound containing a small amount of B, Al, Cr, Hb, Vv,
or Hf.

[(0188]

The hard ceoat employed in the present invention has the
aforementicned layer structure; i.e., the hard coatb is
formed of a composite layer of an cutermost layer and an
innermost layer which is stacked directly on the surface of
the kase carbide of a peripheral cuttbting edge, or the hard
coat is formed of a ceomposite layer including an innermost
layer, an cutermost layer, and one or more alternately
stacked layers or an intermediate layer interposed between
the innermost and outermost layers, wherein the socutermost
layer exhibits oxidation resistance and wear resistance
higher than those of the innermost layer.

[01853]

Next will be described the preferred hard coat suitable
for use in the nicked carbide end mill of the present
invention. The preferred hard coat is a multi-layer hard
coat mainly formed of a nitrogen-containing Tidl compound,
wherein the proportions of Ti and Al {(i.e., main metallic

elements of the compound} are waried in that coat.
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[0190]

More specifically, the preferred hard coat is a multbi-
layer hard coat in which each of the innermost layer and the
outermost layer is formed of the above-defined nitrogen-
containing TiAl compound {which is represented by the
formula TiuAl,_-.M}, the innermost layer is formed of
titanium-rich Tizhl;_.H {i.=e., 0.5 < x =< 1), and the
cutermost layer is formed of aluminum-rich Ti.Ali N {i.e., 0
=x < 0.5).

{01591]

In the multi-layer hard coat, a composite layer
including the innermost layer and the cutermost layer ({(total
thickness: several nanometers to several tens of nanometers)
may be pericdically stacked, or an intermediate layer formed
of TiN or a nitrogen-containing TiAl compound (wherein a
portion of metallic Al or Ti is substituted by Cr or 5i) may
be provided between the innermost layer and the ocutermost
layer. In any case, the innermost layer must be formed of
titanium-rich Ti,2l, N, and the ocutermeost layer must be
farmed of aluminum-rich Ti,Al;..N. In any case, the total
thickness of the hard coat is preferably 2 pm to 10 pum.

[0192]

Mext will be described methods for coating the nicked
carbide end mill of the present invenkion with a hard ceoat,
but the present invention is neot limited to the below-
described coating methods. HNo particular limitation is

imposed on the coating method employed, so long as the
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aforementicned hard coat can be produced. However, there
must be taken into conszideration adhesion of the hard coat
to the nicked carbide end mill, and securement of matching
between layers (including the innermost layer and the
outarmosk layer) in the hard coat.

[0193]

In consideration of the fatigue strength of a tool,
there 1s preferably employed a physical vapor depositicen
technique (e.g., arc discharge ion plating or sputtering)
which realizes coating at a relatively low temperature and
attains residual compressive stress in the coat. In such a
case, bias veoltage is applied to the nicked carbide end
mill.

[0194]

Specifically, arc discharge ion plating is carried out
as feollows. When the innermost layer is formed of a coat of
a4 nitrogen—containing TiAl compound {e.g., {(TiAl}N,
(TiAl)CN, or {(TiAlCr)N) and the outermost layer is formed of
a coat of a nitrogen-containing TiSi compound {e.g.,
{(Ti5i})N, (TiS5i}CHW, or (TiSiCr)N}, arc discharge ion plating
is carried out under, for example, the following conditions:
the temperakture of the nicked carbide end mill which is ko
be coated is adjusted to about 400°C; the pressure of
reactive gas 15 requlated to 3.0 Pa; and a relatively low
bias voltage (-10 V to -100 V) is applied. This coating
method attains good adhesion betwaen the hard coat and the

end mill, as well as lattice matching of crystal between
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layers {including the innermost layer and the outermost
layer) at their interfaces.

(0185]

When the innermost layer of the hard coat has a
composition different from that of the outermost layer of
the coat, each of the vapor deposition targets having
different compositions are employed. In the case of
formation of an intermediate layer, the coating is
preferably carried cut by simultanecusly using the targets
hawving differant compositions. Thus, the intermediate layer
anf the hard coat can be provided so as to have an
intermediate composition between the compositions of the
innermost layer and the cutermost layer, and the amount of a
specific component of the intermediate layer is readily
increased or decreased in a gradual manner.

[0196]

The carhbide end mill of the presenkt invention is
intended to be used for high-performance and high-speed
rough machining or semi-finishing machining. Therefore, the
hard ceoat exhibiting good adhesion is essential for
preventing sudden accidents {e.g., coat peeling). 1In order
to achieve such a purpose, the aforementioned control method
of intermediate composition is affective for attaining
sufficient lattice matching between intermediate layers.

[0197]

In the most preferred embodiment of the present

invention, there is employved the end mill of the present
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inventicon in which the shape of its peripheral cutting edges
is optimized:; i.e., the phase deviation amounts of wavy
peripheral cutting edges or nicked peripheral cutting edges
are not uniform. Particularly when chip removal is likely
ko cause problems, the aforementioned gash-shape carbide end
mill is preferably employed. In most cutting conditions,
application of the aforementicned hard ceoat is preferred.

[Examples]

[0188]

The present invention will next be described in more
detail by way of examples, which should not ke construed as
limiting the invention thereto.

[015%]

Examples are classified into five groups according to
their purposes; specifically, the following Example A,
Example B, Example C, Example D, and Example E:

Example &: bxamples in which the optimal shaps of peripheral
cutting edges of the end mill of the present invention is
confirmed {Examples Al to RE):

Example B: Examples in which the shape of nicks is optimized
in the end mill of the present invention {(Examples Bl and
B2} ;

Example C: Examples in which the optimal shape of gashes Ffor
the present invention is confirmed (Examples Cl to C4);
Example D: Examples in which the optimal surface treatment
for the present inventicn is confirmed (Examples D1 to D&);

and
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Example E: Example in which the cutting method of the
present invention is confirmed {Example E17.

[2200]

In the Examples shown helow in tables and descriptions,
Examples of each group are classified inte Invention
Examples, Conventional Examples, and Comparative Examples.
Samples in Invention Examples, Conventicnal Examples, or
Comparative Examples of sach of the four groups are
represented by serial numbers. Specifically, samples of
each Example group shown in tables are represented by, for
example, "Invention Example Al"™ or "Comparative Example Al."

[0201]

{Example Al)

In Example A1, particularly, the optimal amount of
deviation of wavy peripheral cutting edges from the
respective reference phases was determined. In Invention
Example A1, an end mill having the following wavy peripheral
cutting edges was produced. Specifically, a first wavy
peripheral cutking edge was considered a reference
peripheral cutting edge, and the remaining (second to
fourth) peripheral cutting edges were deviated from the
respective reference phases of the reference peripheral
adge, wherein the distance of the reference phase were
cbtained by egually quartering the waveform pitch of the
reference peripheral cutkbing edge. In a second wavy
peripheral cutting edge, the phase deviation amount was

adjusted to 1% of the waveform pitch (i.e., 0.0l mm}). In a
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third wavy peripheral cutting edge, the phase deviation
amount was adjusted to 0% of the waveform pitch {i.e., 0O
mm)}. In a Efourth wavy peripheral cutting edge, the phase
deviation amount was adjusted to 1% of the waveform pitch
{i.e., 0.01 mm).

[0202]

In Invention Example AZ, an end mill having the
following wavy peripheral cutiing edges was produced.
Specifically, a first wavy peripheral cutting edge was
considered a reference peripheral cutting edge, and the
remaining {(second to fourth) peripheral cutbting edges were
deviated from the above-pbtained respective reiference
phases. In a second wavy peripheral cutting edge, the phase
deviation amount was adjusted bto 2% of the waveform pitch
fi.e., 0.02 mm). In a third wavy peripheral cutting edge,
the phase deviation amount was adjusted to % of thes
waveform pikch {i.e., 0 mm}. In a fourth wavy peripheral
cutting edge, the phase deviaticon amcount was adjusted to 2%
of the waveform pitch {(i.e., 0.02 mm).

[0203]

In Invention Example &2, an end mill having the
follewing wavy peripheral cutting edges was produced.
Specifically, a first wavy peripheral cutting edge was
considered a reference peripheral cutting edge, and the
remaining (second to fourth} peripheral cutbting edges were
deviated from the above-obtained respective reference

phases. In a second wavy peripheral cutting edge, the phase
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deviation amount was adjusted to 2% of the waveform pitch
{i.e., 0.02 mm). In a third wavy peripheral cutting edge,
the phase deviation amount was adjusted to 3% of the
waveform pitch (i.e., 0.02 mm}. In a fourth wavy peripheral
cutting edge, the phase deviation amount was adjusted to 2%
of the waveform pitch (i.e., 0.02 mm].

[0204]

In Invention Example A4, an end mill having the
following wavy peripheral cutting edges was produced.
Specifically, a first wavy peripheral cutting edge was
considered a reference peripheral cutting edge, and the
remaining {second to fourth) peripheral cutting edges were
deviated from the above-obtained respective reference
phases. In a second wavy peripheral cutting edge, the phase
deviation amount was adjusted tao 5% of the waveform pitch
(i.e., 0.05 mm). In a third wavy peripheral cutting edge,
the phase deviation amount was adjusted to 3% of the
waveform pitch (i.2., 0.02 mm). In a fourth wavy peripheral
cutting edge, the phase deviation amount was adjusted to 43
of the waveform pitch {i.e., 0.04 mm}.

[0205]

In Invention Example A5, an end mill having the
following wavy peripheral cutting edges was produced.
Specifically, a2 first wavy peripheral cutting edge was
considered a reference peripheral cutting edge, and the
remaining {second to fourth) peripheral cutting edges were

deviated from the above-obtained respective reference
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phases. In a second wavy peripheral cutting edge, the phase
deviation amount was adjusted to 2% of the waveform pitch
{i.e., 0.02 mm). In a third wavy peripheral cutting edge,
the phase deviation amount was adjusted to 0% of the
waveform pitch (i.e., 0 mm}. In a Eourth wavy peripheral
cuktting edge, the phase deviation amount was adjusted to 0%
of the waveform pitch (i.e., 0 mm).

[0206]

In Comparative Example Al, an end mill hawving kthe
following wavy peripheral cutting edges was produced.
Specifically, a first wavy peripheral cutting =dge was
considered a reference peripheral cutting edge, and the
remaining {second to fourth) peripheral cutting edges were
deviated from the above-chtained respective reference
phases. In a second wavy peripheral cutting edge, the phase
deviation amount was adjusted to &% of the waveform pitch
{(i.e., 0.06 mm). In a third wavy peripheral cutting edge,
the phase deviation amount was adjusted to 0% of the
waveform pitch {i.e., 0 mm). In a fourth wavy peripheral
cutbing edge, the phase deviation amount was adjusted to &%
of the waveform pitch (i.e., .06 mm).

[0207]

in Conventiconal Example &1, there was produced an end
mill having wavy peripheral cutting edges of constant phase
deviation amount, wherein, in each wavy peripheral cutting
edge, the amount of deviation from the respective reference

phase (i.e., 1/4 of the waveform pitch of the reference
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peripheral cutting edge] was adjusted to 0%, that means no
deviation from the respective reference phase.

Iin Conventional Example A2, there was produced an end
mill having wavy peripheral cutting edges of constant phase
deviation amount with different separation angles {i.e.,
95°, H5°, 85°, and 85%), wherein, in each wavy peripheral
cutting edge, the amcunt of deviation from the phase (i.e.,
1/4 of the waveform pitch of the reference peripheral
cutting edge} was adjusted to 0%.

[(0208]

In Conventional Example A3, there was produced an end
mill in which the amount ¢f deviation from the reference
phase in each wavy peripheral cutting edge was determined as-
in the casze of the end mill as described in Patent Document
1. Specifically, a first wavy peripheral cutting edge was
considered a reference peripheral cutting edge, and the
remaining {second to fourth) peripheral cutting edges were
deviated from the above-obtained respective phases. In a
second wavy peripheral cutting edge, the phase deviation
amount was adjusted to 6% of the waveform pitch {i.e., 0.06
mm) . In a third wavy peripheral cutting edge, the phase
deviation amount was adjusted to 0% of the waveform pitch
{(i.e., 0 mm). In a fourth wavy peripberal cutting edge, Ethe
phase deviation amount was adjusted to 2% of the waveform
pitch (i.e., 0.02 mm).

In each of the end mills of Invention Examples Al to

A5, Comparative Example Al, and Conventional Examples Bl and
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A3, wavy peripheral cutting edges were formed so as to have
the same separation angle.

[0209]

Each of the thus-produced nine end mills of Example Al
was subjected to a cutting test employing a workpiece (hot-
rolled die stee) SKD61 having a hardness of HRC 40). For
service life evaluation, cutting was carried out under Lthe
following conditions: rotational speed: 6,000 rotaticons/min
(cutting speed: 150 m/min}, feed rate: 1,600 mm/min (0.06 mm
of [eed per cutting edge), amcunt of cutting in axial
direction: 4 mm, and amount of cutting in radial direction:
4 mm. For evaluation of each end mill, peripheral cutting
edges thereof were observed every 5 m cutting. When neither
fracture nor chipping cccurred in an end mill until 50 m
cutting, the end mill was evaluated as "good,™ and the wear
width of the end mill was measured. When fracture or
chipping was observed in peripheral cutting edges of an end
mill before 50 m cutting, cutting was stopped upon
chservation of fracture or chipping, and the cukting lenglh

was recorded. The results are shown in Table Al

1140



[0210]
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[0211]

Az a result, in the cases of Invention Examples Al to
45, stable cutting was performed with reduced chattering
vibration, and wear width fell within a normal range even
after 50 m cutting. Particularly, in the cases of Invention
Examples &l to A3 and A5, wear width was as small as 0.10 mm
or less after 50 m cutting. In the cases of Comparative
Example Al and Conventicnal Example A2, the amount of
deviation from the reference phase was large, and thus a
large cutting load was applied to a wavy peripheral cutting
edge with large phase deviation amount, resulting in
occurrence of chipping upon 30 m cukbtting. In the case of
Conventional Example Al, waveform pitches were provided at
equal intervals, and thus chattering vibration was
increased, and fracture occurred upon 20 m cutting, leading
teo the end of the service life. In the case of Conventional
Example AZ (i.e., unegually-separated product), chipping
gcecurred upon 40 m cutting in a wavy peripheral cutting edge
with a groove of small separation angle.

[0212]

(Exampla &2)

In Example A2, end mills having nicked peripheral
cutting edges were tested in a manner similar to that
described in Example A1. In each end mill, the amount of
deviation from the reference phase in a nicked peripheral
cutting s=dge was adjusted in a manner similar to the cases

of the samples of Example 21 for compariscon of cutting
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performance between the nicked peripheral cutting edge and &
wavy peripheral cutting edge.

In Invention Example A6, an end mill having the
following nicked peripheral cutting edges was produced.
Specifically, a first nicked peripheral cutting edge was
considered a reference peripheral cutting edge, and the
remaining (second to fourth} peripheral cutting edges were
deviated from the respective reference phases of the
reference peripheral cutting edge, wherein the distance of
the reference phase is an amount corresponding to a value
obtained by equally guartering the nick pitch of the
reference peripheral cutting edge. In a second nicked
peripheral cutting edge, the phase deviation amount from the
reference phase was adjusted ko 1% of the nick pitch {i.e.,
0.01 mm). In a third nicked peripheral cutting edge, the
phase deviation amount from the reference phase was adjusted
to 0% of the nick pitch (i.e., 0 mmj. In a fourth nicked
peripheral cutting edge, the phase deviation amount from the
reference phase was adjusted to 1% of the nick piteh (i.e.,
0.01 mm}.

