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(54) Glow Plug

(57)  [Problem] To provide a glow plug with which it
is possible to improve heat resistance and durability in
comparison with a heretofore known one.

[Means for Resolution] A glow plug uses a sheathed
heater with a heating coil housed in a sheath tube. The
sheath tube, being formed from a nickel base alloy con-
taining 21 to 30 percent by mass of chromium (Cr), 0.05
to 0.30 percent by mass of carbon (C), 1.0 to 2.4 percent
by mass of aluminum (Al), and 0.1 to 0.3 percent by mass
of one kind or more among titanium (Ti), zirconium (2r),
and niobium (Nb), is such that when examining a metal
structure in a circumferential transverse section of the
sheath tube, the size of the metal structure has a variation
of 2 or less in crystal grain size number according to JIS
G0551 (2005), and Vickers hardness is within a range of
200 to 400.
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Description
[Technical Field]

[0001] The invention relates to a glow plug used in a
diesel engine.

[Background Art]

[0002] Heretofore, as a glow plug used as a diesel en-
gine starting auxiliary or the like, one using a sheathed
heater wherein a heating coil containing chromium (Cr),
aluminum (Al), and the like, is enclosed in a metallic tube
(a sheath tube) closed at the leading end portion has
been known.

[0003] An operating temperature elevation and rapid
temperature rise characteristic are required of this kind
of glow plug. For this reason, heat resistance and dura-
bility have become required of the sheath tube, and the
requirement can no longer be satisfied in terms of oxida-
tion resistance by a heretofore known sheath tube using
Inconel (registered trade name) 601 or the like. Also, with
the heretofore known glow plug, there has been a prob-
lem in that a crack is likely to occur in the sheath tube.
This is because a sheath tube of a common glow plug is
such that a strip material is rolled and welded into a pipe-
like form, and this pipe-like member is formed to configure
the sheath tube, meaning that the strength of a welded
portion of the sheath tube decreases in comparison with
that of the other portion, and a crack is likely to occur in
the welded portion.

[0004] Hence, a glow plug manufacturing method is
proposed whereby an occurrence of a crackin the welded
portion is suppressed by repeatedly carrying out trans-
formation and heating (for example, refer to Patent Doc-
ument 1). However, the effectiveness of preventing a
crack occurring in the welded portion cannot be said to
be sufficient even with the glow plug manufacturing meth-
od, and a further improvement in heat resistance and
durability is required.

[Related Art Documents]

[Patent Documents]

[0005]

[Patent Document 1] JP-A-2009-158431

[Disclosure of the Invention]

[Problems that the Invention is to Solve]

[0006] The invention has been contrived in response
to the heretofore known circumstances heretofore de-
scribed. The invention has an object of providing a glow

plug with which it is possible to improve heat resistance
and durability in comparison with the heretofore known
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one.
[Means for Solving the Problems]

[0007] According to one aspect of the glow plug of the
invention, a glow plug using a sheathed heater with a
heating coil housed in a sheath tube is characterized in
that the sheath tube, being formed from a nickel base
alloy containing 21 to 30 percent by mass of chromium
(Cr), 0.05 to 0.30 percent by mass of carbon (C), 1.0 to
2.4 percent by mass of aluminum (Al), and 0.1 to 0.3
percent by mass of one kind or more among titanium (Ti),
zirconium (Zr), and niobium (Nb), is such that when ex-
amining a metal structure in a circumferential transverse
section of the sheath tube, the size of the metal structure
has a variation of 2 or less in crystal grain size number
according to JIS G0551 (2005), and Vickers hardness is
within a range of 200 to 400.

[0008] With the glow plug of the invention, the sheath
tube is formed from a nickel base alloy containing 21 to
30 percent by mass of chromium (Cr), 0. 05 to 0. 30 per-
cent by mass of carbon (C), 1.0 to 2.4 percent by mass
of aluminum (Al), and 0.1 to 0.3 percent by mass of one
kind or more among titanium (Ti), zirconium (Zr), and
niobium (Nb). This is for the following kinds of reason.
[0009] The reason for setting the lower limit of the con-
tent of chromium (Cr) to 21 percent by mass is to secure
high-temperature oxidation resistance, and the reason
for setting the upper limit thereof to 30 percent by mass
is to secure cold workability. That is, this is because it is
no longer possible to obtain sufficient high-temperature
oxidation resistance when the content of chromium (Cr)
is set to less than 21 percent by mass, and it is no longer
possible to obtain sufficient cold workability when the
content of chromium (Cr) is set to more than 30 percent
by mass.

