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(54) GLOW PLUG AND METHOD FOR MANUFACTURING THE SAME

(57) A tubular sheath included in a glow plug includes
a cylindrical member that is disposed around the heating
element and extends in a direction of an axis, and a melt-
ed portion that contains at least a main component of the
cylindrical member and a main component of the heating
element and blocks a front end of the cylindrical member.

When C represents an average chromium content in
terms of mass% and A represents an average aluminum
content in terms of mass% in a region in which a distance
from an outer surface of the melted portion in a direction
toward an inner region is more than 0.03 mm, an average
content ratio C/A is 2.1 or more and 6.7 or less.
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Description

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0001] The present invention relates to a glow plug.

2. Description of the Related Art

[0002] Glow plugs are heaters used as auxiliary heat
sources for compression-ignition internal combustion en-
gines, such as diesel engines. Glow plugs are required
to have, for example, sufficient durability in the environ-
ment in combustion chambers in which they are used.
To improve such characteristics, various material com-
positions have been proposed (see, for example, Japa-
nese Unexamined Patent Application Publication No.
2004-264013).
[0003] When electricity is supplied to a glow plug, an
oxide film composed of Cr2O3 is formed on the surface
of the glow plug when the glow plug contains chromium,
and an oxide film composed of Al2O3 is formed on the
surface of the glow plug when the glow plug contains
aluminum. The oxide film protects a bulk from oxidation,
so that the durability is increased. Here, the bulk is a
portion located on the inner side of the oxide film.
[0004] Because the oxide film is formed on the surface
of the glow plug as described above, the oxide film re-
ceives a thermal stress every time combustion occurs in
the combustion chamber. The oxide film may be sepa-
rated from the bulk owing to the thermal stress. When
the oxide film is separated, a surface layer of the bulk is
exposed and converted into an oxide film. The newly
formed oxide film may also be separated owing to the
thermal stress. Each time an oxide film is separated, the
thickness of that portion decreases. This phenomenon
is called oxidation consumption in this specification.
[0005] Because the oxide film not only protects the bulk
but also leads to oxidation consumption as described
above, an adequate amount of oxide film is preferably
formed. The amount of oxide film that is formed can pre-
sumably be controlled by adjusting the amount of at least
one of aluminum and chromium contained in the glow
plug to an adequate amount.
[0006] When electricity is repeatedly applied to the
glow plug, a crack may be formed in a region around the
front end of the glow plug. The crack is often formed in
an interface of a melted portion formed when a cylinder
portion and a heating coil are welded together. The for-
mation of a crack is also presumably affected by the
amounts of aluminum and chromium.

SUMMARY OF THE INVENTION

[0007] In light of the above-described circumstances,
an object of the present disclosure is to suppress oxida-
tion consumption and formation of a crack in a melted

portion by controlling the amount of at least one of alu-
minum and chromium contained in a glow plug, thereby
increasing the durability of the glow plug.
[0008] The present invention has been made to
achieve this object and has the following aspects.

(1) According to an aspect of the present invention,
a glow plug is provided. The glow plug includes a
heating element that generates heat when electricity
is applied to the heating element; and a tubular
sheath including a cylindrical member that is dis-
posed around the heating element and extends in a
direction of an axis, and a melted portion that con-
tains at least a main component of the cylindrical
member and a main component of the heating ele-
ment and blocks a front end of the cylindrical mem-
ber. In this glow plug, when C represents an average
chromium content in terms of mass% and A repre-
sents an average aluminum content in terms of
mass% in a predetermined region in which a dis-
tance from an outer surface of the melted portion in
a direction toward an inner region is more than 0.03
mm, an average content ratio C/A is 2.1 or more and
6.7 or less. According to this aspect, oxidation con-
sumption and formation of a crack in the melted por-
tion can be suppressed.
(2) In the above-described aspect, the average con-
tent ratio C/A may be 2.9 or more and 5.4 or less.
According to this aspect, oxidation consumption and
formation of a crack in the melted portion can be
further suppressed.
(3) In the above-described aspect, the average con-
tent ratio C/A may be 3.5 or more and 3.7 or less.
According to this aspect, oxidation consumption and
formation of a crack in the melted portion can be
further suppressed.
(4) In the above-described aspect, in cross section
including the axis, a thickness of the melted portion
along the axis may be 0.5 mm or more and 1.0 mm
or less. According to this aspect, even when oxida-
tion consumption occurs in the melted portion, nitro-
gen-blocking performance of the melted portion is
maintained.
(5) In the above-described aspect, the average alu-
minum content A may be 2.4 mass% or more in the
predetermined region. According to this aspect, the
nitrogen-blocking performance of the melted portion
can be increased, and nitridation of the heating ele-
ment can be suppressed.
(6) In the above-described aspect, the average alu-
minum content A may be 4.5 mass% or less in the
predetermined region. According to this aspect, the
average content ratio C/A can be easily set to a value
within the above-described range.
(7) In the above-described aspect, the average chro-
mium content C may be 8 mass% or more and 16
mass% or less in the predetermined region. Accord-
ing to this aspect, the average content ratio C/A can
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be easily set to a value within the above-described
range.
(8) In the above-described aspect, the cylindrical
member may have an aluminum content of 1.2
mass% or more and 2.2 mass% or less, a chromium
content of 14.5 mass% or more and 22.1 mass% or
less, and a nickel content of 66.1 mass% or more.
According to this aspect, the average content ratio
C/A can be easily set to a value within the above-
described range.
(9) In the above-described aspect, the heating ele-
ment may have an aluminum content of 3.8 mass%
or more and 10 mass% or less, a chromium content
of 13.1 mass% or more and 20.3 mass% or less, and
an iron content of 69.5 mass% or more and 80.3
mass% or less. According to this aspect, the average
content ratio C/A can be easily set to a value within
the above-described range.
(10) In the above-described aspect, the melted por-
tion may have an aluminum content of less than 5
mass% in a region near a boundary between the
melted portion and the cylindrical member. Accord-
ing to this aspect, the difference between the alumi-
num content in the cylindrical member and the av-
erage aluminum content in the melted portion can
be easily reduced.
(11) In the above-described aspect, an average iron
content may be 17 mass% or more and 21 mass%
or less in the predetermined region. According to this
aspect, aggregation of iron can be suppressed, so
that oxidation consumption can be suppressed.
(12) According to another aspect, a method for man-
ufacturing the glow plug according to the above-de-
scribed aspect is provided. The method includes a
step of forming the melted portion by welding the
heating element and the cylindrical member togeth-
er. Before the step, the heating element includes a
helical portion and a linear portion that is connected
to a front end of the helical portion and that has a
front end that serves as a front end of the heating
element. Before the step, the cylindrical member in-
cludes a narrowing portion having a diameter that
decreases toward a front end of the narrowing por-
tion and an opening at the front end of the narrowing
portion. In the step, the welding is started in a state
such that the linear portion is positioned at a front
end side with respect to the opening in the narrowing
portion. According to this aspect, compared with the
case in which the front end of the heating element
has, for example, a wound shape, the amount of a
portion of the heating element that is melted in the
welding process can be more easily adjusted. There-
fore, the above-described numerical ranges can be
more easily achieved in the above-described glow
plug.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009]