[0213]

In Invention Example A7, an end mill having the
following nicked peripheral cutting edges was produced.
Specifically, a first nicked peripheral cutting edge was
considered a reference peripheral cutting edge, and the
remaining {second to fourth]) peripheral cutting edges were

deviated from the above-obtained respective reference
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phases. In a second nicked peripheral cutting edge, the
phase deviation amount was adjusted to 2% of the nick pitch
(i.e., 0.02 mm}). In a third nicked peripheral cutting edge,
the phase deviation amount was adjusted to 0% of the nick
pitch {(i.e., 0 mm}. In a fourth nicked peripheral cutting
edge, the phase deviation amount was adjusted to 2% of the
nick pitch {i.e., 0.02 mm).

[0214]

In Invention Example A8, an end mill having the
following nicked peripheral cutting edges was produced.
Specifically, a first nicked peripheral cutting edge was
considered a reference peripheral cutting edge, and the
remaining {second to fourth) peripheral cutting edges were
deviated from the above-cbtained respective reference
phases. In a second nicked peripheral cutting edge, the
phase deviation amount was adjusted to 2% of the nick pitch
(i.2., 0.02 mm). In a third nicked peripheral cutting edge,
the phase deviation amocunt was adjusted to 3% of the nick
piteh {i.e., 0.03 mm}. In a fourth nicked peripheral
cutting edge, tThe phase deviation amount was adjuskted to 2%
of the nick pitch {(i.e., 0.02 mm].

[0215]

In Invention Example A3, an end mill having the
following nicked peripheral cutting edges was produced.
Specifically, a first nicked peripheral cutting edge was
considered a reference peripheral cutting adge, and the

remaining (second to fourth) peripheral cutting edges ware
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deviated from the above-obtained respective reference
phases., In a second nicked peripheral cutting edge, the
phase deviation amounk was adjusted to 5% of the nick pitch
fi.e., 0.05 mm}. In a third nicked peripheral cutting edge,
the phase deviation amount was adjusted to 3% of the nick
pitch {i.e., 0.03 mm). In a fourth nicked peripheral
cutting =dge, the phase deviation amount was adjusted to 4%
of the nick pitch (i.e., 0.04 mm].

[0216]

In Invenkbion Example AL10, an end mill having the
fellowing nicked peripheral cutting edges was produced.
Specifically, a first nicked peripheral cutting edgs was
considered a reference peripheral cutting edge, and the
remaining {second to fourth} peripheral cutting edges were
deviated from the above-obtained respective reference
phases. In a second nicked peripheral cutting edge, the
phase deviation amount was adjusted to 2% of the nick pitch
{i.e., 0.02 mm). In a third nicked peripheral cutting edge,
the phase deviation amount was adjusted to 0% of the nick
pitch (i.e., 0 mm). In a fourth nicked peripheral cutting
edge, the phase deviation amcunt was adjusted te 0% of the
nick pitch {i.e., 0 mm].

[0217]

In Comparative Example A2, an end mill having the
following nicked peripheral cutting edges was produced.
Specifically, a first nicked peripheral cutting =dge was

considered a reference peripheral cutting edge, and the
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remaining {second to fourth) peripheral cutting edges were
deviated from the above-obtained respective reference
phase=s. In a second nicked peripheral cutting edge, the
phase deviation amount was adjusted to 63 of the nick pitech
{(i.e., 0.06 mm}. In a third nicked peripheral cutting edge,
the phase deviation amount was adjusted to 0% of the nick
pitch (i.e., 0 mm}. In a fourth nicked peripheral cutting
edge, the phase deviation amount was adjusted to 6% of the
nick pitch {(i.e., 0.06 mm).

[(4218]

In Conventional Example A4, an end mill having nicked
peripheral cutting edges of constant phase deviation amount
was produced, wherein, In each nicked peripheral cutting
edge, the amount of deviation from the reference phase
{i.e., 1/4 of the nick pitch of the reference peripheral
cutting edge) was adjusted to 0%.

In Conventional Example AS, there was produced an end
mill having nicked peripheral cutting edges of constant
rhase deviation amount with different separation angles
(i.e., 95° 85%, 95°, and 85°), wherein, in each nicked
peripheral cutting edge, the amount of deviation from the
referance phase [(i.e., 1/4 of the nick pitch of the
reference peripheral cutting edge) was adjusted to 0%.

[0213]

In Conventional Example 246, there was produced an end
mill in which the amount of deviation from the reference

phase in each nicked peripheral cutkting sdge was determined
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as in the case of the end mill as described in Patent
Document 1. Specifically, a first nicked peripheral cutting
edge was considered a reference peripheral cutbtting edge, and
the remaining {second to fourth) peripheral cutting edges
were deviated from the above-obtained respective reference
phases. In a second nick peripheral cuktting edge, the phase
deviation amount was adjusted teo 6% of the nick pitch {i.e.,
0.06 mm). In a third nicked peripheral cutting edge, the
phase deviation amount was adjusted to 0% of the nick pitch
fi.e., O mm). In a fourth nicked peripheral cutting edge,
the phase deviation amounkt was adjusted Lo 2% of the nick
pitch {i.e., 0.02 mm}.

[0220]

In each of the end mills of Invention Examples A6 to
210, Comparative Example A2, and Conventional Examples Ad
and A6, nicked peripheral cutting edges were formed so0 as to
have the same separation angle.

Each of the rthus-produced end mills was subjected to a
cutting test employing a workpiece {for hot working die
steel) SKD61 having a hardness of HRC 40) in the same manner
as in Bxample Al. Cuitting conditions and evaluation method
were the same as those employed in Example Al. The results

are shown in Table AZ.

117



[0221]

[Table AZ]
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(0222}

As a result, in the cases of Invention Examples A6 to
310, stable cutting was performed with reduced chattering
vibration, and wear width fell within a normal range even
after 50 m cutting. Particularly, in the cases of Invention
Examples A6 to AB and Al0, similar to the case of Example
Al, wear width was as small as 0.10 mm or less after 50 m

cutbing. However, comparison between the results of Example

A1 and Example AZ in which the test was performed under

indicated that the wear width of

the same conditions
nicked peripheral cutting edge i=s slightly larger than that
of wavy peripheral cutting edge; i.e., wavy peripheral
cutting edge is superior to nicked peripheral cutting edge
in terms of cutting of a workpiece such as for hot working
die skeel.

[0222]

In the cases of Comparative Example A2 and Conventional
Example A6, the amount of deviation from the reference phase
was large, and thus a large cutting load was applied to a
nicked peripheral cutting edge with large phase deviation
amount, resulting in occurrence of chipping upon 25 m
cutting. In the case of Conventicnal Example A4, nick
pitches were provided at egual intervals, and thus
chattering vibration was increased, and fracture cccurred
upon 15 m cutting, leading to the end of the service life.
In the case of Conventional Example A5 (i.e., unegually-

separated angles}, similar to the case of Example &1,
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chipping occurred upon 35 m cutting in a nicked peripheral
cutting edge with a groove of small separation angle.

[0224]

(Example A3)

In BExample &3, the end mill of the present invention
was employed for high-speed cutting, and the service life of
the end mill was compared with that of the end mill tested
in Example Al.

In Example A3, an end mill of Invention Example All was
produced in the same manner as in Invenktion Example A2Z
{Example Al); an end mill of Invention Example Al2 was
produced in the same manner as in Invention Example A3
{Example Al); and an end mill of Invention Example 213 was
produced in the same manner as in Invention Example A4
(Example Al).

[0225]

BEach of the end mills was subjected to a cutting test
employing a workpiece ({die steel SKD61 for hot working
having a hardness of HRC 40). For testing, cutting was
carried out under the following conditiona: rotaticnal
speed: 92,000 rotaticons/min {cutting speed: 226 m/min) (i.e.,
1.5 times that in Example Al}), feed rate: 2,160 mm/min {0.06&
mm of feed per cuttbing edge), amount of cutting in axial
direction: 4 mm, and amount of cutting in radial direction:
4 mm. For evaluation of the end mill, 50 m cutting was
performed in a manner similar to that in Example Al. The

results are shown in Tabhle AJ.
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[0226]

[Table A3]
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[0227]

Az a resulk, in the cases of Invention Examples All to
413, stable cutting was performed, and wear width fell
within a normal range even after 50 m cutting; 1.e., Ethe
zsame cutting length as in the case of Example Al was
achieved even through high-speed cutting. Particularly, in
the cases of Invention Examples A11 and Al2, wherein the
amount of deviation from the reference phase of the cutting
edge fell within a preferred range, wear width was 0.1 mm,
which i1s smaller than that in Inventicn Example Al3,

[0228]

{(Example A4}

In Example A4, comparison of grinding time upon
production was carried out. In the case of production of an
unequally-separated product, grinding of edge grooves
requires a long grinding time for adjustment of separation
angle. In additien, since a large number of portions must
be ground for attaining uniform land width, a long grinding
Lime is required. In this Example, particularly, different
times for grinding of edge grooves were measured.
Specifically, there was measured the time required for
grinding of one edge groove for producing the and mill of
Invention Example Al (Example Al} or the end mil} of
Conventional Example A2 (Example Al} {unequal separation).

The results are shown in Table 24.
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[02253]

[Table A4]
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[0230]

In the case of producticon of an unequally-separated
product, grinding of edge grooves reguires a long grinding
time for adjustment of the separation angle of a cutting
edge. In addition, =since a large number of portions must be
ground for attaining uniform liand width, a long grinding
time 1s reguired. In the case of Conventional Example AZ
fi.e., unegually-separated product}, grinding CLime was
proleonged by four minutes (i.e., about 1.4 times) as
compared with the case of Invention Example Al.

[0231]

(Example A5}

In Example 25, cutting test (groove cutting) was
carried out for evaluating chip removal performance. An end
mill of Invention Example Al3 was produced in the same
manher as in Invention Example Al (Example Al); an end mill
of Conventional Example A5 was produced in the same manner
as in Conventional Example A1 {Example 21}:; and an end miil
of Conventional Example 26 (i.e., unequally-separated
product) was produced in the same manner as in Conventional
Example A2 (Example Al). Each of the end mills was tested
in terms of feed rate limit by using structural steel as a
workpiece. Cutting conditions were as follows: retationmal
speed: 8,000 rotations/min {cutting speed: 200 m/min), feed
rate: 2,000 mm/min {0.06 mm ¢f feed per cutting edge}, and
amount of cutting in axial direcktion: B mm. For evaluation

of each end mill, feed rate was increased by 400 mm/min
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every 1 m cutting, and the feed rate at which breakage
occurred was recarded. When no problems occurred after
machining, mark "0" was assigned in the Table A5, whereas
when breakage occurred or when fracture or chipping occurred
after 1 m cutting at any feed rate, mark "X" was assigned.

2 sample which attained a feed rate of 3,200 mm/min or

higher was evaluated as "good." The results are shown in
Tabrle RD.
[0232]
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{0233]

A3 a resulk, in the case of Conventional Example AR
(i.e., cutting edge with unequally-separated angles), when
feed rate is increased for groove cutting, chips becoms
large. When such large chips are jammed in a small edge
groove, breakage or fracture cccurs in the edge. 1In the
case of Invention Example A4, cutting was performed until
feed rate reached 3,200 mm/min without causing any problem.
In contrast, in the case of Conventional Example A7,
vibration was increased, and fracture accurred when Feed
rate reached 3,200 mm/min. In the case of Conventional
Example AB {i.e., cutting edge with unegqually-separated
angles)}, breakage occurred when feed rate reached 2,800
mm/min. Through observation of the tool thereafter, welding
of chips was found in edge grooves having small separation
angle, and breakage was found to occur as a result of
Jjamming of chips in edge grooves.

[0234)])

(Example A6

In Example A6, peripheral cutting edges having
different shapes {i.e., wavy peripheral cutting edge and
nicked peripheral cutting edge) were compared with each
other by carrying out a cutting test employing an easy-to-
weld workpiece (stainless steel 3US304). 2An end mill of
Invention Example Al4 was produced in the same manner as in
Inventicon Example A2 (Example A1), and an end mill of

Invention Example AlS was produced in the same manner as in
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Invention Example A7 (Example A2}. Each of the end mills
was employed for cutking.

[0235]

For service life Eesting, cutting was carried out under
the folleowing conditions: rotaticnal speed: 5,000
rotations/min {(cuktting speed: 125 m/min), feed rate: 1,200
mm/min {(0.06 mm of Feed per cutting edge), amount of cutting
in axial direction: 4 mm, and amount of cutting in radial
direction: 1 mm. For evaluation of each end mill,
peripheral cutting edges thereof were observed every 5 m
cutting. When neither fracture nor chipping occcurred in an
end mill until 30 m cutting, the end mill was evaluated as
"good, " and the wear width of the end mill was measured,

The results are shown in Table A6.
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[0236]

[Table Ag]
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[0237]

ks a result, in the cases of Invention Examples 415 and
Bl6, wear width fell within a normal range even after 20 m
cutting, which indicates that an easy-to-weld workpiece
fe.g., stainless steel) can be cut by means of each of the
end mills of this invention. However, the wear width of
nicked peripheral cutting edges in Invention Example Al6 was
found to be 0.13 mm, which is slightly smaller than that of
wavy peripheral cutting edges in Invention Example AlS5
{i.e., 0.14 mm). These data show that nicked peripheral
cutting edge is supericr to wavy peripheral cutting edge in
terms of cutting of an easy-to-weld workpiece such as
stainless steel.

[0238]

(Example B1)

In Example Bl, particularly, the optimal amcunt of
deviaticn of nicked peripheral cutting edges from the
respective reference phases was determined. In Invention
Examples Bl and B2, Comparative Example Bl, and Conventional
Examples Bl and BZ, end mills, each having four cutting
adges, were produced from a carbide base having a Co conkent
of B wt.% and a mean WC grain size of 0.8 pm {tool diameter:
8 mm, cutting edge length: 16 mm, helix angle: 45° fotal
length: 70 mm, shank diameter: B mm).

[0229]

In each of the end mills of Invention Examples Bl and

B2, Comparative Example Bl, and Conventional Examples Bl and
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B2, nicks were formed such that nick pitch was 1 mm, the
curvature radius R]1 of a tool-end-side rounded portion of
each nick was 0.025 D (0.2 mm in actual size, the same shall
apply hereinafter), the curvature radius RE2 of a tocl-shank—
side rounded portion of each nick was 1.6 times the
curvature radius R1 {i.e., 0.32 mm}), and the depth of each
nick was 0,03 D {0.24 mm). In each end mill, gashes each
composed of a plurality of surfaces were formed so as to
attain a first gash angle of 25° and a second gash angle of
50°. The bottom end of each nick was connected to the tocl-
shank-side rounded portion therecf {curwvature radius R2) wvia
a straight portion. Each of the end mills {sample) was
ceoated with a hard coat including an intermediate layer
formed of TialSiN, an innermost layer formed of Ti&1N, and
an outermocst layer formed of TiSiH.

[(0240]

In Invention Example Bl, an end mill having the
following nicked peripheral cutting edges was produced.
Specifically, a first nicked peripheral cutting edge was
considered a reference peripheral cutting edge, and the
remaining (second to fourth) peripheral cutting edges were
deviated from the respective reference phases of the
reference cutting edge, wherein the distance of the
reference phase is an amount corresponding to a value
obtained by equally gquartering the nick pitch of the
reference peripheral cutting edge. In a second nicked

peripheral cutting edge, the phase deviation amount was
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adjusted to 1% of the nick pitch (i.e., 0.0} mm}. In a
third nicked peripheral cutting edge, Che phase deviation
amount was adjusted to 0% of the nick pitch {i.e., 0 mm].

In a fourth nicked peripheral cutting edge, the phase
deviation amount was adjusted to 1% of the nick pitch {i.e.,
0.01 mmj.