[0010] The reason for setting the lower limit of the con-
tent of carbon (C) to 0.05 percent by mass is to secure
high-temperature strength, and the reason for setting the
upper limit thereof to 0.3 percent by mass is to secure
cold workability and high-temperature oxidation resist-
ance. That is, this is because it is no longer possible to
obtain sufficient high-temperature strength when the
content of carbon (C) is set to less than 0.05 percent by
mass, and it is no longer possible to obtain sufficient cold
workability or high-temperature oxidation resistance
when the content of carbon (C) is set to more than 0.3
percent by mass.

[0011] The reason for setting the lower limit of the con-
tent of aluminum (Al) to 1.0 percent by mass is to secure
high-temperature oxidation resistance, and the reason
for setting the upper limit thereof to 2.4 percent by mass
is to avoid an excessive generation of NizAl. That is, this
is because it is no longer possible to obtain sufficient
high-temperature oxidation resistance when the content
of aluminum (Al) is set to less than 1.0 percent by mass,
and NizAl is excessively generated when the content of
aluminum (Al) is set to more than 2.4 percent by mass.
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[0012] The reason for setting the lower limit of the con-
tent of one kind or more among titanium (Ti), zirconium
(Zr), and niobium (Nb) to 0.1 percent by mass is to secure
high-temperature creep strength, and the reason for set-
ting the lower limit thereof to 0.3 percent by mass is to
secure cold workability. That is, this is because it is no
longer possible to obtain sufficient high-temperature
creep strength when the content of one kind or more
among titanium (Ti), zirconium (Zr), and niobium (Nb) is
set to less than 0.1 percent by mass, and it is no longer
possible to obtain sufficient cold workability when the
content thereof is set to more than 0.3 percent by mass.
[0013] Also, with the glow plug of the invention, when
examining the metal structure in the circumferential
transverse section of the sheath tube, the size of the met-
al structure has a variation of 2 or less in crystal grain
size number according to JIS G0551 (2005). By making
the size of the metal structure in the circumferential trans-
verse section of the sheath tube uniform in this way, it is
possible to prevent, for example, a crack from occurring
in the welded portion due to a difference in the size of
the metal structure between the welded portion and the
other region. That s, by making the circumferential metal
structure uniform, the condition in which a region high in
strength and a region low in strength exist in the same
circumferential plane is eliminated, and it is possible to
eliminate the situation wherein the sheath tube is de-
formed focused on one pointin response to a deformation
due to thermal stress caused by heating and cooling.
Because of this, it is possible to provide a glow plug of
high durability and high heat resistance with which it is
difficult for a crack to occur in the sheath tube.

[0014] That a variation is 2 or less in crystal grain size
number according to JIS G0551 (2005) indicates that the
grain size number is within a range of 1 either side of an
intermediate grain size number, for example, within a
range of 9 to 11. In this case, when examining the metal
structure in the circumferential transverse section of the
sheath tube, itis more preferable that the size of the metal
structure has a variation of 0 in crystal grain size number
according to JIS G0551 (2005), that is, the crystal grain
size numbers are the same.

[0015] Also, the circumferential transverse section of
the sheath tube indicates the transverse section of a third
region wherein a second region of the sheath tube in the
same position as a leading end portion of the heating coil
is removed from a first region of the sheath tube in the
same position as the heating coil in an axial direction (a
first region of the sheath tube radially surrounding the
heating coil) when looking at the glow plug from a radial
direction perpendicular to the axial direction. The leading
end portion of the heating coil represents a region of up
to 20% of the axial length of the heating coil from the
leading end of the heating coil. Then, in any transverse
section of the sheath tube within the range of the third
region, it is shown that the size of the metal structure has
a variation of 2 or less in crystal grain size number ac-
cording to JIS G0551 (2005).
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[0016] Also, with the glow plug of the invention, fur-
thermore, the Vickers hardness (HV) of the sheath tube
is within a range of 200 to 400. This is because a bend
occurs in the sheath tube during the manufacturing proc-
ess when the Vickers hardness of the sheath tube is less
than 200, and press fit operability decreases when the
hardness is more than 400.