Fig. 1 is a partially sectioned external view of a glow
plug;
Fig. 2 is a partially sectioned view of a region around
a melted portion;
Fig. 3 illustrates a region around a front end before
a tubular sheath and a heating coil are welded to-
gether;
Fig. 4 illustrates regions to be analyzed near bound-
aries between the melted portion and a cylinder por-
tion;
Fig. 5 illustrates a region to be analyzed near the
surface of the melted portion;
Fig. 6 is a table showing the relationship between
the average content ratio and durability;
Fig. 7 is a diagram used to describe a crack growth
rate;
Fig. 8 is a table showing the relationship between
the thickness of the melted portion and durability
against breakage;
Fig. 9 illustrates a region around a front end before
a tubular sheath and a heating coil are welded to-
gether according to another embodiment; and
Fig. 10 illustrates a region around a front end before
a tubular sheath and a heating coil are welded to-
gether according to another embodiment.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0010] Fig. 1 illustrates a glow plug 10. In Fig. 1, the
external structure of the glow plug 10 is shown on the
right side of an axis O, and the cross sectional structure
of the glow plug 10 is shown on the left side of the axis
O. The glow plug 10 functions as a heat source that as-
sists ignition when a diesel engine is started.
[0011] The glow plug 10 includes a center wire 200, a
metal shell 500, and a sheath heater 800 that generates
heat when electricity is applied thereto. These members
are assembled together along the axis O of the glow plug
10. In this specification, a side at which the sheath heater
800 is provided in the glow plug 10 is referred to as a
"front end side", and a side opposite the front end side
is referred to as a "rear end side".
[0012] The metal shell 500 is a cylindrical member
formed of carbon steel. The sheath heater 800 is held by
a front end portion of the metal shell 500. The center wire
200 is held by a rear end portion of the metal shell 500
with an insulating member 410 and an O-ring 460 inter-
posed therebetween. A ring 300, which is in contact with
the rear end of the insulating member 410, is crimped
onto the center wire 200, so that the position of the insu-
lating member 410 in the direction of the axis O is fixed.
The rear end of the metal shell 500 is insulated from the
center wire 200 by the insulating member 410. The metal
shell 500 covers a portion of the center wire 200 that
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extends from the insulating member 410 to the sheath
heater 800. The metal shell 500 has an axial hole 510,
a tool engagement portion 520, and an externally thread-
ed portion 540.
[0013] The axial hole 510 is a through hole that extends
along the axis O, and has a diameter greater than that
of the center wire 200. When the center wire 200 is po-
sitioned with respect to the axial hole 510, an air gap that
electrically insulates the axial hole 510 and the center
wire 200 from each other is provided between the axial
hole 510 and the center wire 200. The sheath heater 800
is bonded to a front end portion of the axial hole 510 by
being press-fitted into the axial hole 510. The externally
threaded portion 540 is on the rear side of the sheath
heater 800 that is press-fitted, and is fastened to an in-
ternally threaded portion formed in an internal combus-
tion engine (not shown). The tool engagement portion
520, which is on the rear side of the externally threaded
portion 540, engages with a tool (not shown) used to
attach and detach the glow plug 10.
[0014] The center wire 200 is a columnar member
made of a conductive material. The center wire 200 is
arranged so as to extend along the axis O in such a man-
ner that the center wire 200 is inserted in the axial hole
510 in the metal shell 500. The center wire 200 includes
a center-wire front end portion 210 formed at the front
end thereof and a connecting portion 290 formed at the
rear end thereof. The center-wire front end portion 210
is inserted in the sheath heater 800. The connecting por-
tion 290 is an externally threaded portion that projects
from the metal shell 500. The connecting portion 290 is
fastened to an engagement member 100.
[0015] Fig. 2 is a partially sectioned view illustrating
the detailed structure of the sheath heater 800. The
sheath heater 800 includes a tubular sheath 810, a heat-
ing coil 820 that functions as a heating element, a control
coil 830, and insulating powder 840.
[0016] The tubular sheath 810 extends in the direction
of the axis O, and has the shape of a cylinder with a
bottom. The tubular sheath 810 accommodates the heat-
ing coil 820, the control coil 830, and the insulating pow-
der 840. The tubular sheath 810 includes a tubular-
sheath front end portion 811 and a tubular-sheath rear
end portion 819. The tubular-sheath front end portion 811
is an externally rounded end portion provided at the front
end of the tubular sheath 810. The tubular-sheath rear
end portion 819 is an end portion that opens at the rear
end of the tubular sheath 810. The center-wire front end
portion 210 of the center wire 200 is inserted into the
tubular sheath 810 through the tubular-sheath rear end
portion 819. The tubular sheath 810 is electrically insu-
lated from the center wire 200 by a packing 600 and the
insulating powder 840. The packing 600 is an insulating
member that is disposed at the rear end of the tubular
sheath 810 in the direction of the axis O and interposed
between the center wire 200 and the tubular sheath 810.
The tubular sheath 810 is electrically connected to the
metal shell 500.