[0241]

In Invention Example B2, an end mill having the
following nicked peripheral cutting edges was produced.
specifically, a first nicked peripheral cutting edge was
considered a reference peripheral cutting edge, and the
remaining {second to fourth) peripheral cutting edges were
deviated from the above-abtained respective reference
phases. In a second nicked peripheral cutting edge, the
phase deviation amount was adjusted to 2% of the nick pitch
fi.e., 0.02 mm). In a third nicked peripheral cutting edge,
the phase deviation amount was adjusted to D% of the nick
pitech {(i.e., 0 mm). In a fourth nicked peripheral cutting
edge, the phase deviation amount was adjusted to 2% of the
nick pitch {(i.e., 0.02 mmj .

{0242]

In Invention Example B3, an end mill having the
following nicked peripheral cutting edges was produced.
Specifically, & first nicked peripheral cutting edge was
considered a reference peripheral cutting edge, and the
remaining (second to fourth} peripheral cutting edges were

deviated from the above-obtained respective reference
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phases. In a second nicked peripheral cutting edge, the
phase deviation amount was adjusted to 2% of the nick pitch
{i.e., 0.02 mm}. In a third nicked peripheral cutting edge,
the phase deviation amount was adjusted to 3% of the nick
pitch {i.e., 0.03 mm). In a fourth nicked peripheral
cutting edge, the phase deviation amount was adjusted to 2%
of Cthe nick piktch {1.e., 0.02 mm).

[0243]

In Invention Example B4, an end mill having the
following nicked peripheral cutting edges was produced.
Specifically, a first nicked peripheral cutting esdge was
considered a reference peripheral cutting edge, and the
remaining (second to fourth) peripheral cutting edges were
deviated from the above-cobtained respective reference
phases. In a second nicked peripheral cutting edge, the
phase deviation amount was adjusted to 5% of the nick pitch
{i.e., 0.05 mm}). In a third nicked peripheral cutting edge,
the phase deviaticn amount was adjusted to 3% of the nick
pitch {i.e., 0.03 mm). In a fourth nicked peripheral
cutting edge, the phase deviation amount was adjusted to 4%
of the nick pitch {i.e., 0.04 mm).

[0244]

In Invention Example B5, an end mill having the
following nicked peripheral cutting edges was produced.
Specifically, a first nicked peripheral cutting edge was
considered a reference peripheral cutting edge, and the

remaining (second to fourth) peripheral cutting edges were
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deviated from kthe above-obtained respective reference
phases. In a second nicked peripheral cutting edge, the
phase deviation amount was adjusted to 2% of the nick pitch
{i,e., 0.02 mm). In a third nicked peripheral cutting edge,
the phase deviation amount was adjusted to 0% of the nick
pitch {i.e., 0 mm). In a fourth nicked peripheral cukting
edge, the phase deviation amount was adjusted to 0% of the
nick pitch (i.e., G mm).

[0245]

In Comparative Example Bl, an end mill having the
following nicked peripheral cutting edges was produced.
specifically, a first nicked peripheral cutting edge was
considered a reference peripheral cutting edge, and the
remaining {second to fourth) peripheral cutting edges were
deviated from the above-obtained respective reference
phases. In a second nicked peripheral cutting edge, the
phase deviation amount was adjusted to 6% of the nick pitch
(i.e., 0.06 mm}. In a third nicked peripheral cutting edge,
the phase deviation amount was adjusted to 0% of the nick
piteh (i.e., 0 mm}. In a fourth nicked peripheral cutkbing
edge, the phase deviation amount was adjusted to 6% of the
nick pitch {i.e., 0.06 mm).

[0246]

in Conventional Example Bl, there was produced an end
mill having nicked peripheral cutting edges of constant
phase deviation amount, wherein, in each nicked peripheral

cutting edge, the amount of deviation from the reference
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phase {(i.e., 1/4 of the nick pitch of the reference
peripheral cutting edge) was adjusted to 0%.

[0247]

In Conventional Example BZ, there was produced an end
mill having nicked peripheral cutting edges of constant
rhase deviation amount with different separation angles
(i.e., 95% 85°, 95°, and B85°), wherein, in each nicked
peripheral cutting edge, the amount of deviation from the
reference phase (i.e., 1/4 of the nick pitch of the
reference peripheral cutting edge) was adjusted to 0%.

[024B]

In Conventional Example B3, there was produced an end
mill in which the amcunt of deviation from the reference
phase in each nicked peripheral cutting edge was determined
as in the case of the end wmill as described in Patent
Documenkt 1. Specifically, a first nicked peripheral cutting
edge was considered a reference peripheral cutting edge, and
the remaining {second to fourth) peripheral cutting edges
were deviated EFrom the above-cbtained respective reference
phases. In a second nick peripheral cutting edge, the phase
deviation amount was adjusted to 6% of the nick pitch (i.e.,
0.06 mm). In a third nicked peripheral cutting edge, the
phase deviation amount was adjusted to 0% of the nick pitch
(i.e., 0 mm}. In a fourth nicked peripheral cutting edge,
the phase deviation amount was adjusted to 2% of the nick
pitch {i.e., 0.02 mm}.

In each of the end mills of Invention Examples Bl to

134



B5, Comparative Example Bl, and Conventiconal Examples Bl and
B3, nicked peripheral cutting edges were formed so as to
have the same separation angle.

[0245]

Each of the end mills was subjected to a cutting test
{service 1life Ebest) employing a workpiece {die steel SED6E1
for hot working having a hardness of HRC 40). Specifically,
cutting was carried out under the following conditions:
cutting speed: 150 m/min {(rotational speed: 6,000
rotations/min), which is 1.5 times the cutting speed in
conventional high-speed cutting {i.e., 100 m/min}, feed
rate: 1,600 mm/min {(0.06 mm of feed per cutting edge}),
amount of cutting in axial direction: 4 mm, and amount of
cutting in radial direction: 4 mm.

[0250]

For evaluation of each end mill, peripheral cutting
edges thereof were observed every 5 m cutting. When neither
fracture neor chipping occurred in an end mill until! 30 m
cutting, the end mill was evaluated as "good," and the wear
width of the end mill was measured. When fracture or
chipping was cbserved in peripheral cutting esdges of an end
mill before 50 m cutting, cuktting was stopped upon
obhservation of fracture or chipping, and the cutting length

was recorded. The results are shown in Table Bl.
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[Table B1]
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[0252]

2= a result, in the cases of Inventicon Examples Bl to
BE5, stable cutting was performed with reduced chatbering
vibration, and wear width fell within a normal range even
after 30 m cutting. Particularly, in the cases of Invention
Examples Bl to B2 and BS5, wear width was as small as 0.10 mm
or less after 50 m cutting. In the cases of Comparative
Example Bl and Conventional Example B3, the amount of
deviation from the reference phase was large, and thus a
large cutting leoad was applied to a nicked peripheral
cutting edge with large phase deviation amount, resulting in
cceurrence of chipping upon 25 m cutting. In the case of
Conventional Example Bl, nick pitches were provided at egual
intervals, and thus chattering vibration was increasesd, and
fracture occurred upon 15 m cutting, leading to the end of
the service life. In the case of Convenktional Example BZ
{i.e., cutting edge with unequally-separated angles),
chipping occurred upon 35 m cutting in a nicked peripheral
cutting edge with a groove of small separation angle.

[0253]

{Example BZ2)

In Example B2, particularly, the optimal shape of
nicked peripheral cutting edges was determined. In
Invenkion Examples B§ to B23, Comparative Examples B2 and
B3, and Conventional Examples B4 to B7, end mills each
having four cutking edges were preduced from a carbide base

having a Co content of 8 wt.% and a mean WC grain size of
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0.8 pm (tool diameter: 10 mm, cutting edge length: 20 mm,
helix angle: 45°, total length: 90 mm, shank diameter: 10
mm) .

[0254]

In Example B2, each end mill was produced so as to have
the following nicked peripheral cukbing edges.
Specifically, a first nicked peripheral cutting sdge was
considered a referen;e peripheral cutting edge, and the
remaining (second to fourth) peripheral cutking edges were
deviated from kthe respective reference phases of the
reference peripheral cukting edge, wherein the distance of
the reference phase is a wvalue obtained by equally
quartering the nick pitch of the reference peripheral
cutting edge. In a second nicked peripheral cutting edge,
the phase deviation amount was adjusted to 2% of the nick
pitch {i.e., 0.02 mm). In a third nicked peripheral cutting
edge, the phase deviabtion amount was adjusted to 0% of the
nick pitch {i.e., 0 mm). In a fourth nicked peripheral
cutting edge, the phase deviation amount was adjusted to 2%
of the nick pitch {(i.e., 0.02 mm}. Each end mill {sample)
was coated with a hard coat including an intermediate layer
formed of TiAl31N, an innermost layer formed of TiAlW, and
an outermost layer formed of TiSiN.

[0255]

Nicked carbide end mills of Inventicn Examples B and
Comparative Examples B were produced by wvarying the

curvature radius Rl of a tool-end-side rounded portion of

138



each nick, the curvature radius R2 of a tool-shank-side
rounded portion of each nick, the depth of =ach nick, and
the shape of a portion connecting the bottom end of each
nick and the tool-shank-side rounded portion of the nick.
Nicked carbide end mills of Convenkbtional Examples B were
produced so as to have shapes as described in Fatent
Documents 2 and 4.

[0256]

&5 shown in Table B2, end mills of Invention Examples
B&, B7, BB, and B2l were produced by varying the shape of a
portion connecting the bottom end of each nick and the tool-
shank-side rounded porktion of the nick, wherein the
curvature radius Rl of a tool-end-side rounded portion of
each nick was adjusted to 0.02 D (0.2 mm in actual size, the
same shall apply hereinafter), the curvature radius RZ2 of a
tool-shank-side rounded portion of each nick was adjusted to
1.7 times the curvature radius R1 (0.34 mm), and the depth
of each nick was adjusted te ¢.025 D {(0.25 mm).

[0257]

End mills of Invention Examples BS to B20 and B23 were
produced such that the bottom end of =ach nick was connected
to the tool-shank-side rounded portion (curvabture radius R2)
of the nick via a straight peortion. In Inventicn Example B9,
the curvature radius Rl of a tool-end-side rounded portion
of each nick was adjusted to 0.01 D (0.1 mm), the curvature
radius R2 of a toeol-shank-side rounded portion of each nick

was adjusted to 1.6 times the curvature radius R1 {0.16 mm],

135



and the depth of each nick was adjusted to 0.025 D (0.25 mm}.

[3258]

In Invenktion Example B10, the curvature radius Rl of a
tool-end-gide rounded portion of each nick was adjusted to
0.02 D (0.3 mm}, the curvature radius R2 of a tool-shank-
side rounded porticn of each nick was adjusted to 1.6 times
the curvature radius R1 {0.48 wmm), and the depth of e=ach
nick was adjusked to 0.025 D (0.25 mm) .

[0259]

In Invention Example Bll, the curvature radius Rl of a
tocl-end-side rounded portion of each nick was adjusted to
0.02 D (0.2 mm}), the curvature radius B2 of a btool-shank-
side rounded portion of each nick was adjusted to 1.5 times
Ehe curvature radius Rl (0.3 mm}, and the depth of each nick
was adjusted to 0.025 D {0.25 mm).

[0260]

In Invention Example B1l2, the curvature radius Rl of a3
tool-end-side rounded portion of each nick was adjusted to
0.02 D (0.2 mm}), the curvature radius RZ of a teol-shank-
side rounded portion of each nick was adjusted to twice the
curvalbure radius R1 (0.4 mm), and the depth UF agach nick was
adjusted te 0.025 D (0.25 mm).

[0261]

In Invention EBxample Bl3, the curvature radius Rl of a3
tool-end-side rounded portion of each nick was adjusted to
0.02 D (0.2 mm), the curvature radius RZ of a tool-shank-

5ide rounded portion of each nick was adjusted to 1.7 times
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Ehe curvature radius R1 {(0.34 mm), and the depth of =ach
nick was adjusted to 0.01 D (0.1 mm).

[02&62]

In Invention Example Bl4, the curvature radius Bl of a
tocl-end-side rounded portion of each nick was adjusted to
0.02 b (0.2 mm}, the curvature radiuns RZ2 of a tool-shank-
side rounded porticon of each nick was adjusted to 1.7 times
the curvature radius Rl (0.34 mm), and the depth of each
nick was adjusted to 0.05 D (0.5 mmj.

[0263]

In Invention Example Bl3, the curvature radius R1 of a
tool-end-side rounded portion of each nick was adjusted to
0.007 D (0.07 mm), the curvature radius BRZ2 of a tooal-shank-
side rounded porticn of each nick was adjusted to 1.7 times
the curvature radius R1 (0.12 mm}, and the depth of each
nick was adjusted to 0.025 D {(0.25 mm).

(0264]

In Invention Example Blb, the curvature radius Rl of a
tool-end-side rounded portion of each nick was adjusted to
0.033 D (0.33 mm}), the curvature radius B2 of a toocl-shank-
side rounded portion of each nick was adjusted to 1.6 times
the curvature radius R1 [(0.52 mm), and the depth of each
nick was adjusted to 0.025 D (0.25 mm) .

[0265]

In Invention Example Bl7, the curvature radius Rl of a
tool-end-side rounded portion of each nick was adjusted to

0.02 D {0.2 mm), the curvature radius R2 of a tool-shank-
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side rounded portion of each nick was adjusted to 1.3 times
the curvature radius Bl (0.26 mm}, and the depth of each
nick was adjusted bto 0.025 D (0.25 mm),

[0266]

In Invention Example B18, the curvakture radius Rl of a
tool-end-side rounded portion of each nick was adjusted ko
0.02 b {.2 mm), the curvature radius B? of a tool-shank-
side rounded portion of each nick was adjusted to 2.5 times
the curvature radius R1 (0.5 mm}, and the depth of each nick
was adjuskted to 0.025 D (.25 mm).

[0267]

In Invention Example B19, the curvature radius Rl of a
tocl-end-side rounded portion of each nick was adjusted to
0.02 b (0.2 mm), the curvature radiuszs R? of a Coocl-shank-
gide rounded portion of each nick was adjusted to 1.7 times
the curvature radius R1 {(0.34 mm), and the depth of each
nick was adjusted to 0.008 D (0,08 mm) .

(02681

In Invention Example B20, the curvature radius Rl of a
tocl-end-side rounded portion of each nick was adjusted to
0.02 b (0.2 mm), the curvature radius RZ2 of a tool-shank-
zide rounded porticon of each nick was adjusted to 1.7 times
the curvature radius Rl (0.34 mm), and the depth of each
nick was adjusted to Q.07 D (0.7 mm).

[0269]

In Invention Example B21, the curvature radius R1 of a

tool-end-side rounded portion of each nick was adjusted to

142



.02 D (0.2 mm), the curvature radius R2 ¢of a tool-shank-
side rounded portion of each nick was adjusted to 1.7 times
the curvature radius R1 (0.34 mm), and the depth of each
nick was adjusted te 0.025 D (0.25 mm}. Furthermore, gashes
each composed of a plurality of surfaces were formed 50 as
to attain a first gash angle of 20° and a second gash angle
of 45°,

[0270]

In Invention Example B22, the bottom end of sach nick
was connected to the tool-shank-side rounded portion
fcurvature radius RZ} of the nick via a concave arc portion,
wherein the carvature radius Rl of a tool-end-side rounded
portion of each nick was adjusted te 0.01 D (0.1 mm}, the
curvature radius R2 of a tool-shank-side rounded portion of
each nick was adjusted teo 1.3 times the curvature radius Rl
{0.13 mm), and the depth of each nick was adjusted to 0.025
D (0.25 mm}.