[0017] Also, with the glow plug of the invention, it is
preferable that the heretofore described size of the metal
structure is set to be in a range of 7 to 12 in crystal grain
size number according to JIS G0551 (2005). This is be-
cause high-temperature strength decreases when the
crystal grain size is too small, and the grain boundary
area decreases and grain boundary corrosion resistance
performance decreases when the crystal grain size is too
large. To describe with a specific crystal grain size, it is
preferable that an average crystal grain size is set to be
on the order of 20 pm to 100 pm.

[0018] Furthermore, with the glow plug of the invention,
it is preferable that when examining the metal structure
in the circumferential transverse section of the sheath
tube, five carbides or more of a size of 3 um or more
exist in a visual field of a diameter of 0.1 mm. This is
because crystal grains are coarsened during use, caus-
ing a grain boundary crack, when there is less carbide
precipitation, and because partial carbide precipitation
results in an existence of a portion low in strength in the
same section, leading to a deformation or breakage of
the sheath tube.

[Advantage of the Invention]

[0019] According to the invention, it is possible to pro-
vide a glow plug with which it is possible to improve heat
resistance and durability in comparison with the hereto-
fore known one.

[Brief Description of the Drawings]
[0020]

[Fig. 1] A diagram showing an outline configuration
of a glow plug according to one embodiment of the
invention.

[Fig. 2] A diagram showing a sectional outline con-
figuration of the glow plug of Fig. 1.

[Fig. 3] A diagram showing a sectional outline con-
figuration of a main portion of the glow plug of Fig. 1.
[Fig. 4] Photographs showing a metal structure in a
transverse section of a sheath tube of a glow plug
according to a working example.

[Fig. 5] Photographs showing a metal structure in a
transverse section of a sheath tube of a glow plug
according to a comparison example 1.

[Fig. 6] Photographs showing a metal structure in a
transverse section of a sheath tube of a glow plug
according to a comparison example 2.

[Fig. 7] Photographs showing an external appear-
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ance after a durability test of the glow plug according
to each of the working example and comparison ex-
amples 1 and 2.

[Mode for Carrying Out the Invention]

[0021] Hereafter, a description will be given of an em-
bodiment, referring to the drawings, for details of the in-
vention.

[0022] Fig. 1 is a diagram showing an overall outline
configuration of a glow plug 1 according to one embod-
iment of the invention, and Fig. 2 is a diagram showing
a longitudinal sectional outline configuration of the glow
plug 1.

[0023] As shown in Figs. 1 and 2, the glow plug 1 in-
cludes a hollow cylindrical main metal shell 2 and a
sheathed heater 3 mounted in the main metal shell 2.
[0024] An axial hole 4 is formed in the main metal shell
2 so as to pass therethrough in a direction of an axis C;.
Also, a thread portion 5 for attachment to a diesel engine
and a tool engagement portion 6 of hexagonal section
for engaging a tool, such as a torque wrench, are formed
on the outer peripheral surface of the main metal shell 2.
[0025] The sheathed heater 3is configured by asheath
tube 7 and a central shaft 8 acting as a lead member
being integrated in the direction of the axis C;.

[0026] As shown in Fig. 3, the sheath tube 7 is config-
ured of a hollow cylindrical metallic tube closed at the
leading end portion. In the embodiment, the sheath tube
7 is configured of a nickel base alloy containing 21 to 30
percent by mass of chromium (Cr), 0. 05 to 0. 30 percent
by mass of carbon (C), 1.0 to 2. 4 percent by mass of
aluminum (A1), and 0.1 to 0.3 percent by mass of one
kind or more among titanium (Ti), zirconium (Zr), and
niobium (Nb). For example, DIN2. 4633 (alloy 602) stip-
ulated by Deutsche Industrie Normen (DIN) corresponds
to such a nickel base alloy.