[0017] The control coil 830 is formed of a conductive
material whose temperature coefficient of electrical re-
sistivity is greater than that of the material of the heating
coil 820. The conductive material is preferably nickel. Al-
ternatively, the conductive material may be an alloy hav-
ing, for example, cobalt or nickel as the main component.
The control coil 830 is disposed in the tubular sheath
810, and controls the electric power supplied to the heat-
ing coil 820. The control coil 830 includes a control-coil
front end portion 831 at the front end thereof and a con-
trol-coil rear end portion 839 at the rear end thereof. The
control-coil front end portion 831 is welded to a heating-
coil rear end portion 829 of the heating coil 820, and is
thereby electrically connected to the heating coil 820.
The control-coil rear end portion 839 is bonded to the
center-wire front end portion 210 of the center wire 200,
and is thereby electrically connected to the center wire
200.
[0018] The insulating powder 840 is powder that has
an electrically insulating property. The insulating powder
840 may be, for example, powder of magnesium oxide
(MgO). The inner space of the tubular sheath 810 is filled
with the insulating powder 840, so that the tubular sheath
810 is electrically insulated from the heating coil 820, the
control coil 830, and the center wire 200.
[0019] The heating coil 820 is a coil made of a conduc-
tive material. The heating coil 820 is disposed in the tu-
bular sheath 810 so as to extend in the direction of the
axis O, and generates heat when electricity is supplied
thereto. The heating coil 820 includes a heating-coil front
end portion 821 at the front end thereof and the heating-
coil rear end portion 829 at the rear end thereof. The
heating-coil front end portion 821 is welded to a portion
of the tubular sheath 810 around the front end thereof,
and is thereby electrically connected to the tubular sheath
810.
[0020] Fig. 3 illustrates a region around the front end
before the tubular sheath 810 and the heating coil 820
are welded together. The tubular sheath 810 includes a
first cylindrical portion 813, a narrowing portion 814, and
a second cylindrical portion 815 when the sheath tube
810 is not yet welded to the heating coil 820. The first
cylindrical portion 813 is a portion having a substantially
constant diameter in the direction of the axis O. The nar-
rowing portion 814 is connected to the front end of the
cylindrical portion 813. The narrowing portion 814 is a
portion having a diameter that decreases toward the front
end thereof. The second cylindrical portion 815 is con-
nected to the front end of the narrowing portion 814, and
is a portion having a substantially constant diameter in
the direction of the axis O. The narrowing portion 814
has an opening 816 at the front end thereof. The opening
816 is an air gap provided at the boundary between the
narrowing portion 814 and the second cylindrical portion
815.
[0021] The heating coil 820 includes a helical portion
823 and a linear portion 824 when the heating coil 820
is not yet welded to the tubular sheath 810. The helical
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portion 823 is a portion having a helical shape. The linear
portion 824 is a portion that has a linear shape and that
is connected to the front end of the helical portion 823.
The front end of the linear portion 824 serves as the front
end of the heating coil 820 before welding.
[0022] The heating coil 820 is arranged such that the
linear portion 824 extends to the opening 816 before be-
ing welded. In the present embodiment, the linear portion
824 is arranged so as to extend through the opening at
the front end of the second cylindrical portion 815. As
illustrated in Fig. 3, the linear portion 824 extends at an
angle with respect to the axis O. In this arrangement, the
process of welding the tubular sheath 810 and the heating
coil 820 together is started. After the welding process, a
melted portion 850 is formed and a portion around the
front end is shaped as illustrated in Fig. 2. In the present
embodiment, arc welding is performed in the welding
process.
[0023] Fig. 4 illustrates a region around the melted por-
tion 850 after the tubular sheath 810 and the heating coil
820 are welded together. The melted portion 850 is a
portion formed when parts of the heating coil 820 and
the tubular sheath 810 are mixed together in the melted
state and then solidified. In Fig. 4, the melted portion 850
is shown as a hatched area. The outer surface of the
melted portion 850 forms the tubular-sheath front end
portion 811. A cylinder portion 860 illustrated in Fig. 4 is
a portion of the tubular sheath 810 excluding the melted
portion 850. The cylinder portion 860 is a cylindrical mem-
ber that extends in the direction of the axis O. The melted
portion 850 is formed as a result of the welding process
as described above, and therefore contains at least the
main component of the heating coil 820 and the main
component of the cylinder portion 860. Here, the main
component is the component with the highest mass%,
which may be less than 50 mass%, or greater than or
equal to 50 mass%.
[0024] Component analysis of the melted portion 850
will be described with reference to Fig. 4. The subject of
the analysis described below is regions near boundaries
between the melted portion 850 and the cylinder portion
860. The regions to be analyzed are determined as fol-
lows. That is, first, on the left side of the axis O in Fig. 4,
a straight line W is drawn so that the line W passes
through the foremost point A and the rearmost point B of
the interface between the melted portion 850 and the
cylinder portion 860. The straight line W is not necessarily
the interface between the melted portion 850 and the
cylinder portion 860.
[0025] The interface between the melted portion 850
and the cylinder portion 860 is determined as follows.
That is, for example, the cross section is subjected to
mirror-polishing, and is then subjected to electrolytic
etching using oxalic acid dihydrate. Then, the interface
is visually determined on the basis of an enlarged image
of the cross section.
[0026] Then, a straight line X obtained by translating
the straight line W toward the axis O by 0.3 mm is drawn.