[0271]

In Comparative Example B2, an end mill was produced in
the same manner as in Invention Example &, except that the
curvature radius RZ2 of a toel-shank-side rounded portion of
each nick was adjusted to be egqual to the curvature radius
Rl of a tool-end-side rounded portion of each nick (i.e.,
0.025 D (0.25 mm}}). In Comparative Example 3, an &nd mill
was produced in the same manner as in Invention Example 6,
except that the curvature radius Rl of a tool-end-side

rounded portion of sach nick was adjusted te 0.034 B {(0.34
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mm), and the curvature radius R2 of a tool-shank-zide
rounded portion of each nick was adjusted to 0.2 mm; i.e.,
the curvature radius R2 was adjusted s¢ as to be smaller
than the curvature radius Rl of the tool-end-side rounded
portion.

[0272]

In Conventional Example B4, an end mill was produced
such that a portion connecting each nick and a corresponding
peripheral cutting edge portion had a sharp edge shape
(i.e., the nick shape described in Patent Document 3}. FIG.
19 shows the nick shape., The end mill was produced in the
same manner as in Invention Example 6, except that rounded
portions were not provided on the toeol end side and the tool
shank side of each nick.

M273]

In Conventional Example B5, an end mill was produced
such Chat each nick had the shape shown in FIG., 1% wherein a
rounded portion may be provided on the nick {(see FIG. 20} as
described in Patent Document 3. The end mill was produced
in the same manner as in Conventional Example 4, except that
the curvature radius Rl of a tool-end-side rounded portion
of each nick was adjusted to 0.005 D (0.05 mm), and the
curvature radius R2 of a tool-shank-side rounded portion of
each nick was adjusted to be equal to the curvature radius
Rl (i.e., 0.05 mm).

[0274]

In Conventional Example B6, an end mill was produced
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such that each nick was formed to attain the shape described
in Patent Document 4, in which a connectbion porticon hetween
each nick and a corresponding peripheral cutting edge has a
curvature radius smaller than that of a concave arc portion
forming the nick, and the curvature radius is made egqual
betwaen the tool end side and the tool shank side (the nick
shape 1s shown in FIG. 21}, Specifically, the end mill was
produced in the same manner as in Invention Example B&,
except that each nick was connected to a corresponding
peripheral cutting edge via a concave arc portion; the
curvature radius Rl of a tool-end-side rounded portion of
each nick was adjusted to 0.02 D (0.2 mm); and the curvature
radius R2 of a tool-shank-side portion of each nick was
adjusted to be equal to the curvature radius R1 of the tool-
end-side rounded portion.

(06275]

In Conventional Example B7, an end mill was produced so
as to have the shape of a conventional nicked carbide end
mill, in which the bottom end of each nick was connected to
a tool-shank-side rounded portion via a curve porkion
concaved toward the nick. Specifically, the end mill was
produced in the same manner as in Invention Example Bé&,
except that rounded portions were not provided on the Eool
end side and the tool shank side of each nick.

[0276]

In Table BZ, "straight connection" refers to the shape

of esach nick in which the bottom end of the nick is
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connected to the tool-shank-side rounded portion thereof
{curvature radius R2)] via a straight portion; "convex curve”
refers to the shape of each nick in which the bottom end of
the nick 1s connected to the tool-shank-side rounded portion
thereof (curvature radius R2) via a curve portion convexed
toward the nick; “straight + convex curve™ refers to the
shape of each nick in which the bottom end of the nick is
connected to the tool-shank-side rounded portion thereof
(curvature radius R2} wvia a straight porbion and a curve
portion convexed toward the nick: and "concave arc " refers
to the shape of each nick which is shown in FIG. 18
{conventicnal example}, in which the bottom end of the nick
is connected to the tool-shank-side rounded portion thereof
(curvature radius R2) via a curve or arc portion concaved
toward the nick.

[0277]

The thus-produced end mills (samples} were subjected to
a cutting test under the same conditicns. A stainless steel
305304 bilock material was provided as a workpiece. Cutting
was carried out under the following conditions: rotational
speed of the nicked carbide end mill: 4,000 rotations/min
fcutting speed: 120 m/min}, amount of cutbing in axial
direction: 10 mm, and amount of cutting in radial direction:
4 mm. A water-soluble lubricant was employed for cutting.

[0278]

In the case of a conventional nicked carbide end mill

of this type, an average feed rate for securing an average
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surface roughness is about 500 mm/min. Therefore, in order
to evaluate the machining performance of the end mill of the
present invention, feed rate was gradually increased from
500 mm/min (feed rate per cutting edge: 0,03 mm/min} for
investigation of feed rate limit. Thus, when a feed rate of
1,000 mm/min or higher is attained, and no problem arises in
terms of occurrence of chipping or impairment of surface
roughness, the end mill is regarded as achieving high-
performance machining {i.e,, machining performance is twice
or more that of a conventicnal end mill).

[0275]

In evaluation of each end mill, cutting was stopped
when a problem (e.g., chipping) occurred or the average
roughness Ra of the machined surface ¢f a workpiece reached
4 um or more, and the feed rate at the time of stopping was
recorded as feed rate limit {mm/min}.

[0280]

Iin the case where a problem {e.g., chipping) did not
cccur in an end mill, and the average roughness Ra of the
machined surface of a workpiece was 4 pm or less at the tTime
when the feed rate limit was 1,000 mm/min, the end mill was
evaluated as "good" and by rating "BB." In the case where a
problem (e.g., chipping) did not cccur in an end mill, and
the average roughness Ra of the machined surface of a
workpiece was 4 pm or less at the time when Che feed rate
limit was 1,500 mm/min, the end mill was evaluvated as "good

high-rate feed" and by rating "AA.™ In the case where
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or the average roughness

d mill,

in an en

chipping occurred

Ra of the machined surface of a workpiece exceeded 4 pm at

the time when the feed rate limit was less than 1,000

the average machined surface roughness Ra was

mm/min,

and the end mill was evaluated by rating

recorded thereupon,

Table B2 shows the specificaticons of the end mills

IICC . n

samples tested and the results of the test.

[0281]

[Table B2]
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[0282]

As a result, in the cases of Invention Examples B6 to
B23, neither chipping nor fracture occurred, and the average
surface roughness Ra was 4 pm or less at the time when the
feed rate limit was 1,000 mm/min; i.e., high-feed-rate
machining was achieved. Particularly, in the cases of
Invention Examples B6 to Bl4 and B23, nc¢ problem (e.4d.,
chipping) occurred, and the average machined surface
roughness Ra was 2.0 pm or less at the time when the feed
rate limit was 1,500 mm/min; i.e., high performance at high
feed rate was achieved, and surface machining with high
accuracy was secured, Furthermore, in the case of Invention
Example B23, in which each gash was composed of a plurality
af surfages, the best result was obtained (i.e., feed rate
limit of 2,200 mm/min}.

[0283]

The data of Invention Examples B&é te B8 and B2l
indicate that feed rate limit is considerably varied with
the shape of a portion connecting the bottom end of each
nick and a tool-shank-side rounded portion {curvature radius
R2Y of the nick, and the best result is obtained by
connecting the bottom end of each nick to a teool-shank-side
rounded portion (curvature radius R2) of the nick wvia a
straight portion.

[02B4]

In the case of Comparative Example B2, chipping

accurred at the time when the feed rate was BQO mm/min.
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This indicates that strength becomes insufficient when the
corvature radius Rl of a tool-end-side rounded portion of
each nick is equal to the curvature radius RZ of a tool-
shank-side rounded porticon of the nick, and the curvature
radius R2 is as small as 0.2 mm. In the case of Comparative
Example B3, line-shaped marks were formed on the machined
surface of a workpiece after cutting at a feed rate of 500
mm/min, and the average surface roughness Ra exceeded 4 pm
{i.e., 4.58 um}). This indicates that when the curvature
radius of a tool-end-side rounded portion of each nick is
greater than that of a tocl-shank-side rounded portion of
Ehe nick, a force of pressing the machining surface teo the
tool-shank-side rounded portion becomes larde, and thus
line-shaped marks are formed on the machined surfaca,
resulting in large average surface rounghness Ra.

[0285]

In the case of Conventional Example B4, chipping
ovcurred upon machining at a feed rate of 500 mm/min, and
the average surface roughness Ra became 4,54 pr. In the
case of Conventional Example B7, chipping occurred at a feed
rate of 400 mm/min, and the average surface roughness Ra
became 4.54 pn. This indicates when rounded portions are
not provided on the tool end side and the tool shank side of
each nick, strength is reduced, and chipping occurs upon
high-feed-rate machining.

[0286]

In the case of Conventional Example B5, in which sach
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nick was formed to have the same shape as in Conventional
Example B4, and rounded portions were provided on the kool
end =ide and tool shank side of each nick, chipping occurred
upon machining at a feed rate of 700 mm/min. In the case of
Conventional Example B6, chipping occurred on the tool shank
side of nicks upon machining at a feed rate of 800 mm/min.
This indicates that when the curvature radius Rl of a bool-
end-side rounded portion of each nick is egual to the
curvature radius R2 of a tool-shank-side rounded portion of
the nick, strength is not enough, and when a portieon
connecting each nick and a corresponding peripheral cutting
edge has a concave shape, strength of the peripferal cutking
edge is further reduced, and chipping ocCcurs,

[0287]

As is clear from the data of Example Bl and Example EBEZ,
chattering vibration is reduced and chipping resistance is
improved by a synergistic effect of optimal phase deviation
amount and nick shape, and thus high-performance machining
is reliably performed through high-speed cutting. It was
alsa found that cutting at a speed considerably higher than
a conventional cutting speed requitres provision of rounded
portions on the tool end side and the tool shank side of
each nick, as well as optimization of the shape of each
nick.

[0288]

{Example C1}

In Example Cl, the shape of gashes suitable for the
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carbide end mill of the present invention (i.e., the end
mill having second and third gash surfaces) was determined.
The end mill of the present invention was compared with a
conventional carbide end mill having no third gash surface,
a carbide end mill described in Patent Document 5 in which
gash notch angle is specified, or a carbide end mill
described in Patent Document 6 in which the angle of a gash
provided on the peripheral side of the end mill is rendered
larger than the angle of a gash provided on the side toward
the rotational center of the end mill,

(02853]

In invention Examples Cl to Cl2, Conventional Examples
Cl to €3, and Comparative Examples Cl to €6, end mills, each
having four wavy peripheral cutting edges, were produced
from a carbide base having a Co content of B wt.% and a mean
WC grain size of 0.8 um (tool diameter: 8 mm, cutting edge
length: 16 mm, total length: 70 mm, shank diameter:; & mm,
waveform pitch: 1 mm, helix angle: 45%) . Each of the end
mills (samples) was coated with a hard coat formed of an Si-
containing {TiZi1)N compound.

[6280]

In Exanple Cl, each end mill was produced =o as to hawve
the following wavy peripheral cutting adges. Specifically,
a first wavy peripheral cutting edge was considered a
reference peripheral cutting edge, and the remaining {second
to fourth} peripheral cutting edges were deviated from the

respective reference phases of the reference peripheral
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cuotting edge, wherein the distance of the reference phase is
a value obtained by aqually quarkering the waveform pitch of
the reference peripheral cutting edge. In a second wavy
peripheral cutting edge, the phase deviation amount was
adjusted to 2% of the waveform pitch {(i.e., 0.02 mm). In a
third wavy peripheral cutting edge, the phase deviation
amount was adjusted to 0% of the waveform pitch (i.e., 0
mm). In a fourth wavy peripheral cutting edge, the phase
deviation amount was adjusted to 2% of the waveform pitch
{i.e., O0.02 mm).

[0291]

In Invention Examples Cl to C5 and Comparative Examples
€l and C2, a second gash angle was adjusted to 50° and the
length of a connection portion 58 between a second gash
surface and a third gash surface was adjusted to 2% of the
tool diameter {(i.&., 0.72 mm) as measured from the tool
rotation axis. In Invention Examples Cl to C5, first gash
angles were adjusted to 15°, 20°, 25°%, 30° and 35°%,
respectively, and, in Comparative Examples €1 and C2, first
gash angles were adjusted to 10° and 40° respectively.

[0202]

In Invention Examples €6 to C5 and Comparative Examples
€3 and C4, a first gash angle was adjusted to 25°, and the
length of a connection portion 58 between a second gash
surface and a third gash surface was adjusted to 9% of the
toocl diameter (i.e., 0.72 mm} as measured from the toeol

rotation axis. In Invention Examples C6 to C9, second gash
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angles were adjusted to 40°, 453°, 55°, and 60°, respectively,
and, in Comparatiwve Examples C3 and C4, second gash angles
were adjusted to 35° and 65°, respectively.

[0z93]

In Inmvenkicn Examples C10 to €12 and Comparative
Examples C5 and C6, a first gash angle was adjusted to 2Z5°,
and a second gash angle was adjusted to 50°. In Invention
Examples Cl0 to C12, the length of a connecticn portion 58
between a second gash surface and a third gash surface was
respectively adjusted to 5%, 10%, and 15% of the kool
diameter as measured from the tool rotakion axis, and in
Comparative Examples 5 and €6, the length of a connection
portion 58 between a second gash surface and a third gash
surface was respectively adjusted to 0% and 3% of the tool
diameter as measured from the tool rotation axzis.

[62%4]

In Conventional Example €1, an end mill having a first
gash angle of 25° and having no third gash surface was
produced. In Conventional Example C2, an end mill was
produced so as to have the same specification as described
in Patenbt Document &, in which the length of a connectian
portion 58 between a second gash surface and a third gash
surface was adjusted to 20% of the tool diameter (i.e., 1.6
mm} as measured from the tool rotaticon axis, a first gash
angle was adjusted to 25% and a second gash angle was
adjusted to 50°. In Conventional Example €3, an end mill

was produced so as to have the same specification as shown

154



in FIG. 1 cof Patent Document 5, in which the length of a
connecktion portion 58 between a second gash surface and a
third gash surface was adjusted to 23.5% of the tool
diameter {i.e., 1.76 mm} as measured from the teol rotation
axis, a first gash angle was adjusted to 25°, and a second
gash angle was adjusted to 50°.

[0295]

In Example Cl, each of the above-produced 21 end mills
was employed for machining of pre-hardened steel having a
hardness of HRC 40 (i.e., workpiece) so as to form a concave
portion (50 mm in width, 50 mm in length, 24 mm in depth}.
For comparison of the end mills, each end mill was tested
through machining of the workpiece by a cutting process
including a step of ebligue cutting until a depth of 3 mm,
and a subsequent step of lateral-feed machining until a
widkh of 50 mm and a length of 50 mm, which process was
performed thrice until a depth of 24 mm.

[0296]

In the case of conventional end mills, a cutting spsed
of 100 m/min is encugh For high-speed cutting of a workpiece
having a hardness of HRC 40. In contrast, in Example Cl1,
cutting was carried out under the following conditions:
rotational speed: 6,000 rotations/min {cutting speed: 130
m/min), feed rate: 1,920 mm/min {0.08 mm of feed per cutting
edge), amount of cutting in axial direction: 8 mm, amount of
cutting in radial direction: 2 mm, feed rate upon oblidque

gutting: 1,200 mm/min, and tilt angle: 10°,
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[0297]

When one concave portion having the aforementioned
dimensions was formed by means of an end mill, the end mill
was evaluated as "good." When Ffracture was observed in an
end mill after machining, or breakage was observed in an end
mill during machining, these observations were recerded.

The results are shaown in Table C1,
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[02838]

[Table C1]
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{0289]

A5 a resuit, in the cases of Invention Examples Cl to
Ci2, jamming of chips did not occur, and both oblique
cutting and lateral-feed machining were stably performed.