[0027] Also, the sheath tube 7 is such that when ex-
amining a metal structure in a circumferential transverse
section thereof, the size of the metal structure is made
uniform, and the size of the metal structure has a variation
of 2 or less in crystal grain size number according to JIS
G0551 (2005). The circumferential transverse section of
the sheath tube 7 indicates the transverse section of a
third region T3 wherein a second region T, of the sheath
tube in the same position as a leading end portion 9a of
a heating coil 9, to be described hereatfter, in Fig. 3 is
removed from a first region T, of the sheath tube in the
same position as the heating coil 9. The second region
T, is a region corresponding to the leading end portion
9a of the heating coil 9. The leading end portion 9a of
the heating coil 9 represents a region of up to 20% of a
length of the heating coil 9 in the direction of the axis C,
from the leading end of the heating coil 9 (for example,
when the whole length of the heating coil is set to 10 mm,
the leading end portion 9a represents a region of up to
2 mm from the leading end of the heating coil 9).
[0028] In order to manufacture the sheath tube 7
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wherein the size of the metal structure in the circumfer-
ential transverse section is made uniform in this way, it
is possible to use, for example, a method of manufactur-
ing an electric resistance welded tube from a strip mate-
rial and repeating a plastic working and solution treat-
ment until the structure of a welded portion and that of
the other portion become uniform, a method of manufac-
turing the tube from a strip material with a deep drawing,
or amethod of manufacturing the tube from a rod material
with an extrusion molding. The plastic working may be
either of a cold one or hot one. It is preferable that the
size of the metal structure of the sheath tube 7 is set to
be in a range of 7 to 12 in crystal grain size number ac-
cording to JIS G0551 (2005).

[0029] Furthermore, the sheath tube 7 is such that the
Vickers hardness (HV) thereof is set to be within a range
of 200 to 400.

[0030] As shown in Fig. 3, the heating coil 9 joined to
the leading end of the sheath tube 7 and a control coll
10 connected in series to the rear end of the heating coil
9 are enclosed, together with insulating powder 11 such
as magnesium oxide powder, inside the sheath tube 7.
[0031] The sheath tube 7 and heating coil 9 are joined
at a leading end side junction point 21. Also, the heating
coil 9 and control coil 10 are joined at a rear end side
junction point 22.

[0032] Furthermore, the rear end of the sheath tube 7
is sealed with respect to the central shaft 8 by annular
rubber 17. In addition, the heating coil 9 is in electrical
continuity with the sheath tube 7 at the leading end there-
of, as heretofore described, but the outer peripheral sur-
faces of the heating coil 9 and control coil 10 and the
inner peripheral surface of the sheath tube 7 are in a
condition in which they are insulated by the insulating
powder 11 being interposed therebetween.

[0033] The heating coil 9 is configured of a resistance
heating wire of, for example, an iron (Fe) - chromium (Cr)
- aluminum (Al) alloy. Also, the control coil 10 is config-
ured of a resistance heating wire consisting mainly of a
material with a greater temperature coefficient of electri-
cal resistivity than that of a material of the heating coil 9,
for example, Co or Ni typified by a cobalt (Co) - nickel
((Ni) - Fe alloy. A configuration is such that the heating
coil 9 can generate heat by being energized and raise
the surface temperature of the sheath tube 7 to a prede-
termined temperature, and the control coil 10 can make
it difficult for an excessive temperature rise of the heating
coil 9 to occur.

[0034] Also, a small diameter portion 7a housing the
heating coil 9 and the like is formed in the leading end
portion of the sheath tube 7, and a large diameter portion
7b larger in diameter than the small diameter portion 7a
is formed on the rear end side of the sheath tube 7, by a
swaging or the like. Then, by the large diameter portion
7b being pressed into and joined to a small diameter por-
tion 4a formed in the axial hole 4 of the main metal shell
2, the sheath tube 7 is held in a condition in which it
protrudes from the leading end of the main metal shell 2.
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[0035] The central shaft 8, by the leading end thereof
being inserted into the sheath tube 7, as well as being
electrically connected to the rear end of the control coil
10, is inserted in the axial hole 4 of the main metal shell
2. The rear end of the central shaft 8 protrudes from the
rear end of the main metal shell 2, and this rear end por-
tion of the main metal shell 2 is of a structure such that
an O-ring 12 made of rubber or the like, an insulating
bush 13 made of a resin or the like, a holding ring 14 for
preventing the insulating bush 13 dropping off, and an
energizing cable connection nut 15 are fitted with the
central shaft 8 in this order (refer to Fig. 2).

[0036] Next, a description will be given of a manufac-
turing method of the glow plug 1 configured in the way
heretofore described.

[0037] Firstly, a resistance heating wire of an Fe-Cr-
Alalloy is processed into a coil form, obtaining the heating
coil 9.