Points located every 10 mm along the straight line X on
the melted portion 850 are analyzed. The aluminum con-
tent is determined by the analysis for each point, and the
average value of the determined aluminum contents is
calculated as the aluminum content in the region near
the boundary. Points in a region within 0.03 mm from the
surface of the melted portion 850 are excluded from the
analysis result since an oxide film is likely to be included
in that region.
[0027] Similarly, on the right side of the axis O in Fig.
4, a straight line Y is drawn so that the line Y passes
through the foremost point C and the rearmost point D
of the interface between the melted portion 850 and the
cylinder portion 860. Then, a straight line Z obtained by
translating the straight line Y toward the axis O by 0.3
mm is drawn. Points located every 10 mm along the
straight line Z on the melted portion 850 are analyzed.
However, points in a region within 0.03 mm from the sur-
face of the melted portion 850 are excluded from the anal-
ysis result since an oxide film is likely to be included in
that region.
[0028] The regions to be analyzed are determined as
described above because it is assumed that a crack is
easily formed in these regions. Here, the crack is a line
formed at the interface. An intermetallic compound hav-
ing low toughness is easily formed in a region near the
boundary between the melted portion 850 and the cylin-
der portion 860, and has thermal expansion characteris-
tics different from those of the original metals. In addition,
the region near the boundary is mechanically weak.
Therefore, a crack may be formed at the interface near
the boundary when thermal expansion and contraction
are repeated. In the present embodiment, each of the
above-described regions is regarded as the region near
the boundary.
[0029] The analysis procedure will be described. In a
first step, qualitative analysis of the melted portion 850
is performed by using a wavelength dispersive X-ray
spectrometer (WDS) of an electron probe micro analyzer
(EPMA). This analysis is performed to determine the el-
ements contained in the melted portion 850. The element
with the highest mass% is determined as the main com-
ponent.
[0030] In a second step, measurement conditions for
the EPMA are determined. The determination is carried
out to increase the analysis accuracy. The measurement
conditions are determined so that a measurement count
number of 10,000 or more can be obtained at a beam
current that does not cause a counting loss due to a high
X-ray dose when the main component determined in the
first step is detected.
[0031] In a third step, quantitative analysis of the ele-
ment determined in the first step is performed under the
conditions determined in the second step. Then, the
above-described average value for the analysis points is
calculated as the aluminum content. At an acceleration
voltage of 20 kV, a probe current of 2.5310-8 A, and a
beam spot diameter of 10 mm, the main peak is acquired
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for 10 seconds and the background is acquired for 5 sec-
onds for each of the high-angle side and the low-angle
side. The count per second (CPS) of each element is
determined from the raw intensity, and quantitative cal-
culation is performed by a ZAF method by using the CPS
of a comparative sample (standard sample produced by
ASTIMEX) analyzed under the same conditions. The alu-
minum content of the comparative sample is analyzed in
advance. ZAF is an acronym of atomic number effect (Z
effect), absorption effect, and fluorescence excitation ef-
fect. In the quantitative calculation, normalization (stand-
ardization) is performed so that the total content is 100%.
[0032] The aluminum content in the region near the
boundary was determined by the above-described meth-
od for Experiment Nos. 4 to 16 and 18 (see Fig. 6), which
will be described below. As a result, the aluminum content
was less than 5 mass% for each of Experiment Nos. 4
to 16 and 18.
[0033] The thickness T of the melted portion 850 is
defined as illustrated in Fig. 4. As illustrated in Fig. 4, the
thickness T is defined as the thickness of the melted por-
tion 850 along the axis O in the cross section including
the axis O.
[0034] Component analysis of a region near the sur-
face of the melted portion 850 will be described. The com-
ponent analysis of the region near the surface is per-
formed to analyze the contents of aluminum, chromium,
and iron in terms of mass%. In Fig. 5, the region subjected
to the analysis is shown as a hatched area. Similar to
Fig. 4, Fig. 5 illustrates a region near the melted portion
850. The region subjected to the analysis is a region in
which the depth from the surface of the melted portion
850 is in the range of 0.03 mm to 0.2 mm. As illustrated
in Fig. 5, the depth direction described herein is the di-
rection perpendicular to the surface. The region in which
the depth is less than 0.03 mm is excluded to exclude
the oxide film from the region to be analyzed, as de-
scribed above.
[0035] The regions near the boundaries between the
melted portion 850 and the tubular sheath 810 are also
excluded from the region to be analyzed. More specifi-
cally, as illustrated in Fig. 5, the regions in which the
distance from the straight lines W and Y is less than 0.5
mm are excluded. When the regions near the boundaries
between the tubular sheath 810 and the melted portion
850 are analyzed by the EPMA, even a small change in
position may cause a large variation in the content of the
main component or switching of the element determined
as the main component. Such a region is not suitable as
a measurement subject for which the average content in
the melted portion 850 is measured, and is therefore ex-
cluded. The region near the boundary between the heat-
ing coil 820 and the melted portion 850 is also excluded
from the measurement subject. However, in the case
where the thickness T is large and the boundary between
the heating coil 820 and the melted portion 850 is sepa-
rated from the region to be analyzed, it is not necessary
to exclude the region near the boundary from the meas-