In contrast, in the case of Conventional Example Cl, due to
the absence of a third gas surface, chip pockets of end
cutting edges became small, and jamming of chips occcurred,
resulting in breakage during oblique cutting immediately
after initiation of machining. In the cases of Conventional
Examples C2Z and C3, one concave portion was formed through
machining, but a longer length 58 of a connection porticn
between a second gash surface and a third gash surface
causes jamming of chips, resulting in large fracture in the
vicinity of the tool rotation axis of end cutting edges.

[0300]

In the case of Comparative Example €1, due to a small
first gash angle of 10°, chip pockets of end cutting edges
became small, and jamming of chips occurred, resulting in
breakage during obligue cutting immediately after initiation
of machining. 1In the case of Comparative Example €2, due to
a large first gash angle of 40°, rigidity became
insufficient, and large fracture occurred in the yicinity of
end cutting edges during lateral-feed machining. In the
case of Comparative Example C3, due bto a small second gash
angle of 35°, chips were difficult to be removed through
peripheral cutting edge grooves, and jamming of chips

occurread, resulting in fracture of peripheral cutting edges

158



during lateral-feed machining. In the case of Comparative

Example €4, due to a large second gash angle of 65°

rigidity became insufficient, and large fracture occcurred in
peripheral cutting edges and end cutting edges during
lateral-feed machining. In the cases of Comparative
Examples €5 and C6, due to a shorter length of a connection
portion between a second gash surface and a third gash
surface, rigidity was reduced in the wvicinity of the center
of the tool axis of end cutting edges, resulting in fracture
after machining.

[0301]

{Example C2)

In Example C2, the optimal amcunt of deviation of Che
reference phase was determined. In Invention Examples Cl13
to C17, Conventional Examples C4 to C7, and Comparative
Example C7, end mills were produced such that a first gash
angle was 25°, a second gash angle was 50° and the length
58 of a central connection portion was 9% of the tool
diameter (i.e., 0.72 mm) as measured from the tool rotation
axis.

[0302]

In Inventicon Example €13, an end mill having the
following wavy peripheral cutting edges was produced.
Specifically, a first wavy peripheral cutting edge was
considered a reference peripheral cukting edge, and the
remaining {second to fourth) peripheral cutting edges were

deviated from the respective reference phases of the
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reference peripheral cutting edge, wherein the disktance of
the reference phase is an amount corresponding to a value
obtained by equally guartering the waveform pitch of the
reference perjipheral cutting edge. In a second wavy
peripheral cutting edge, the phase deviation amount was
adjusted to 1% of the waveform pitch {i.e., 0.01 mm}). In a
third wavy peripheral cutting edge, the phase deviation
amount was adjusted to 1% of the waveform pitch {(i.e., 0.01
mm}. In a fourth wavy peripheral cutting edge, the phase
deviation amount was adjusted to 0% of the waveform pitch
fi.e., O mm).

[0303]

In Invention Example Cl4, an end mill having the
Folleowing wavy peripheral cutting sdges was produced.
Specifically, a first wavy peripheral cutting edge was
considered a reference peripheral cutting edge, and the
remaining (second to fourth) peripheral cutting edges were
deviated from the above-obtained respective reference
phases. In a second wavy peripheral cutting edge, the phase
deviaticon amount was adjusted to 2% of the waveform pitch
{i.e., 0.02 mm). In a third wavy peripheral cutting edge,
the phase deviation amount was adjusted to 2% of the
waveform pitch (i.e., 0.02 mm). In a fourth wavy peripheral
cutting edge, the phase deviation amount was adjusted to 0%
of Che waveform pitch {i.e., 0 mm}.

[0304]

In Inventien Example C15, an end mill having the
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following wavy peripheral cutting edges was produced.
Specifically, a first wavy peripheral cutting edge was
considered a reference peripheral cutting edge, and the
remaining {(second to fourth) peripheral cutting edges were
deviated from the above-obtained respective reference
phases. In a second wavy peripheral cutting edge, the phase
deviation amount was adjusted to 2% of the waveform pitch
(i.e., 0.02 mm). In a third wavy peripheral cutting edge,
the phase deviation amount was adjusted tTo 2% of the
waveform pitch {i.e., 0.02 mm). In a fourth wavy peripheral
cutting edge, the phase deviation amount was adjusted to 3%
of the waveform pitch {(i.e., 0.02 mm].

{0305]

In Invention Example Cl6, an end mill having the
following wavy peripheral cutting edges was preduced.
Spacifically, a first wavy peripheral cutting edge was
considered a reference peripheral cutting edge, and the
remaining {second to fourth) peripheral cutting edges were
deviated from the above-obtalined respective reference
phases. In a second wavy peripheral cutting edge, the phase
deviation amount was adjusted to 5% of the waveform pitch
{i.e., 0.05 mm). In a third wavy peripheral cutting edge,
the phase deviation amount was adjusted to 4% of the
waveform pitch {(i.e., 0.04 mm}. In a fourth wavy peripheral
cutting edge, the phase deviation amount was adjusted to 3%
of the waveform pitch {(i.e., 0.03 mm).

(0306]
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In Inventicn Example Cl7, an end mill having the
following wavy peripheral cutting edges was produced.
Specifically, a first wavy peripheral cutting ecdge was
considered a reference peripheral cutting edge, and the
remaining (second to fourth) peripheral cuktting edges were
deviated from the above-obtained respective reference
phases. In a second wavy peripheral cutting edge, the phase
deviation amount was adjusted to 2% of the waveform pitch
{i.e., 0.02 mm). In a third wavy peripheral cutting edge,
the phase deviation amount was adjusted to 0% of the
waveform pitch {(i.e., 0 mm). In a fourth wavy peripheral
cutting edge, the phase deviation amount was adjusted to 0%
of the waveform pitch (i.e., 0 mm).

[0307]

In Conventional Example C4, there was produced an end
mill having wavy peripheral cutting edges without deviation
from the reference phase. In Conventional Example C5, there
was produced an end mill having wavy peripheral cutkting
edges with different separation angles {i.e., 85°, 95°, B85°,
and 25°) and without deviation from the reference phase.

[0308]

In Cenventional Example C6, an end mill having the
following wavy peripheral cutting edges was produced.
Specifically, a first wavy peripheral cutting edge was
considered a reference peripheral cutting edge, and khe '
remaining ({(second to fourth} peripheral cutting edges were

deviated from the above-obtained respective reference
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phases. In a second wavy peripheral cutting edge, the phase
deviation amount was adjusted toc 6% of the waveform pitch
(i.e., 0.06 mm). In a third wavy peripheral cutting edge,
the phase deviation amount was adjusted to 2% of the
waveform pitch (i.e., 0.02 mm). In a fourth wavy peripheral
cutkting edge, the phase deviation amount was adjusted to 0%
of the waveform pitch (i.e., 0 mm}.

[0309]

In Conventiconal Example C7, an end mill having the
following wavy peripheral cutting edges was produced.
Specifically, a first wavy peripheral cutting edge was
considered a reference peripheral cutting edge, and the
remaining {second to fourth} peripheral cutting edges were
deviated from the above-pbtained respective reference
phases. In a second wavy peripheral cutting edge, the phase
deviation amount was adjusted to 6% of the waveform pitch
{i.2., 0.06 mm). In a third wavy peripheral cutting edge,
the phase deviaticn amount was adjusted to 2% of the
waveform pitch (i.e., 0.02 mm). In a fourth wavy peripheral
cutting edge, the phase deviation amount was adjusted to 0%
of the waveform pitch {(i.e., 0 mm)}.

[0310]

In Comparative Example C7, an end mill having the
following wavy peripheral cukting edges was produced.
Specifically, a first wavy peripheral cuktting edge was
considered a reference peripheral cutting edge, and the

remaining (second to fourth) peripheral cutting edges were
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deviated from the above-obtained respective reference
phases. In a second wavy peripheral cutting edge, the rhasea
deviation amount was adjusted to 6% of the waveform pitch
(i.e., 0.06 mm}., TIn a third wavy peripheral cutting edge,
the phase deviation amount was adjusted to 6% of the
waveform pitch {(i.e., 0.06 mm). In a fourth wavy peripheral
cutting edge, the phase deviation amount was adjusted to 0%
of the waveform pitch (i.e., O mm).

[0311]

In Invention Examples C13 to C17, Conventional Examples
C4 to Cb, and Comparative Example C7, end mills ware
produced from a carbide base having a Co content of 5 wk.$%
and a mean WC grain size of 0.8 pm. In Conventional Example
€7, an end mill was produced from a high-speed tool steel
base. Each of the end mills was produced so as to have four
wavy peripheral cutting edges (tool diameter: 8 mm, cutting
edge length: 16 mm, total length: 70 mm, shank diameter: 8
mm, waveform pitch: 1 mm, kelix angle: 45°). Each of the
end mills (samples) was coated with a hard coat formed of an
Si-containing (TiA1}N compound.

{0312]

The type of a workplece, cutting conditions, and the
shape of machining were the same as in Example C1l, and
evaluation of each end mill was carried cut in the same
manner as in Example Cl. Specifically, after formation of
ong concave porticen threough machining, the wear width of end

cutting edges was measured and recorded. In Conventional
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Example C7, in which the end mill was produced from high-
speed tool steel, cutting was performed under much milder
conditions than those employed for testing of a carbide end
mill; i.e., rotational speed: 1,200 rotaticns/min {cutting
speed: 30 m/min), feed rate: 150 mm/min (0.03 mm of feed per
cutting edge), amount of cutting in axial direction: 8 mm,
amount of cutting in radial direction: 2 mm, feed rakte upon
oblique cutting: 70 mm/min, and tilt angle: 10°. The

results are shown in Tahle C2.
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[0313]

[Table C2]
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[0214]

A= a result, in the gases of Invention Examples C132 Eto
C17, one concave portion was formed through stable
machining. Particularly, when the amount of deviation Erom
the reference phase was 1 to 3%, wear width was as small as
0.1 mm or less,

[0315]

In the case of Conventicnal Example C4, although gashes
were formed teo have an optimal shape, chattering vibration
gcourred during lateral-feed machining, and Eracture
occurred in end cutting edges after formation of one concave
portion of the work through machining. In the case of
Conventional Example €5, chattering vibration was reduced by
unequal separation, and one concave portion was formed
through machining. However, chips generated by end cutting
adges during oblique cutting were jammed in =mall grooves of
peripheral cutting edges, resulting in occurrence of
chipping.

[0316]

In the case of Conventicnal Example Ch, the amount of
deviation from the reference phase was as large as bs, and
thus chipping occurred in peripheral cutting edges to which
the heaviest load was held. In the case of Conventional
Example C7, the end mill, which was produced from high-speed
tool steel, exhibited low tool rigidity, and breakage
gccurred during obligque cutting immediately after initiation

of cutting. In the case of Comparative Example C7, similar
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to the case of Conventional Example C6, the amount of
deviation from the reference phase was as large as 6%, and
thus chipping occurred in peripheral cutting edges to which
the heaviest load was held.

[0317]

{Example C3)

in Example C3, end mills of Invention Example and
Conventional Examples were tested to investigate feed rate
limit. An end mill of Invention Example ClE was produced in
the same manner as in Invention Example C3 {Example C1}; an
end mill of Conventional Example C8 was produced in the same
manner as in Conventional Example C3 {Example Cl); and an
end mill of Conventional Example C8 {i.e., unegqually-
separated product) was produced in the same manner as in
Conventional Example C5 (Example C2). Each of the end miils
was tested to investigate feed rate limit by using
structural steel as a workpiece.

{0318]

In Invention Example €18 and Conventional Examples CE
and C9%, end mills, each having four wavy peripheral cutlting
edges, were produced from a carbide base having a Co content
of B wt.% and a mean WC grain size of 0.8 pm (tool diameter:
8 mm, cutting edge length: 16 mm, total length: 70 mm, shank
diameter: 8 mm, waveform pitch: 1 mm, helix angle: 45°).
Each of the end mills (samples) was coated with a hard ceat
formed of an Si-containing {TiR1)N compound. Cutting

conditions were as follows: rotational speed: 8,000
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rotations/min {cutting speed; 200 m/min), feed rate: 2,300
mm/min {0.09 mm of feed per cutting edge}, and amount of
cutting in axial direction: 4 mm.

[0319]

For evaluation of eseach end mill, feed rate was
increased by 350 mm/min every 1 m cutting, and the feed rate
at which breakage occurred was recorded. When no problems
cccurred after machining, rating "O" was assigned, whereas
when breakage occurred or when fracture or chipping occurred
after 1 m cutting at any feed rate, rating "X" was assigned.
An end mill which did not cause any problem through cutting
at a feed rate of 4,200 mm/min or higher was evaluated as

"good." The results are shown in Table C3.
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[(0320]

[Table C3]
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[032]1]

2s a result, in the case of Invention Example C18,
cutting was performed until feed rate reached 4,200 mm/min
withoul causing any problem. In contrast, in the case of
Conventicnal Example CH, fracture occurred when feed rate
reached 2,800 mm/min, and, in the case of Conventional
Example C9, breakage occurred when feed rate reached 3,150
mm/min. Thus, the end mill according to the present
invention realized machining at a feed rate 1.5 btimes or
more that in the case of a conventicnal end mill.

{03223

{Example C4}

In Example C4, similar to the case of Example €2, the
optimal amount of deviation of the reference phase was
determined in nicked peripheral cutting edges. In Invention
Examples €19 to C23, Conventicnal Examples C10 to Cl3, and
Comparative Example CB, each of the end mills was produced
auch that a first gash angle was 25° a second gash angle
was 50°, and the length of a central connaction portion was
9% of the tool diameter {i.e., 0.72 mm) as measured from the
tool rotation axis.

[0323]

In Invention Example C1%, an end mill having the
following nicked peripheral cutting edges was produced.
Specifically, a first nicked peripheral cutting edge was
considered a reference peripheral cutting edge, and the

remaining (second to fourth) peripheral cutting edges were
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deviated from the respective reference phases of the
reference peripheral cutting edge, wherein the distance of
the reference phase is an amounkt corresponding to a2 value
obtained by equally guartering the nick pitch of the
reference peripheral cutting edge. In a second nicked
peripheral cutting edge, the phase deviation amount was
adjusted to 1% of the nick pitech (i.e., 0.01 mm}. In a
third nicked peripheral cutting edge, the phase deviation
amount was adjusted to 1% of the nick piteh {(i.e., 0.01 mm} .
In a fourth nicked peripheral cutting edqe, the phase
deviation amount was adjusted to 0% of the nick pitch {i.e,,
0 mm) .

[0324]

In Invention Example C20, an end mill having the
foliowing nicked peripheral cutting edges was produced.
Specifically, a first nicked peripheral cutting edge was
considered a reference peripheral cutlting edge, and the
remaining {second to fourth) peripheral cutting edges were
deviated from the above-obtained respective reference
phases. In a second nicked peripheral cutting edge, the
phase deviation amount was adjusted to 2% of the nick pitch
(i.e., 0.02 mm). In a third nicked peripheral cutting edge,
the phase deviation amount was adjusted to 2% of the nick
pitch {i.e., 0.02 mm). In a fourth nicked peripheral
cutting edge, the phase deviatien amount was adjusted to 0%
of the nick piteh (1.e., 0 mm).

[0325]
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In Invention Example C21, an end mill having the
following nicked peripheral cutting edges was produced.
Specifically, a first nicked peripheral cubting edge was
considered a reference peripheral cutting edge, and the
remaining {second to fourth} peripheral cutting edges were
deviated from the above-obtained respective reference
phases. In a second nicked peripheral cutting edge, the
phase deviation amount was adjusked to 2% of the nick piteh
{i.e,, 0.02 mm). In a third nicked peripheral cutting edge,
the phase deviation amount was adjusted to 2% of the nick
pitch f(i.e., 0.02 mm). In a fourth nicked peripheral
cutting edge, the phase deviation amount was adjusted to 3%
of the nick pitch (i.e., 0.02 mmj}.