[0038] Next, a resistance heating wire of a Co-Ni-Fe
alloy or the like is processed into a coil form, obtaining
the control coil 10. Then, the rear end portion of the heat-
ing coil 9 and the leading end portion of the control coil
10 are joined at the rear end side junction point 22 by an
arc welding or the like.

[0039] Next, the leading end of the central shaft 8 and
the heating coil 9 and control coil 10 integrated with the
central shaft 8 are disposed in the hollow cylindrical
sheath tube 7 which is formed to be larger in diameter
than in final dimension by an amount equivalent to a ma-
chining allowance, and is not closed at the leading end.
Then, the leading end portion of the sheath tube 7 is
closed, and the leading end portion of the sheath tube 7
and the leading end portion of the heating coil 9 are joined
at the leading end side junction point 21, by an arc weld-
ing.

[0040] Subsequently, after the sheath tube 7 has been
filled with the insulating powder 11, a swaging is per-
formed on the sheath tube 7. By so doing, as well as the
sheath tube 7 having the large diameter portion 7a being
formed, the sheath tube 7 is integrated with the central
shaft 8, and the sheathed heater 3 is completed.
[0041] Then, the sheathed heater 3 formed in the way
heretofore described is pressed into and fixed in the axial
hole 4 of the main metal shell 2, and the O-ring 12, insu-
lating bush 13, and the like, are fitted with the central
shaft 8 in the rear end portion of the main metal shell 2,
thereby completing the glow plug 1.

[0042] By so doing, in the embodiment, it is possible
to obtain a glow plug improved in heat resistance and
durability in comparison with a heretofore known one.
[0043] Fig. 4 shows photographs wherein a metal
structure in a circumferential transverse section of a
sheath tube 7 of a glow plug according to a working ex-
ample is photographed, wherein Fig. 4(a) shows the
whole of the circumferential transverse section, Fig. 4 (b)
shows one portion thereof in an enlarged dimension, and
Fig. 4 (c) shows the one portion in a further enlarged
dimension. Also, Figs. 5 and 6 each show photographs
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wherein a metal structure in a circumferential transverse
section of a sheath tube of a glow plug according to each
comparison example 1 and 2 is photographed, wherein
Fig. 5(a) and Fig. 6(a) each show the whole of the cir-
cumferential transverse section, Fig. 5(b) and Fig. 6(b)
each show one portion thereof in an enlarged dimension,
and Fig. 5(c) and Fig. 6(c) each show the one portion in
a further enlarged dimension.

[0044] In the working example shown in Fig. 4, the
sheath tube 7 is manufactured in the following way using
a nickel base alloy equivalent to DIN2. 4633 (alloy 602)
stipulated by the heretofore mentioned Deutsche Indus-
trie Normen (DIN).

[0045] Specifically, the sheath tube 7 having the small
diameter portion 7a and large diameter portion 7b is
formed from a strip material of DIN2. 4633 using a deep
drawing. Subsequently, as the sheath tube 7 is work
hardened, heat treatment is implemented at 1140°C in
order to soften the sheath tube 7. By implementing the
heat treatment too, the circumferential structure size of
the sheath tube 7 tends to be uniform.

[0046] When examining the metal structure of the
sheath tube 7 in the circumferential transverse section
thereof, the size is uniform, and the crystal grain size
numbers according to JIS G0551 (2005) are all 11, that
is, a variation in crystal grain size number is 0.

[0047] Meanwhile, in the comparison example 1
shown in Fig. 5, the sheath tube is configured using a
nickel base alloy the same as that of the working exam-
ple, but in the comparison example 1, the sheath tube is
configured from a pipe-like member wherein a strip ma-
terial is rolled, and only a welding is performed on a weld-
ed portion.

[0048] As shown in Figs. 5 (a) and (b), in the compar-
ison example 1, the structure size of the welded portion
and that of the other region are nonuniform, and the crys-
tal grain size number according to JIS G0551 (2005) of
the welded portion is 11, while the crystal grain size
number according to JIS G0551 (2005) of the other region
is 8, that is, a variation in crystal grain size number is 3.
[0049] Also, in the comparison example 2, the sheath
tube is configured from a pipe-like member wherein an
alloy equivalent to NCF601 is used, a strip material is
rolled, and only a welding is performed on a welded por-
tion. As shown in Figs. 6(a) and (b)), in the comparison
example 2, the structure size of the welded portion and
that of the other region are nonuniform, the crystal grain
size number according to JIS G0551 (2005) of the welded
portionis 11, and the crystal grain size number according
to JIS G0551 (2005) of the other region is 8. That is, a
variation in crystal grain size number is 3.