urement subject.
[0036] The aluminum content is determined for each
of a predetermined number of points (for example, 10
points) selected from the region to be analyzed, and the
average value of the aluminum contents is calculated as
the average aluminum content in the region near the sur-
face. The average content is also calculated for chromi-
um and iron in a similar manner. The analysis for each
point is carried out by a method similar to that including
the above-described first to third steps for analyzing the
region near the boundary. However, the beam spot di-
ameter is changed to 100 mm. The points to be analyzed
may be selected randomly or such that they are distrib-
uted as evenly as possible.
[0037] Fig. 6 is a table illustrating the results of exper-
iments for studying the relationship between the average
content ratio C/A (described below) in the region near
the surface of the melted portion 850 and durability (de-
scribed below). Fig. 6 also shows the compositions of
the heating coil 820 and the cylinder portion 860 used to
achieve the average aluminum and chromium contents
in the melted portion 850 for each experiment number in
terms of mass%. For each experiment number, the thick-
ness T was 0.4 mm before the experiment, and the av-
erage iron content in the melted portion 850 was 17
mass% or more and 21 mass% or less.
[0038] For each experiment number, the sum of the
contents of components of the heating coil 820 was
99.8%, and the sum of the contents of components of
the cylinder portion 860 was 99.7%. For each of the heat-
ing coil 820 and the cylinder portion 860, the sum of the
contents of the components was less than 100% because
small amounts of additives and impurities are contained.
The impurities include, for example, carbon, silicon, tita-
nium, and manganese.
[0039] The above-described average content ratio C/A
is the quotient obtained by dividing the average chromi-
um content in the melted portion 850 by the average alu-
minum content in the melted portion 850. The above-
described durability is the durability against the above-
described crack, oxidation consumption, and breakage
of the heating coil 820 (in the following description,
"breakage" means a breakage of the heating coil 820).
[0040] The durability test was performed by applying
a thermal load to the glow plug 10. The conditions of the
thermal load were as follows. That is, the glow plug 10
was repeatedly heated and cooled until a breakage oc-
curred. After 8,000 cycles were performed, the applica-
tion of thermal loadwas temporarily stopped to perform
evaluations regarding crack and oxidation consumption.
[0041] In each cycle, the glow plug 10 was heated for
20 seconds so that the temperature of the surface of the
glow plug 10 reached 1150°C, and was cooled for 60
seconds on the condition that the temperature decreased
by 149°C in one second after the start of the cooling proc-
ess. The numerical values of the experimental conditions
are all examples, and may be changed in any way in
reproductive experiments. For example, the temperature
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may be dropped by 139°C to 159°C in one second after
the start of the cooling process, and the surface of the
glow plug 10 may be heated to a temperature in the range
of 1140°C to 1160°C in the heating process. The surface
temperature of the glow plug 10 was measured with a
monochromatic radiation thermometer at an emissivity
of ε = 1.0 during the measurement and a measurement
spot diameter of 2 mm. The measurement point was po-
sitioned 2 mm away from the tubular-sheath front end
portion 811 of the tubular sheath 810 toward the rear end
in the direction of the axis O.
[0042] The evaluation results regarding crack shown
in Fig. 6 are based on a crack growth rate. Fig. 7 is a
diagram used to describe how the crack growth rate is
determined. Fig. 7 is an enlarged view illustrating the
region around the boundary between the melted portion
850 and the cylinder portion 860. Fig. 7 illustrates the
state in which a crack K is formed in the region around
the boundary.
[0043] The crack growth rate is calculated by dividing
the length L1 by the length L2 in Fig. 7. The length L1 is
a crack depth. In the present embodiment, the crack
depth is defined as the length of a line connecting the
starting point k1 and the end point k2 of the crack. The
length L2 is defined as the length of a line connecting the
starting point k1 of the crack and an intersecting point
k3. The intersecting point k3 is the point at which the
extension of the line connecting the starting point k1 and
the end point k2 of the crack intersects with the outer
surface of the tubular sheath 810.
[0044] In the evaluation results regarding crack shown
in Fig. 6, ’A’ means that the crack growth rate was zero,
that is, that no crack was formed, ’B’ means that the crack
growth rate was greater than zero and less than 10%,
’C’ means that the crack growth rate was 10% or more
and less than 15%, and ’D’ means that the crack growth
rate was 15% or more.
[0045] In the evaluation results regarding oxidation
consumption shown in Fig. 6, ’A’ means that an amount
by which the thickness was reduced as a result of oxida-
tion consumption (hereinafter referred to as "amount of
consumption") was less than 0.05 mm, ’B’ means that
the amount of consumption was 0.05 mm or more and
less than 0.10 mm, ’C’ means that the amount of con-
sumption was 0.10 mm or more and less than 0.15 mm,
and ’D’ means that the amount of consumption was 0.15
mm or more and less than 0.20 mm.
[0046] In the evaluation results regarding breakage
shown in Fig. 6, ’A’ means that the number of cycles at
which a breakage occurred was 12,000 or more, ’B’
means that the number of cycles at which a breakage
occurred was 11,000 or more and less than 12,000, ’C’
means that the number of cycles at which a breakage
occurred was 10,000 or more and less than 11,000, and
’D’ means that the number of cycles at which a breakage
occurred was less than 10,000.
[0047] As shown in Fig. 6, the evaluation regarding
breakage was not performed for Experiment No. 18. This