[0320]

In Invention Example €22, an end mill having the
following nicked peripheral cutting edges was produced.
Specifically, a first nicked peripheral cutting edge was
considered a reference peripheral cutting edge, and the
remaining (second to fourth} peripheral cutting edges were
deviated from the above-obtained respective reference
phases. In a second nicked peripheral cutting edge, the
phase deviation amount was adjusted to 5% of the nick pitch
{i.e., 0.05 mm). In a third nicked peripheral cutting edge,
the phase deviation amount was adjusted to 4% of the nick
pitch (i.e.,, 0.04 mm). In a fourth nicked peripheral
cutting edge, the phase deviation amount was adjusted to 3%

of the nick pitch {i.e., 0.02 mm).
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[0327]

In Invention BExample C23, an end mill having the
following nicked peripheral cutting edges was produced.
Specifically, a first nicked peripheral cutting edge was
considered a reference peripheral cutting edge, and the
remaining (second to fourth) peripheral cutting edges were
deviated from the above-cobtained respective reference
phases. In a second nicked peripheral cutting edge, the
phase deviation amount was adjusted to 2% of the nick pitch
(i.e., 0.02 mm). In a third nicked peripheral cutting edge,
the phase deviation amount was adjusted tEo 0% of the nick
pitch (i.e., 0 mm). In a fourth nicked peripheral cutting
edge, bthe phase deviation amount was adjusted to 0% of the
nick pitch {i.e., 0 mm}.

[0328)]

In Conventional Example CI0, an end mill having nicked
peripheral cutting edges without deviation from the
reference phase was produced.

In Conventiconal Example Cl1, an end mill having nicked
peripheral cutting edges with different separation angles
(i.e., B85°, 95", 85°, and 95°}) and without deviation from the
reference phase was produced.

(0329]

In Conventional Example Cl2, an end mill having the
following nicked peripheral cutting edges was produced.
Specifically, a first nicked peripheral cutting edge was

considered a reference peripheral cutting edge, and the
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remaining {(seceond to fourth} peripheral cutting edges were
deviated from the above-ocbtained respective reference
phases. In a second nicked peripheral cutting edge, the
phase deviation amount was adjusted to €% of the nick pitch
{i.e., 0.06 mm). In a third nicked peripheral cutking edge,
the phase deviation amount was adjusted to 2% of the nick
pitch {i.e., 0.02 mm}, In a fourth nicked peripheral
cutting edge, the phase deviation amount was adjusted to 0%
of the nick pitch (i.e., 0 mmj}.

[0330]

In Conventional Example C13, an end mill having the
following nicked peripheral cutting edges was produced.
Specifically, a first nicked peripheral cutting edge was
considered a reference peripheral cutting edge, and the
remaining {(second to fourth) peripheral cutting edges were
deviated from the above-obtained respective reference
phases. In a second nicked peripheral cutting edge, the
phase deviation amount was adjusted to 6% of the nick pitch
{i.e., 0.06 mm}. In a third nicked peripheral cutting edge,
the phase deviation amount was adjusted te 2% of the nick
pitch (i.e., 0.02 mm). In a fourth nicked peripheral
cutting edge, the phase deviation amount was adjusted to 0%
of the nick pitch (i.e., 0 mmj.

[0331]

In Comparative Example CH, an end mill having the
following nicked peripheral cutting edges was produced.

Specifically, a first nicked peripheral cutiting edge was

175



considered a reference peripheral cutting edge, and the
remaining (second to fourth) peripheral cubtting edges were
deviated from the above-obtained respective reference
rhases. In a second nicked peripheral cukbking edge, the
phase deviation amount was adjusted to 6% of the nick pitch
{i.e., 0.06 mm). In a third nicked peripheral cutting edge,
the phase deviation amcount was adjusted to 6% of the nick
pitch (i.e., 0.06 mm). In a fourth nicked peripheral
cutting edge, the phase deviation amount was adjusted to 0%
of the nick piteh {(i.e., 0 mm}.

[0332]

In Invention Examples Cl9 to C23, Conventicnal Examples
Cl0 ko C12, and Comparative Example C8, end mills were
produced from a carbide base having a Co content of B wk.%
and a mean WC grain size of 0.8 pm, In Conventional Example
£13, an end mill was produced from a high-speed tool steel
base, Each of the end mills was produced so as to have four
nicked peripheral cutting edges (tool diameter: B mm,
cutbting edge length: 16 mm, total length: 70 mm, shank
diameter: 8 mm, nick pitch: 1 mm, helix angle: 45°). Each
of the end mills {samples) was coated with a hard coat
formed of an Si-containing (TiAl)N compound.

[0333]

The type of a workpiece, cutbing conditions, and the
shape of machining were the same as in Example Cl1, and
evaluation of each end mill was carried out in the same

manner as in Bxample Cl. Specifically, after formation of
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one concave portion through machining, the wear width of end
cutting edges was measured and recorded. In Conventieonal
Example C13, in which the end mill was produced from high-
speed toocl steel, cutting was performed under much milder
conditions than those employed for testing of a carbide end
mill; i.e., rotatiocnal speed: 1,200 rotations/min (cutting
speed: 30 m/min), feed rate: 150 mm/min (0.03 mm of feed per
cutting edge), amount of cutting in axial directicon: 8 mm,
amount of cutting in radial direction: 2 mm, feed rate upon
oblique cutting: 70 mm/min, and tilt angle: 10°. The

results are shown in Table 4,
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[0334]

[Table C4]
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[0335]

The results of Example C4 are as follows. In the cases
of Invention Examples C19 to C23, one concave portion was
formed through stable machining. Particularly, when the
amount of deviation from the reference phase was 1 to 3%,
wear width was as small as 0.1 mm or less. In the case of
Conventicnal Example €10, although gashes were formed to
have an optimal shape, chattering vibration occurred during
lateral-feed machining, and fracture occurred in end cutting
edges after formation of one concave portion through
machining of peripheral cutting edges. In the case of
Conventional Example C11, chattering vibration was reduced
by unegual separation, and one concave portion was formed
through machining. However, chips generated by end cutting
edges during oblique cutting were jammed in small grooves of
peripheral cutting edges, resulting in occurrence of
chipping.

[0336]

In the case of Conventional Example Cl12, the amount of
deviation from the reference phase was as large as 6%, and
thus chipping occurred in peripheral cutting edges to which
the heaviest lecad was held. In the case of Conventional
Example €13, the end mill, which was produced from high-
speed tool steel, exhibited low tool rigidity, and breakage
cccurred during obligue cutting immediately after initiation
of cutting. In the case of Comparative Example C10, similar

to the case of Conventional Example C12, the amount of
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deviation from the reference_phase was as large as 6%, and
thus chipping ocecurred in peripheral cutting edges to which
the heaviest load was held. The results obtained in the
cases of carbide end mills having nicked peripheral cutting
edges were almost the same as those cobtained in the cases of
end mills having wavy peripheral cutting edges (Example C2).

[G337)]

Examples D shown below in tables are classified into
Imvention Examples, Conventional Examples, and Comparative
Examples, and samples in Invention Examples, Conventional
Examples, or Comparative Examples are represented by serial
numbers. In the below-described Tables D1, D2, and D3, the
composition of an innermost layer, an cutermost layer, o©or an
intermediate layer forming a hard coat is represented by
atomic% (inside of parenthesis) or atomic proportion
{outside of parenthesis). For example, the compositicn of
an innermest layer forming a hard coat of sample No. 1 shown
below in Table D1 1s represented by the following formula:
(T145-A155}N. This representation refers to a compound
containing Tid5-A155 {i.e., Ti (45 atomic%}-A1 (55 atomic%))
and N in atomic proportions of 1 : 1,

[0338]

(Example D1}

In Example D, particularly, the optimal amount of
deviation of wavy peripheral cutting edges from the
respective reference phases was determined in various end

mills ceoated by different surface Ereatments.
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In Invention Examples D1 to D12, Comparative Examples
D1 and D2, and Conventional Examples Dl to D3, end mills,
each having four wavy peripheral cutting edges, were
produced from a carbide base having a Co content of 8 wt.%
and a mean WC grain size of 0.8 pm (tool diameter: 8 mm,
cutrting edge length: 16 mm, total length: 70 mm, shank
diameter: 8 mm, waveform pitch: 1 mm, helix angle: 45°).
Each of the end mills was subjected to a cutting test. In
Conventional Example D4, an end mill having four wavy
peripheral cutting edges was produced from high-speed tool
steel (tool diameter: 8 mm, cutting edge length: 16 mm,
total length: 70 mm, shank diameter: & mm, waveform pitch: 1
mm, helix angle: 45°). The end mill was also subjected to a
cubting test.

[0339]

In Invention Examples D1 to D5, Comparative Example D1,
and Conventional Examples D1 to D4, in order to evaluate the
shape effect of wavy peripheral cutting edges of the end
mills, all the end mills of these Examples were subjected to
the same surface treatment {(i.e., coating with a hard coat
including a TiAlMN innermost layer and a TiSiN ocukbermost
layer), except for the end mill of Invention Example D4, in
which a TiAlSiN intermediate layer was employed. In each of
these Examples, the hard coat was formed of a composite
layer through arc discharge ion plating. In Comparative
Example D2, surface treatment was not applied.

[0340]
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In Invention Example D1, an end mill having the
following wavy peripheral cutting edges was produced.
Specifically, a first wavy peripheral cutting edge was
considered a reference peripheral cutting edge, and the
remaining {second to fourth) peripheral cutting edges were
deviated from the respective reference phases of the
reference peripheral cutting edge, wherein the distance of
the reference phase is an amount corresponding to a value
obtained by equally quartering the waveform pitch of the
reference peripheral cutting edge. In a second wavy
peripheral cutting edge, the phase deviation amount was
adjusted To 1% of the waveform pitch {i.e., 0.0l mm). In a
third wavy peripheral cukting edge, the phase deviation
amount was adjusted to 0% of the waveform pitch (i.e., 0
mm) . In a fourth wavy peripheral cutting edge, the phase
deviation amount was adjusted to 1% of the waveform pitch
{i.e., 0.0l mm).

[0341]

In Invention Example DZ, an end mill having the
following wavy peripheral cutting edges was produced.
Specifically, a first wavy peripheral cutting edge was
considered a reference peripheral cutting edge, and the
remaining {second to fourth] peripheral cutting edges were
deviated from the above-obtained respective reference
phases. In a second wavy peripheral cutting edge, the phase
deviation amount was adjusted to 2% of the waveform pitch

(i.e., 0.02 mm). In a third wavy peripheral cutting adge,
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the phase deviation amount was adjusted to 0% of the
waveform pitch {i.e., 0 mm). In a fourth wavy peripheral
cutting edge, the phase deviation amount was adjusted Lo 2%
of the waveform pitch {i.e., 0.02 mm).

[0342]

In Inventicn Example D3, an end mill having the
following wavy peripheral cutting edges was produced.
Specifically, a first wavy peripheral cutting edge was
considered a reference peripheral cutting edge, and the
remaining {second to fourth) peripheral cutting edges were
deviated from the above-obtained respective reference
phases. In a second wavy peripheral cutting edge, the phase
deviation amount was adjusted to 2% of the waveform pitch
fi.e., 0.02 mm). In a third wavy peripheral cutting edge,
the phase deviation amount was adjusted to 3% of the
waveform pitch (i.e., 0.03 mm). In a fourth wavy paripheral
cutting edge, the phase deviation amount was adjusted to 2%
aof the waveform pitch {(i.e., (.02 mm}.

[0343]

In Invention Example D4, an end mill having the
following wavy peripheral cutting edges was produced.
Specifically, a first wavy peripheral cutting edge was
considered a reference peripheral eukting edge, and the
remaining {second to fourth} peripheral cutting edges were
deviated from the above-obtained respective reference
phases. In a second wavy peripheral cutting edge, the phase

deviation amount was adjusted to 5% of the waveform pitch
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(i.e., 0.05 mm). In a third wavy peripheral cutting edge,
the phase deviation amount was adjusted ko 3% of the
waveform pitch {(i.e., 0.03 mm). In a fourth wavy peripheral
cutting edge, the phase deviation amount was adjusted to 4%
of the waveform pitch {i.e., 0.04 mm).

[0344]

In Invention Example D5, an end mill having the
following wavy peripheral cutting edges was produced.
Specifically, a first wavy peripheral cutting edge was
considered a reference peripheral cutting edge, and the
remaining (second to fourth} peripheral cukbting edges were
deviated from the above-obtained respective reference
phases. In a second wavy peripheral cutting edge, the phase
deviation amount was adjusted to 2% of the waveform pitch
{i.e., 0.02 mm}. In a third wavy peripheral cutting edge,
the phase deviatieon amount was adjusted to 0% of the
waveform pitch {(i.e., 0 mm). In a fourth wavy peripheral
cutting edge, the phase deviation amount was adjusted to 0%
of the waveform pitch (i.e., 0 mm}.

[0345]

In Invention Examples D& to D12, the phase deviation
amount (%) of wavy peripheral cutkting edges of sach example
was adjusted to fall within a preferred range of the present
invention {i.e., 2% to 3%}, and the end mills of these i
Examples were subjected to different surface treatments
{i.e., coating with different hard coats), The thus-treated

end mills were subjected to a cutting test. In each of the
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surface treatments, a hard coat was formed of a compeosite
layer through arc discharge ion plating. The composite
layer ware formed with layer selected from an innermost
layer, an outermost layer, and an intermediate layer as
shown in Table D1. A hard c¢oat having no intermediate layer
in Table D1, two-layer hard coat was formed of an innermost
layer and an outermost layer having the compositions shown
in Table D1, or stacked layers of the coat were formed by
repeating the aforementioned compesitions wherein at least
the innermost layer and the outermost layer have the
compositions shown in Table DI.

[0346]

In Comparative Example D1, an end mill having the
following wavy peripheral cutting edges was produced.
Specifically, a first wavy peripheral cutting edge was
considered a reference peripheral cutting edge, and the
remaining (second to fourth} peripheral cutting edges were
deviated from the above-pbtained respective reference
phases. In a second wavy peripheral cutting edge, the phase
deviation amount was adjusted teo 6% of the waveform pitch
(i.e., 0.06 mm). In a third wavy peripheral cutting edge,
the phase deviation amount was adjusted to 0% of the
waveform pitch (i.e., 0 mm). In a fourth wavy peripheral
cutting edge, the phase deviation amcunt was adjusted to 6%
of the waveform pitch {i.e., 0.06 mm}. In Comparaktive
Example D2, an =nd mill was preoduced in the same manner as

in Invention Example D2.
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{C247]

In Conventional Example D1, there was produced an end
mill having wavy peripheral cutting edges of constant phase
deviation amount, wherein, in each wavy peripheral cukting
edge, the amount of deviation from the reference phase
{i.e., 1/4 of the waveform pitch of the reference peripheral
cutting edge) was adjusted to 0%.

In Conventional Example D2, there was produced an end
mill having wavy peripheral cutting edges of constant phase
deviation amount with different separaticn angles (i.e.,
95°%, H5°, 95°, and B5°), wherein, in each wavy peripheral
cutting edge, the amount of deviation from the reference
phase {i.e., 1/4 of the waveform pitch of the reference
peripheral cutting edge) was adjusted to 0%.

[0348]

In Conventional Example D3, as described in Patent
Document Z, a hard coated end mill employed for a cutting
test (phase deviation amount: 6%} was produced from high-
speed tool steel. BSpecifically, a first wavy peripheral
cutting edge was coﬁsidered 4 reference peripheral cutting
edge, and the remaining {second to fourth} peripheral
cutting edges were deviated from the above-obtained
respective reference phases. In a second wavy peripherzal
cutting edge, the phase deviation amount was adjusted to 6%
of the waveform pitch (i.e., 0.06 mm}). In a third wavy
peripheral cutting edge, the phase deviation amount was

adjusted to 0% of the waveform pitch {i.e., 0 mm}. In a

186



fourth wavy peripheral cutting edge, the phase deviation
amount was adjusted to 2% of the waveform pitch (i.e., 0.02
mem} .