[0050] Furthermore, as shown in Fig. 4(c), in the work-
ing example, when examining the metal structure in the
circumferential transverse section of the sheath tube, a
condition is such that five carbides or more of a size of
3 wm or more exist in a visual field of a diameter of 0.1
mm. As opposed to this, as shown in Fig. 5(c) and Fig.
6(c), in the welded portions of the comparison examples
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1 and 2, the number of carbides of a size of 3 wum or more
is small, and less than five carbides exist in the visual
field of a diameter of 0.1 mm.

[0051] Fig. 7 shows a comparison of external photo-
graphs of the glow plug of the working example and the
glow plugs of the comparison examples 1 and 2 after a
durability test has been performed thereon, wherein Fig.
7 (a) shows the working example, Fig. 7 (b) shows the
comparison example 1, and Fig. 7(c) shows the compar-
ison example 2. The durability test is carried out in the
following way.

[0052] Deterioration of the sheath tube is examined by
repeating an energization and de-energization of the
glow plug. Specifically, the glow plug is energized in a
conditionin which the sheath tube is atroom temperature,
causing the temperature of the surface of the sheath tube
to reach 1000°C in two seconds. Subsequently, after the
temperature of the surface of the sheath tube has been
maintained at 1050°C for three minutes, the glow plug is
de-energized, and the sheath tube is cooled until the con-
dition is attained in which the sheath tube is at room tem-
perature. This is taken to be one cycle, the cycle is re-
peated 10,000 times, and a subsequent deterioration
condition of the sheath tube is examined.

[0053] As showninFig. 7(b), in the comparison exam-
ple 1, a crack occurs in the welded portion of the sheath
tube due to the durability test. Also, as shown in Fig. 7
(c), inthe comparison example 2, wear occurs in the lead-
ing end portion of the sheath tube due to the durability
test. As opposed to this, as shown in Fig. 7(a), in the
working example, no crack occurs in the welded portion
of the sheath tube, and no wear of the leading end portion
occurs either, due to the durability test.

[0054] As heretofore described, it can be confirmed
that the glow plug of the working example wherein a var-
iation in crystal grain size number according to JIS G0551
(2005) when examining the metal structure in the circum-
ferential transverse section of the sheath tube is 0 is high
in heat resistance and durability in comparison with the
glow plugs of the comparison examples 1 and 2 wherein
a variation therein is 3. Consequently, in order to obtain
high heat resistance and durability, a variation in crystal
grain size number according to JIS G0551 (2005) when
examining the metal structure in the circumferential
transverse section of the sheath tube is preferably set to
2 or less, and more preferably set to 0.

[Description of Reference Numerals and Signs]
[0055]

1 Glow plug

2 Main metal shell

3 Sheathed heater

7 Sheath tube
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9 Heating coll

10  Control coil

Claims

1. A glow plug using a sheathed heater with a heating
coil housed in a sheath tube, characterized in that
the sheath tube, being formed from a nickel base
alloy containing 21 to 30 percent by mass of chro-
mium (Cr), 0.05 to 0.30 percent by mass of carbon
(C), 1.0to 2.4 percent by mass of aluminum (Al), and
0.1t00.3 percent by mass of one kind or more among
titanium (Ti), zirconium (Zr), and niobium (Nb), is
such that when examining a metal structure in a cir-
cumferential transverse section of the sheath tube,
the size of the metal structure has a variation of 2 or
less in crystal grain size number according to JIS
G0551 (2005), and
Vickers hardness is within a range of 200 to 400.

2. The glow plug according to claim 1, characterized
in that when examining the metal structure in the
circumferential transverse section of the sheath
tube, the size of the metal structure is in a range of
7 to 12 in crystal grain size number according to JIS
G0551 (2005).

3. The glow plug according to claim 1 or 2, character-
ized in that
when examining the metal structure in the circum-
ferential transverse section of the sheath tube, five
carbides or more of a size of 3 um or more exist in
a visual field of a diameter of 0.1 mm.
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