is because the number of cycles at which a breakage
occurred was smaller than that at which a breakage oc-
curred in samples evaluated as ’D’. The reason why a
breakage occurred at such a small number of cycles is
presumably because since the average aluminum con-
tent in the melted portion 850 was as low as 2.30 mass%,
nitrogen in the atmosphere passed through the melted
portion 850 and entered the tubular sheath 810. This phe-
nomenon presumably occurs when, in particular, the
number of cycles exceeds 8,000. When the average alu-
minum content in the melted portion 850 was 2.40 mass%
or more, the above-described phenomenon did not oc-
cur. Therefore, the average aluminum content A in the
melted portion 850 is preferably 2.40 mass% or more. In
the following description, experiments other than Exper-
iment No. 18 will be discussed.
[0048] When the average content ratio C/A was 2.1 or
more (Experiment Nos. 4 to 17), the evaluation result
regarding crack was ’C’ or higher. Therefore, the average
content ratio C/A in the region near the surface of the
melted portion 850 is preferably 2.1 or more.
[0049] When the average content ratio C/A was 2.9 or
more (Experiment Nos. 6 to 17), the evaluation result
regarding crack was ’B’ or higher. Therefore, the average
content ratio C/A is preferably 2.9 or more.
[0050] When the average content ratio C/A was 3.5 or
more (Experiment Nos. 10 to 17), the evaluation result
regarding crack was ’A’. Therefore, the average content
ratio C/A is preferably 3.5 or more.
[0051] When the average content ratio C/A was 6.7 or
less (Experiment Nos. 1 to 16), the evaluation result re-
garding oxidation consumption was ’C’ or higher. There-
fore, the average content ratio C/A is preferably 6.7 or
less.
[0052] When the average content ratio C/A was 5.4 or
less (Experiment Nos. 1 to 14), the evaluation result re-
garding oxidation consumption was ’B’ or higher. There-
fore, the average content ratio C/A is preferably 5.4 or
more.
[0053] When the average content ratio C/A was 1.2 or
more and 1.96 or less (Experiment Nos. 1 to 2), 2.1 or
more and 2.9 or less (Experiment Nos. 4 to 6), and 3.5
or more and 3.7 or less (Experiment Nos. 10 and 11),
the evaluation result regarding oxidation consumption
was ’A’. Therefore, the average content ratio C/A is pref-
erably 1.2 or more and 1.96 or less, 2.1 or more and 2.9
or less, or 3.5 or more and 3.7 or less.
[0054] When the average content ratio C/A was 2.1 or
more and 6.7 or less (Experiment Nos. 4 to 16), the eval-
uation result regarding breakage of the heating coil 820
was ’C’ or higher. Therefore, the average content ratio
C/A is preferably 2.1 or more and 6.7 or less.
[0055] When the average content ratio C/A was 2.9 or
more and 5.4 or less (Experiment Nos. 6 to 14), the eval-
uation result regarding breakage of the heating coil 820
was ’B’ or higher. Therefore, the average content ratio
C/A is preferably 2.9 or more and 5.4 or less.
[0056] When the average content ratio C/A was 3.5 or
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more and 3.7 or less (Experiment Nos. 10 and 11), the
evaluation result regarding breakage of the heating coil
820 was ’A’. Therefore, the average content ratio C/A is
preferably 3.5 or more and 3.7 or less.
[0057] The evaluation result regarding breakage has
a correlation with the evaluation results regarding crack
and oxidation consumption. More specifically, in Exper-
iment Nos. 1 to 17, the evaluation result regarding break-
age is the same as the lower one of the evaluation results
regarding crack and the oxidation consumption. This im-
plies that the occurrence of breakage is influenced by
the crack and the oxidation consumption. The influences
will be described.
[0058] It is presumed that the more the heating coil 820
is nitrided, the more fragile the heating coil 820 becomes
and the more readily a breakage occurs. When the glow
plug 10 is not used, the tubular sheath 810 blocks nitro-
gen in the atmosphere so that the heating coil 820 dis-
posed in the tubular sheath 810 is hardly nitrided. How-
ever, when the glow plug 10 is repeatedly heated and
cooled, the tubular sheath 810 becomes unable to block
nitrogen, and nitrogen in the atmosphere enters the tu-
bular sheath 810. As a result, nitridation of the heating
coil 820 progresses. Some of the factors that make the
tubular sheath 810 unable to block nitrogen are the crack
and the oxidation consumption.
[0059] In the region in which a crack is formed, the
tubular sheath 810 relatively easily allows nitrogen to
pass therethrough because the thickness thereof is re-
duced. When the crack is formed so as to extend from
the inner surface to the outer surface, the tubular sheath
810 loses the nitrogen-blocking function. Also when the
oxidation consumption progresses, the melted portion
850 relatively easily allows nitrogen to pass therethrough
since the thickness thereof is reduced.
[0060] Therefore, to suppress breakage, it is important
to increase the durability against both the crack and the
oxidation consumption. Accordingly, the relationship be-
tween the average content ratio C/A and the oxidation
consumption, and the relationship between the average
content ratio C/A and the crack will be discussed.
[0061] From the viewpoint of suppressing the forma-
tion of a crack, the average aluminum content is prefer-
ably as low as possible. When the average aluminum
content in the melted portion 850 is high, an intermetallic
compound containing aluminum is easily formed in the
region around the boundary between the melted portion
850 and the cylinder portion 860. As described above,
such an intermetallic compound has low toughness or a
coefficient of thermal expansion that differs from those
of original metals. As a result, a crack is easily formed in
the region around the boundary between the melted por-
tion 850 and the cylinder portion 860. This explains the
fact that, in Fig. 6, the evaluation result regarding crack
tends to be better for experiment numbers for which the
average aluminum content in the melted portion 850 is
low.
[0062] From the viewpoint of oxidation consumption,