[0343]

In Conventional Example D4, an end mill was produced
frem high-speed tool steel in the same manner as in
Conventional Example D3. Each of these end mills produced
from high-speed tocl steel was coated with a hard coat
according to the present invention, and the thus-coated end
mill was compared {(for evaluaticn) with a hard coat-coated
carbide end mill.

In each of the end mills of Invention Examples Dl to
D12, Comparative Example D1 and D2, and Conventional
Examples D1, D3, and D4, wavy peripheral cutting =dges were
formed so as to have the same separation angle.

[0350]

Each of the thus-produced 16 end mills of Example Dl
fexclusive of the end mill of Conventiocnal Example D4
produced from high-speed tool steel) was subjected to a
cutting test employing a workpiece {die steel SKD&l for hot
working having a hardness of HRC 40), <Cutting was carried
out under the fellowing conditions: rotational speed: §€,000
rotations/min (cutting speed: 150 m/min}, feed rate: 1,600
mm/min {0.06 mm of feed per cutting edge}, amount of cutting
in axial directign: 4 mm, and amount of cuttbting in radial
direction: 4 mm. For evaluation of sach end mill,

peripheral cutting edges thereof were observed every o m
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cutting, and wear width was recorded.

[0351]

When wear width was 0.15 mm or less, and none of
breakage, fracture, and chipping occurred in an end mill
until 50 m cutting, the end mill was evaluated as "good.™
When the wear width of peripheral cutting edges of an end
mill exceeded 0.15 mm until 50 m cutting, cutting was
stopped upon observation of the wear, and the cutting length
and the wear width were recorded., When breakage, fracture,
or chipping was observed in peripheral cutting edges,
cutting was stopped upon observation of breakage, fracture
or chipping, and then cutting length was recorded.

[0352]

In Conventional Example D4, in which the end mill was
produced from high-speed tool steel, cutting was performed
under much milder conditions than those employed for testing
of a carbide end mill; i.e., rotational speed: 1,200
rotations/min (cutting speed: 30 m/min), feed rake: 150
mm/min {0.03 mm of feed per cutting edge), amount of cutting
in axial direction: 4 mm, and amount of cutting in radial

direction: 4 mm. The results are shown in Table DI1.
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[0253]

[Table D]
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[0354]

As a result, in the cases of Invention Examples Dl to
D3, stable cutting was performed with reduced chatkering
vibration, and wear width fell within a normal range even
after 50 m cutting. Particularly, in the cases of Invention
Examples Dl to D3 and D5, wear width was as small as 0.10 mm
or less after 50 m cutting. When the phase deviation amount
is 5% as in the case of Invention Example D5, the amcunt of
wear relatively increases to some extent, but this does not
cause any problem.

[0355]

In the cases of Comparative Example D1 and Conventional
Example D3, the amount of deviation from the reference phase
was large, and thus a large cutting leoad was applied to a
wavy peripheral cuttiing edge with large phase deviation
amount, resuwlting in occurrence of chipping upon 30 m
cutting, in spite of coating with a hard coat. As is clear
from the data of these Examples, in a carbide end mill, the
phase deviation amount must be limited ko at most 5%.

[0356]

In the case of Comparative Example D2, stable cutting
was performed with no chattering vibratien. However, due to
no surface freatment, wear width exceeded 0.15 mm (i.e.,
0.17 mm] upon 20 m cutting, and cutting was then stopped.

In the case of Conventional Example D1, waveform pitches
were provided at equal intervals, and thus chattering

vibration was increased, and fracture occurred upon 20 m
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cutting, leading to the end of the service life. 1In the
case of Conventional Example D2 {i.e., cutting edge with
unegqually-separated angles), chipping occurred upon 40 m
cutting in a wavy peripheral cutting edge with a groowve of
small separation angle.

[0357]

In the case of Conventional Example D4, the end mill
was produced from high-speed tool steel, which is inferior
to carbide in terms of thermal resistance and wWear
resistance. Therefore, the end mill encountered in cutting
a material having a hardness of 40 HRC or higher, and
breakage occurred in the end mill upon 10 m cutting,
although it was coated with a hard coat.

(03581

In the cases of Invention Examples D& to D12 (phase
deviation amounkt is within 2% to 3%, and various types of
surface treatment}, no problems occurred unkil 30 m cutting,
and wear width was 0.10 mm or less; i.e., satisfactory
results were obtained.

[0359]

{Example D2)

In Invention Example D13, an end mill having the
following nicked peripheral cutting edges was produced,
Specifically, a first nicked peripheral cutting edge was
considered a reference peripheral cutting edge, and the
remaining {second to fourth) peripheral cutting edges were

deviated from the respective reference phases of the
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reference peripheral cutting edge, wherein the distance of
the reference phase is an amount corresponding te a value
obtained by equally quartering the nick pitch of the
reference peripheral cutting edge, In a second nicked
peripheral cutting edge, the phase deviation amount was
adjusted to 1% of the nick pitch {i.e., 0.01 mm). In a
third nicked peripheral cutting edge, the phase deviation
amount was adjusted to 0% of the nick pitch (i.e., O mm).
In a fourth nicked peripheral cuiting edge, the phase
deviation amount was adjusted to 1% of the nick pitch [i.e.,
0.01 mm) .

[0360]

In Invention Example P14, an end mill having the
following nicked peripheral cutting edges was produced.
Specifically, a first nicked peripheral cutting esdge was
considered a reference peripheral cutting edge, and the
remaining {second to fourth) peripheral cutting edges were
deviated from the above-cbtained respective reference
phases. In a second nicked peripheral cutting edge, the
phase deviation amount was adjusted to 2% of the nick pikch
{i.e., 0.02 mm). In a2 third nicked peripheral cutting edge,
the phase deviation amount was adjusted to 0% of the nick
pitch {i.e., 0 mm}. In a fourth nicked peripheral cutting
edge, the phase deviation amount was adjusted to 2% of the
nick pitch {i.e., 0.02 mm}.

[0361]

In Invention Example D15, an end mill having the
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Following nicked peripheral cutting edges was produced,
Specifically, a first nicked peripheral cutting edge was
considered a reference peripheral cutting edge, and the
remaining {second to fourth) peripheral cutting edges were
deviated from the above-obtained respective reference
phases. In a second nicked peripheral cutting edge, the
phase deviation amount was adjusted to 2% of the nick pitch
{i.e., 0.02 mm). In a third nicked peripheral cutting edge,
the phase deviation amount was adjusted to 3% of the nick
pitch (i.e., 0.03 mm}. In a fourth nicked peripheral
cutting edge, the phase deviation amount was adjusted to 2%
of the nick piktch {i.e., 0.02 mm}.

[0362]

In Inventicon Example Dié, an end mill having the
fFollowing nicked peripheral cutting edges was produced.
Specifically, a first nicked peripheral cutting edge was
considered a reference peripheral cutting edge, and the
remaining {second to fourth) peripheral cutting edges were
deviated from the above-obtained respective reference
phases. In a second nicked peripheral cutting edge, the
phase deviation amount was adjusted to 5% of the nick pitch
fi.e., 0.05 mm), In a third nicked peripheral cutting edge,
the phase deviation amount was adjusted to 2% of the nick
pitch {i.e., 0.03 mm). In a fourth nicked peripheral
cutting edge, the phase deviation amount was adjusted to 4%
of the nick pitch {(1.e., 0.04 mm}.

[0363]
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In Invention Example D17, an end mill having the
following nicked peripheral cutting =dges was produced.
Specifically, a first nicked peripheral cutting edge was
considered a reference peripheral cutting edge, and the
remaining {second to fourth) peripheral cutting edges were
deviated from the above-obtained respective reference
phases. In a second nicked peripheral cutting edge, the
phase deviation amount was adjusted to 2% of the nick pitch
(i.e., 0.02 mm). 1In a third nicked peripheral cutting edge,
the phase deviation amount was adjusted to 0% of the nick
pitch (i.e., 0 mm). In a fourth nicked peripheral cutting
edge, the phase deviation amount was adjusted to 0% of the
nick pitch f(i.e., 0 mm).

[0364]

In Comparative Example D3, an end mill having the
following nicked peripheral cutting edges was produced.
Specifically, a first nicked peripheral cutting edge was
considered a reference peripheral cutting edge, and the
remaining (second to fourth) peripheral cutting edges were
deviated from the above-obtained respective reference
phases. In a second nicked peripheral cutting edge, the
phase deviation amount was adjusted to 6% of the nick pitch
{i.e., 0.06 mm), In a third nicked peripheral cutting edge,
the phase deviation amount was adjusted to 0% of the nick
pitch {i.e., 0 mm}. In a fourth nicked peripheral cutting
edge, the phase deviation amount was adjusted to 6% of the

nick pitch (i.e., 0.06 mm).
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[B365]

In Conventlonal Example D5, there was produced an end
mill having nicked peripheral cutting edges of constant
phase deviation amount, wherein, in each nicked peripheral
cutting edge, the amount of deviation from the referance
phase {(i.e., 1/4 of the nick pitch of the reference
peripheral cutting edge) was adjusted ko 0%.

In Conventional Example D&, there was produced an end
mill having nicked peripheral cutting edges of constant
phase deviation amount with different separation angles
{i.=., 95°, B85°, %5% and 85"), wherein, in =ach nicked
peripheral cutting edge, the amount of deviation from the
reference phase (i.e., 1/4 of the nick pitch of the
reference peripheral cutting edge} was adjusted to 0%.

[0306]

In Conventional Example D7, as described in Patent
Document 2, a hard coated end mill employed for a cutting
test {phase deviation amount: €%) was produced from high-
speed tool steel. Specifically, a first nicked peripheral
cutting edge was considered a reference peripheral cutting
edge, and the remaining {second toc fourth) peripheral
cutting edges were deviated from the above-obtained
respective reference phases. In a second nicked peripheral
cutting edge, the phase deviation amount was adjusted to 6%
of the nick pitch (i.e., 0.06 mm}j. In a third nicked
peripheral cutting edge, the phase deviation amount was

adjusted to 0% of the nick pitch {i.e., 0 mm). In a fourth
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nicked peripheral cutting edge, the phase deviation amount
was adjusted to 2% of the nick pitch (i.e., 0.02 mm).

In each of the end mills of Invention Examples D13 to
D17, Comparative Example D3, and Conventional Examples D5
and D7, nicked peripheral cutting edges were formed so as to
have the same separation angle.

[0367]

In Invention Examples D18 to D24, the phase deviation
amount {%) of nicked peripheral cutting edyes was adjusted
to fall within a preferred range of the present invention
(i.e., 2% to 3%), and the end mills of these Examples were
subjected to different surface treatments {(i.e., coatking
with different hard coats). The thus-treated end mills were
subjected Lo a cutting test. For comparison betwesen the
results of the end mills having nicked peripheral cutting
edges and those of the end mills having wavy peripheral
cutting edges, the phase deviation amount of the both type
of the peripheral cutting edges and the type of surface
treatment were same.

[0368)

Specifically, in a surface ftreatment process, both of
an end mill having nicked peripheral cutting edges and an
end mill having wavy peripheral cutting edges whose phase
deviation amount were equal, were placed in the same arc
discharge ion plating furnace under the different coating
condition to coat the end mill with a composite layer. The

phase deviation amount of nicked peripheral cutting edges
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and the type of surface treatment are shown in Table D2.

{0369

In Example D2, similar to the case of Example D1, each
end mill was subjected te a cutting test employing &
workpiece (die steel S5KD61 for hot working having a hardness
of HRC 40})}. Cutting conditions and evaluation method were
the same as those employed in Example D1. The results
{cutting length, wear width of peripheral cutting edge, and
evaluation] are shown in Table D2,

[0370]

When none of breakage, fracture, and chipping occurred
in peripheral cutting edges, ete. of an end mill until 30 m
cutting, the end mill was evaluated as "good," and the wear
width of the end mill was measured. When breakage,
fracture, or chipping was observed in peripheral cutting
edges of an end mill before 50 m cutting, cutting was
stopped upon observation of breakage, fracture, or chipping,

and the cutting length was recorded. The results are shown

in Table DZ2.
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(0371]

[Table D2]
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[0372]

In the cases of Inventicn Examples D12 to D17, stakle
cutting was performed with reduced chattering vibration, and
wear width fell within a normal range even after 50 m
cutting. Particularly, in the cases of Invention Examples
D12 to D15 and D17, similar to the case of Example D1, wear
width was as small as 0.10 mm or less after 50 m cutting.

However, compaIrIison betwsen the results of Example D1 and

Example D2 in which the test was performed under the same

indicated that, in many cases, the wear width

conditions

of nicked peripheral cutting edge is slightly larger than
that of wavy peripheral cutting edge; i.e., wavy peripheral
cutting edge is superior to nicked peripheral cutting edge
in terms of cutting of a workpiece such as die steel for hot
working.

[0373]

In the cases of Comparative Example D3 and Ceonventional
Example D7, the amount of deviation from the reference phase
was large {i.e., 6%}, and thus a large cutting lcad was
applied to a nicked peripheral cutting edge with large phase
deviation amount, resulting in ceccurrence of chipping upon
30 m cutting {Comparative Example D3} and fracture upon 20 m
cutting (Conventicnal Example D7). In the case of
Conventicnal Example D9, nick pitches were provided at equal
intervals, and thus chattering vibration was increased, and
fracture occurred upon 15 m cutting, leading teo the end of

the service life. In the case of Conventicnal Example D&
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{i.e., product with unegqually-separated angles), chipping
occcurred upon 30 m cutting in a nicked peripheral cutting
edge with a groove of small separation angle.

[0374]

In the cases of Invention Examples D18 to D24, in which
the phase deviaticon amount was adjusted te 2% to 3%, and end
mills with various types of coat, no problems occurred until
50 m cutting, and wear width was as small as 0.10 mm or
less, which was comparable to thabt in the case of end mills
having wavy peripheral cutting edges.

[0375]

{Exampla D3}

In Example D3, the end mill of the present invention
was employed for further high-speed cutting, and the service
life of the end mill was compared with that of the end mill
tested in Exampile DI.

In Examplie D3, an end mill of Invention Example D25 was
produced in the same manner as in Invention Example D2
(hxample D1): an end mill of Invention Example D26 was
produced in the same manner as in Invention Example D3
{Example D1}:; an end mill of Invention Example D27 was
produced in the same manner as in Invention Example D4
(Example D1); an end mill of Invention Example D28 was
produced in the same manner as in Invention Example D6
(Example Dl}; an end mill of Invention Example D29 was
produced in the same manner as in Invention Example D8

{Example D1); an end mill of Invention Example D30 was
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produced in the same manner as in Invention Example D10
{Example D1); and an end mill of Ynvention Example D3l was
produced in the same manner as in Invention Example D12
(Example D1). The end mills of Example D3 were subjected to
the same type of coat as in the corresponding end mills of
Example DI1.

[0376]

Each of the end mills was subjected to a cutting test
employing a workpiece {die steel SKD61 for hot working
having a hardness of HRC 40}. For the test, cutbing was
carried out under the following conditions: roktational
speed: 9,000 rotations/min (cutting speed: 226 m/min} {i.e.,
1.5 times that in Example D1}, feed rate: 2,160 mm/min {(0.06
mn of feed per cutting edge}, amount of cutting in axial
direction: 4 mm, and amount of cutting in radial direction:
4 mm. For evaluation of the end mill, 50 m cutting was
performed in a4 manner similar to that in Example Dl. The

resulbks are shown in Table D3,
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[0377]

[Table D3]
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[0378]

As a result, in the cases of Invention Examples D25 to
D31, stable cutting was performed, and wear width fell
within a normal range even after 50 m cuatting; i.e., the
same cutting length as in the case of Example D1 was
achieved even through high-speed cutting. FParticularly,
when the amount of deviation from the reference phase fell
within a preferred range (i.e., 2% to 3%}, wear width was
smaller than that in the case of Invention Example D27
{phase deviation amount is 5% as an upper limit of the
present invention}.