the average chromium content is preferably as low as
possible. For an alloy containing chromium and alumi-
num, an oxide film made of chromium oxide is formed on
the surface. When thermal load is repeatedly applied,
formation and separation of an oxide film are repeated,
as described above, and rapid oxidation consumption
may occur. Therefore, the oxide film is preferably not too
thick. When the average chromium content is low, a chro-
mium oxide film that is not too thick can be accurately
formed, so that the oxidation consumption can be sup-
pressed. This explains the fact that the evaluation result
regarding oxidation consumption is better for experiment
numbers for which the average chromium content in the
melted portion 850 is low.
[0063] It cannot be said that the average content is
lower the better for both aluminum and chromium. When
the average aluminum content is too low, the melted por-
tion 850 loses the nitrogen-blocking function, as in the
case of Experiment No. 18. In addition, the aluminum
oxide film is fine and has a function of protecting the inner
portion from oxidation. Therefore, the average aluminum
content is preferably not too low.
[0064] With regard to the average chromium content,
it is presumed that formation of a crack can be sup-
pressed when the average chromium content is high.
This presumption is based on the fact that the evaluation
result regarding crack for Experiment Nos. 4 and 5 (av-
erage aluminum content was 3.60 mass% or more and
3.80 mass% or less) was ’C’, while that for Experiment
Nos. 7 and 8 (average aluminum content was 4.00
mass% or more and 4.50 mass% or less) was ’B’. The
reason why the evaluation result regarding crack was
better when the average aluminum content was high is
presumably because the average chromium content for
Experiment Nos. 4 and 5 was 8.0 mass%, while that for
Experiment Nos. 7 and 8 was 13.0 mass% or more and
15.0 mass% or less.
[0065] The above-described experiment results show
that breakage can be suppressed by setting the average
content ratio C/A to an appropriate value.
[0066] For Experiment Nos. 4 to 16, for which the eval-
uation result regarding breakage of the heating coil 820
was ’C’ or higher, the average aluminum content was 2.4
mass% or more. Therefore, the average aluminum con-
tent is preferably 2.4 mass% or more. Also, for Experi-
ment Nos. 4 to 16, the average aluminum content was
4.5 mass% or less. Therefore, average aluminum content
is preferably 4.5 mass% or less.
[0067] For Experiment Nos. 4 to 16, the average chro-
mium content was 8.0 mass% or more. Therefore, the
average aluminum content is preferably 8.0 mass% or
more. Also, for Experiment Nos. 4 to 16, the average
aluminum content was 16.0 mass% or less. Therefore,
the average aluminum content is preferably 16.0 mass%
or less.
[0068] For Experiment Nos. 4 to 16, the aluminum con-
tent in the heating coil 820 was 3.8 mass% or more and
10 mass% or less, the chromium content in the heating
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coil 820 was 13.1 mass% or more and 20.3 mass% or
less, and the iron content in the heating coil 820 was 69.5
mass% or more and 80.3 mass% or less. Therefore,
these ranges are preferable.
[0069] For Experiment Nos. 4 to 16, the aluminum con-
tent in the cylinder portion 860 was 1.2 mass% or more
and 2.2 mass% or less, the chromium content in the cyl-
inder portion 860 was 14.5 mass% or more and 22.1
mass% or less, and the nickel content in the cylinder
portion 860 was 66.1 mass% or more. Therefore, these
ranges are preferable.
[0070] For Experiment Nos. 4 to 16, as described
above, the aluminum content in the melted portion 850
was less than 5 mass% in the region near the boundary
between the melted portion 850 and the cylinder portion
860. Accordingly, it is presumed that the amount of in-
termetallic compound containing aluminum formed at the
boundary between the melted portion 850 and the cylin-
der portion 860 was small and the formation of a crack
was suppressed in the region around the boundary be-
tween the melted portion 850 and the cylinder portion
860.
[0071] As described above, the average iron content
in the melted portion 850 was 17 mass% or more and 21
mass% or less. When the average iron content is 17
mass% or more and 21 mass% or less, exposure of ag-
gregated iron at the surface due to oxidation consumption
can be prevented. When aggregated iron is exposed at
the surface, rapid oxidation occurs and the oxidation con-
sumption is locally accelerated. Therefore, iron is pref-
erably not aggregated in the melted portion. For this pur-
pose, the average iron content is preferably 17 mass%
or more and 21 mass% or less, as described above.
[0072] The results of experiments for studying the in-
fluence of the thickness T (see Fig. 4) of the melted por-
tion 850 will now be described. Fig. 8 is a table showing
the results of experiments for studying the relationship
between the thickness T and the breakage of the heating
coil 820. The experiments were performed under the con-
dition that the composition is the same as that for Exper-
iment No. 16, and how the evaluation result regarding
breakage changes when the thickness T before the ex-
periment is changed was studied.
[0073] As shown in Fig. 8, when the thickness T was
0.3 mm (Experiment No. 19) and 1.2 mm (Experiment
No. 23), the evaluation result regarding breakage was
’C’, which is the same as that for Experiment No. 16.
When the thickness T was 0.5 mm or more and 1.0 mm
or less (Experiment Nos. 20 to 22), the evaluation result
regarding breakage was ’B’. Thus, the thickness T is pref-
erably 0.5 mm or more and 1.0 mm or less.
[0074] The reason why the evaluation result regarding
breakage improved when the thickness T was 0.5 mm
or more and 1.0 mm or less will be discussed. When the
thickness T is large, even when a certain amount of ox-
idation consumption occurs, the melted portion 850 re-
mains thick enough to maintain the nitrogen-blocking
function. As a result, nitridation of the heating coil 820 is