[0379]

{Example D4)

In Example D4, a cutting test (grocove cutting) was
carried out for evaluating chip removal performance. An end
mill of Invention Example D32 was produced in the same
manner as in Invention Example D1 {(Example D1); an end mill
of Conventional Example D8 was produced in the same manner
as in Conventional Example D1 {Example D1): and an end mill
of Conventicnal Example DS {i.e., cutting edge with
unequally-separated angles) was produced in the same manner
as in Conventional Example D2 ({Example D1). Each of the end
mills was tested in terms of feed rate limit by using
structural steel as a workpiece.

[0380]

Cutting conditions were as follows: rotational speed:

8,000 rotations/min (cutting speed: 200 m/min), feed rate:
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2,000 mm/min (0.06 mm of feed per cutting edge}, and amount
of cutting in axial direction: 8 mm. For evaluation of each
end mill, Ffeed rate was increased by 400 nm/min every 1 m
cutting, and the feed rakte at which breakage occurred was
recorded. When no problems cccurred after machining, rating
"O" was assigned, whereas when breakage occcurred or when
fracture or chipping occurred after 1 m cubkting at any feed
rate, rating "X" was assigned. A sample which attained a
feed rate of 3,200 mm/min or higher was evaluated as "good.™

The results are shown in Table D4.

[03D1]
[Table D4]
j Feed rate (mm/mt
Sample No. SEp:aratlun of rate (mmy/min) BEvaluation
cutting edges| 2000 | 2400 | 2800 | 3200
Invention | 5, | Equal 0 0 0 0 Good
Example D separation
2] Equa? 0 O o X Fracture
Conventional separation
Example D
g | Unequal o 0 X Breakage
separation
[03B2]

A3 a result, in the gase of Conventiconal Example D8
(i.e., product with unequally-separated angles), when feed
rate is increased for groove cutting, chips become large.
When such large chips are jammed in a small edge groove,
breakage or fracture coccurs in the edge. 1In the case of

Invention Example D32, cutting was performed until feed rate
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reached 32,200 mm/min without causing any problem. In
contrast, in the case of Conventional Example DE, vibration
was increased, and fracture occurred when feed rate reached
2,200 mo/min. In the case of Conventional Example D2 (i.e.,
product with unegually-separated angles), breakage occurred
when feed rate reached 2,800 mm/min. Through observation of
the tool thereafter, welding of chips was found in edgs
grooves having small separaticn angle, and breakage was
found to occur as a result of jamming of chips in edge
grooves.

[0383]

{Example D5)

In Example D5, peripheral cutting edges havind
different forms (i.e., wavy peripheral cutting edge and
nicked peripheral cutting edge) were compared with each
other by carrying out a cutting test employing an easy-to-
weld workpiece (stainless steel 5U3304). As shown in the
above-described Examples, when the phase deviation amount
was about 2%, satisfactory results were chtained in both the
cases of wavy peripheral cutting edge and nicked peripheral
cutting edge. Therefore, an end mill of Invention Example
D23 was produced in the same manner as in Invention Example
D2 (Example D1), and an end mill of Invention Example D34
was produced in the same manner as in Invention Example D14
(Example D2). Each of the end mills was subjected to a
cubbing test.

[(0384]
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For service life testing, cutting was carried out under
the following conditions: rotational speed: 5,000
rotations/min (cuktting speed: 125 m/min}, feed rate: 1,200
mm/min (0.06 mm of feed per cutting edge), amount of cutting
in axial direction: 4 mm, and amount of cutting in radial
direction: 1 mm. For evaluation of sach end mill,
peripheral cutting edges therecf were observed every S m
cutting. When neither fracture nor chipping occurred in an
end mill until 20 m cutting, the end mill was evaluated as
“good," and the wear width of the end mill was measured,

The results are shown in Table D5S.
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[0285]

[Table D5]
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[0386]

As a result, in the cases of Invention Examples D32 and
D34, wear width fell within a normal range even after 30 m
cutting, which indicates that an easy-to-weld workpiece
{e.g., stainless steel] can be cut by means of each of the
end mills. However, the wear width of nicked peripheral
cutting edges in Invention Example D34 was Found to be 0.13
mm, which is slightly smallexr than that of wavy peripheral
cutting edges in Invention Example D33 (i.e., 0.14 mm).
These data show that nicked peripheral cutting edge is
superior to wavy peripheral cutting edge in terms of cutting
of an easy-to-weld workpiece such az stainless steel.

[0387]

These data indicate that the hard coated end mill of
the present invention havihg wavy peripheral cetting edges
is suitable for machining of a hard-to-weld workpiece such
as structural steel, structural alloy steel, die steel for
cold or hot working, whereas the hard coated end mill of the
present invention hawving nicked peripheral cutting edges is
suitable for machining of an easy-to-weld workpiece such as
stainless steel, titanium alloy, or super-heat-resistant
alloy.

[0388]

{Example E1}

In Example El, concave pockets were formed through
carving by the cutting method of the present invention and a

conventional cutting method for comparison of machining time
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{including setup time) between these methods., The cutting
method of the present invention was carried out by means of
an end mill which was produced in the same manner as in
Invention Example &1, The conventiconal cutting method was
carried out by means of an end mill which was produced in
the same manner as in Conventional Example 1, except that
the cutting edge length was adjusted to 25 mm.

[0389]

Similar to the case of Example C1, a concave pocket (50
mm in width, 50 mm in length, 24 mm in depth} was formed in
a carbon steel workpiece through the cutting method of the
present invention using the carbide end mill of the present
invention and the conventional cutting method for comparison
of these methods. In the cutting method of the present
invention, similar teo the case of Example Cl, the concave
pocket was formed by a process including a step of oblique
cutting until a depth of 8 mm, and a subsequent step of
lateral-feed machining until a width of 50 mm and a length
of 50 mm, which process was performed thrice until a depth
of 24 mm. In contrast, in the convention method, firstly, a
hole having a depth of 24 mm wa=z formed in the center of the
workpiece by means of a drill, and subsegquently, the
aforementioned width and length were achieved through
cutting by means of the conventional end mill.

[0380]

In the cutting method of the present invention

employing the end mill of the present invention, two types
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of cutbting (i.e., lateral-feed cutting and obligque cutting)
were continuously performed. Cutting was carried out under
the following conditicns: rotational speed:; 6,000
rotatiens/min {(cutting speed: 150 m/min}, feed rate: 1,920
mm/min {0.0B mm of feed per cutting edge), amount of cutting
in axial direction: 8 mm, amount of cutting in radial
direction: 4 mm, feed rate upon oblique cutting: 1,200
mm/min, and tilt angle: 20°.

In the convention method, the acceptable maximum btilt
angle of the end miil during obligue cutting is about 59,
and a long period of time is required for machining.
Therefore, in the conventional method, & hole was formed in
advance by means of a drill, and then cutting was performed
by the end mill for formation of the concave pocket. In the
cutting method employing the conventional end mill, cutting
was carried out under the following conditions: rotational
speed: 4,000 rotations/min (cutting speed: 100 m/min), feed
rate: 1,280 mm/min (0.08 mm of feed per cutting edge},
amcunt of cutting in axial direction: 8 mm, and amount of
cutking in radial direction: 1 mm.

[0391]

For evaluation of the method of the present inventicn
and the conventional method, the time required in each step
for forming a concave pocket through carving was measured.
When the total time of steps in the cutting method was 10
minutes or shorter, the method was evaluated as "good.™ The

evaluation results are shown in Takle Fl.
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[0282]

[Table Ei]
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[0393]

As a result, in the case of the cutting method of the
present inwvention, a single kool realized hoth high-

performance oblique cutting (tilt angle: 20°) and high-
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performance lateral-feed cutting, and thus the total time
required for completion of machining was shorter than 10
minptes (i.e., seven minutes), which is about 1/3 that in
the case of the conventional method.

In contrast, in the conventional method, a hole was
formed in advance by means of a drill, and then cutting was
performed by the conventional end mill for formation of the
concave pocket, which is due to the fact that the possible
tilt angle of the end mill during oblique cutting is at most
about 5°. Since high-speed cutting conditions were failed
to ke achieved by the conventional end mill, the
conventional method required a total time of 20 minutes
{including the times of setup and machining upon driliing,
and the time of machining by means of the conventional end

millj).

Industrial Applicability

[0394]

According to the carbide end mill of the present
invention having a novel peripheral cutting edge shape and
the cutting method employing the end mill, in the fisld of
machining {(e.g., die machining or part machining), high-
performance machining (i.e., about 1.5 times or more that in
conventional cases) can be achieved in rough machining of a
workpiece such as structural steel, structural alloy steel,
die steel for cold or hot working, stainless steel, titanium

alloy, or super-heat-resistant alloy.
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In the Field of machining, there has been a keen demand
for high-performance machining {including longitudinal-feed
culting, lateral-feed cutting, and obligue cutting} of
tempered steel or guenched steel {about HRC 40 or more) for
formation of a complicated shape by means of a single end
mill. The present invention can provide a carbide end mill

which meets such commercial demands for the first time.

DESCRIFTION OF BREFERENCE NUMERALS
[0395]

1 peripheral cutting edges

2 tool end side

3 shank side

4 waveform pitch

5 wawe height

& crest portion

7 trough portion

H nick pitch

9 depth

10 reference peripheral cutting edge

11 second wavy peripheral cutting edge

12 third wavy peripheral cutting edge

13 fourth wavy peripheral cutking edge

14 reference phase

15 deviation amount

16 flute

17 sercond nicked peripheral cutting edge
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18

19

20

31

34

35

36

37

38

39

40

41

42

43

51

52

53

54

third nicked peripheral cutting edge
fourth nicked peripheral cutting edge
intersecticn

hard coat

nick

tool-end-side rounded portion
tool-shank-side rounded portion
bottom portion

bottom end

nick greoove

stralght portion

Convex curve portion

concave circular portion

edge portion

first gash surface

saecond gash surface

third gash surface

crossing portion between the first gash surface

second gash surface

55

first gash angle

and the

26 crassing portion between the first gash surface and the

third gash surface

57

58

59

60

Gl

second gash angle

length of a connection portion
cutting edge portion
tool-helding porticon

outermost layer
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62 innermost layer

63 coat having the same composition as the innermost layer
#4 coat having the same compeositicon as the cutermost layer
6h intermediate layer

66 basze carbide

D ktool diameter

Rl curvature radius of a tool-end-side rounded portion
RZ? curvature radius of a tool-shank-side rounded portion

R3 curvature radius of concave arc portion

P helix angle
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CLAIMS

1. A carbide end mill which includes a plurality of wavy
peripheral cutting edges each having alternate crest portions
and trough portions, or a plurality of peripheral cutting
edges each having a plurality of nicks for breaking chips,
wherein, when a certain peripheral cutting edge is considered
a reference peripheral cutting edge having reference phases,
wherein the distance of the reference phase is an amount
corresponding to a value obtained by dividing the pitch of the
nicks or waveform of the reference peripheral cutting edge by
the number of the cutting edges; and the phase of at least one
of the remaining peripheral cutting edges 1is deviated in the
direction of a tool axis from the corresponding reference
phase by an amount of 5% or less (excluding0%) of the pitch,
wherein, the carbide end mill includes the plurality of
peripheral cutting edges, end cutting edges, and gashes each
composed of a plurality of gash surfaces; the plurality of
gash surfaces include a first gash surface serving as a
cutting face of the corresponding end cutting edge, a second
gash surface provided on the side toward the rotational center
of the tool axis of the end mill, and a third gash surface

provided on the peripheral side of the end mill; a first gash
angle of 15° to 35° is formed between a crossing portion

between the first gash surface and the second gash surface,

and a plane perpendicularly intersecting the tool axis; a

216



second gash angle of 40° to 60° 1is formed between a crossing

portion between the first gash surface and the third gash
surface, and the plane perpendicularly intersecting the tool
axis; and the length of a connection portion between the
second gash surface and the third gash surface is not less
than 5% the tool diameter as measured from the tool rotation

axis and less than 20% the tool diameter.

2. A carbide end mill according to claim 1, the phase of at
least one of the remaining peripheral cutting edges 1is
deviated in the direction of the +tool axis from the
corresponding reference phase by an amount corresponding to 1%

to 3% of the pitch.

3. A carbide end mill according to claim 1, wherein the
carbide end mill has three or more peripheral cutting edges;
at least a pair of peripheral cutting edges of the adjacent
peripheral cutting edges have no phase deviation from the
respective reference phases o0f the reference peripheral
cutting edge, wherein, the distance of the reference phase is
an amount corresponding to a value obtained by dividing the
pitch of the nicks or waveform of the reference peripheral
cutting edge by the number of the cutting edges—--—-and the
amounts of phase deviation of the remaining peripheral cutting
edges from the respective reference phases are unequal with

each other.
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4. A carbide end mill according to claim 1, wherein each
peripheral cutting edge has a plurality of nicks; when one
peripheral cutting edge and its nicks are viewed on a cross
section skewed at an angle equal to a helix angle of the end
mill, opposite ends of each nick are smoothly connected to
adjacent portions of the peripheral cutting edge via rounded
portions; and the radius of curvature of the tool-end-side
round portion of the nick is smaller than that of the tool-

shank-side round portion of the nick.

5. A carbide end mill according to claim 4, wherein the bottom
end of the groove of each nick 1is connected with the tool-
shank-side round portion via a straight portion or a curve
portion which is convexed toward the nick, or connected with
the tool-shank-side round portion via a straight portion and a

curve portion which is convexed toward the nick.

6. A carbide end mill according to claim 4, wherein, when the
tool diameter of the nicked carbide end mill is represented by
D, the radius of curvature of the tool-end-side rounded
portion of each nick is 0.01D to 0.03D, the radius of
curvature of the toolshank-side rounded portion of each nick
is 1.5 to 2 times the radius of curvature of the tool-end-side
rounded portion of each nick, and the depth of each nick is

0.01D to 0.05D.

218



7. A carbide end mill according to any one of claims 1 to 6,
wherein the wavy peripheral cutting edges are covered with a

hard coat.

8. A carbide end mill according to any one of claims 1 to 6,
wherein a cutting edge portion formed of carbide is detachably

attached to a tool-holding portion.

9. A carbide end mill which includes a plurality of wavy
peripheral cutting edges each having alternate crest portions
and trough portions, or a plurality of peripheral cutting
edges each having a plurality of nicks for breaking chips,
wherein the carbide end mill includes the plurality of
peripheral cutting edges, end cutting edges, and gashes each
composed of a plurality of gash surfaces; the plurality of
gash surfaces include a first gash surface serving as a
cutting face of the corresponding end cutting edge, a second
gash surface provided on the side toward the rotational center
of the tool axis of the end mill, and a third gash surface

provided on the peripheral side of the end mill; a first gash
angle of 15° to 35° is formed between a crossing portion
between the first gash surface and the second gash surface,
and a plane perpendicularly intersecting the tool axis; a
second gash angle of 40° to 60° 1is formed between a crossing

portion between the first gash surface and the third gash
surface, and the plane perpendicularly intersecting the tool
axis; and the length of a connection portion between the
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second gash surface and the third gash surface is not less
than 5% the tool diameter as measured from the tool rotation

axis and less than 20% the tool diameter.

220