suppressed. This is presumably the reason why the eval-
uation result regarding breakage improved.
[0075] The reason why the evaluation result regarding
breakage was ’C’ when the thickness T was 1.2 mm is
presumably as follows. That is, as the thickness of the
melted portion 850 increases, the heat capacity of the
melted portion 850 increases. As a result, as the thick-
ness of the melted portion 850 increases, a larger amount
of heat needs to be generated by the heating coil 820 to
increase the surface temperature of a predetermined por-
tion to a target temperature. Accordingly, the temperature
of the heating coil 820 in the heating process increases.
The above-described predetermined portion is a portion
of a surface of the tubular sheath 810 that is separated
from the tubular-sheath front end portion 811 toward the
rear end by 2 mm in the direction of the axis O. Therefore,
it is assumed that, in the above-described durability test,
the load on the heating coil 820 was increased and break-
age occurred before the number of cycles reached
11,000.
[0076] A change in the thickness T has the above-de-
scribed influence on the occurrence of breakage. Accord-
ingly, it is assumed that, when the thickness T is 0.5 mm
or more and 1.0 mm or less, the evaluation result regard-
ing breakage can be improved not only for the composi-
tion for Experiment No. 16 but also for other compositions
for the same reason.
[0077] The present invention is not limited to the
above-described embodiments, and may be implement-
ed in various forms within the gist thereof. For example,
the technical features of the embodiments corresponding
to the technical features according to the aspects de-
scribed in the Summary of the Invention section may be
replaced or combined as appropriate to solve some or
all of the above-described problems or obtain some or
all of the above-described effects. The technical features
may also be omitted as appropriate unless they are de-
scribed as being essential in this specification. Examples
of such embodiments will be described.
[0078] Fig. 9 illustrates the shapes of a tubular sheath
810 and a heating coil 820a before they are welded to-
gether as another embodiment. The heating coil 820a is
a substitute for the heating coil 820 in the above-de-
scribed embodiment. The heating coil 820a includes a
linear portion 824a in place of the linear portion 824 of
the heating coil 820. As illustrated in Fig. 9, the linear
portion 824a is formed so as to extend substantially par-
allel to the axis O.
[0079] Fig. 10 illustrates the shapes of a tubular sheath
810 and a heating coil 820b before they are welded to-
gether as another embodiment. The heating coil 820b is
a substitute for the heating coil 820 in the above-de-
scribed embodiment. As illustrated in Fig. 10, a front end
portion of the heating coil 820b that projects from the
opening is densely wound. In other words, the heating
coil 820b does not include a linear portion before being
welded.
[0080] The heating coil may have a shape different
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from those illustrated in Figs. 3, 9, and 10 before being
welded. For example, the linear portion may be shorter
than those illustrated in Figs. 3 and 9. For example, the
length of the linear portion may be such that, when the
heating coil is placed in position for welding, the front end
of the linear portion is disposed in the second cylindrical
portion. In other words, it is not necessary that the linear
portion project from the second cylindrical portion when
the heating coil is placed in position for welding.
[0081] The tubular sheath may also have a shape dif-
ferent from those illustrated in Figs. 3, 9, and 10 before
being welded. For example, it is not necessary that the
tubular sheath include the second cylindrical portion be-
fore being welded. In this case, the front end of the nar-
rowing portion is the front end of the tubular sheath before
welding. When the front end of the narrowing portion is
the front end of the tubular sheath before welding and
when the linear portion extends through the opening of
the narrowing portion, the linear portion projects from the
front end of the tubular sheath. Alternatively, the shape
of the tubular sheath before welding may be such that a
portion having a shape different from that of the second
cylindrical portion is connected to the front end of the
narrowing portion. For example, a portion having a diam-
eter that increases toward the front end may be connect-
ed to the front end of the narrowing portion.
[0082] A method for analyzing the aluminum content
in the melted portion is not limited to that described in
the embodiment. The devices used for the analysis and
the region to be analyzed may be changed. For example,
a region in which a crack is easily formed may be selected
and determined as the region to be analyzed. For exam-
ple, the region in which aggregation of aluminum is at a
maximum may be selected as the region in which a crack
is easily formed. The region in which aggregation of alu-
minum is at a maximum may be visually determined by,
for example, an observer on the basis of an image show-
ing the aluminum content distribution. The magnification
of this image may be, for example, 30. The number of
measurement points and intervals between the meas-
urement points may be changed as appropriate to those
suitable for the durability evaluation.
[0083] In this specification, the melted portion is a por-
tion that contains at least the main component of a cyl-
inder portion and the main component of a heating ele-
ment and blocks the front end of the cylinder portion, the
cylinder portion being disposed around the heating ele-
ment and extending in a direction of an axis. The melted
portion is not limited to a portion produced by welding.

Claims

1. A glow plug (10) comprising:

a heating element (820, 820a, 820b) that gen-
erates heat when electricity is applied to the
heating element (820, 820a, 820b); and

a tubular sheath (810) including a cylindrical
member (860) that is disposed around the heat-
ing element (820, 820a, 820b) and extends in a
direction of an axis (O), and a melted portion
(850) that contains at least a main component
of the cylindrical member (860) and a main com-
ponent of the heating element (820, 820a, 820b)
and blocks a front end of the cylindrical member
(860),
wherein, when C represents an average chro-
mium content in terms of mass% and A repre-
sents an average aluminum content in terms of
mass% in a predetermined region in which a dis-
tance from an outer surface of the melted portion
(850) in a direction toward an inner region is
more than 0.03 mm, an average content ratio
C/A is 2.1 or more and 6.7 or less.

2. The glow plug (10) according to Claim 1, wherein
the average content ratio C/A is 2.9 or more and 5.4
or less.

3. The glow plug (10) according to Claim 2, wherein
the average content ratio C/A is 3.5 or more and 3.7
or less.

4. The glow plug (10) according to any one of Claims
1 to 3, wherein, in cross section including the axis
(O), a thickness of the melted portion (850) along
the axis (O) is 0.5 mm or more and 1.0 mm or less.

5. The glow plug (10) according to any one of Claims
1 to 4, wherein the average aluminum content A is
2.4 mass% or more in the predetermined region.

6. The glow plug (10) according to any one of Claims
1 to 5, wherein the average aluminum content A is
4.5 mass% or less in the predetermined region.

7. The glow plug (10) according to any one of Claims
1 to 6, wherein the average chromium content C is
8 mass% or more and 16 mass% or less in the pre-
determined region.

8. The glow plug (10) according to any one of Claims
1 to 7, wherein the cylindrical member (860) has an
aluminum content of 1.2 mass% or more and 2.2
mass% or less, a chromium content of 14.5 mass%
or more and 22.1 mass% or less, and a nickel content
of 66.1 mass% or more.

9. The glow plug (10) according to any one of Claims
1 to 8, wherein the heating element (820, 820a, 820b)
has an aluminum content of 3.8 mass% or more and
10 mass% or less, a chromium content of 13.1
mass% or more and 20.3 mass% or less, and an iron
content of 69.5 mass% or more and 80.3 mass% or
less.
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10. The glow plug (10) according to any one of Claims
1 to 9, wherein the melted portion (850) has an alu-
minum content of less than 5 mass% in a region near
a boundary between the melted portion (850) and
the cylindrical member (860).

11. The glow plug (10) according to any one of Claims
1 to 10, wherein an average iron content is 17 mass%
or more and 21 mass% or less in the predetermined
region.

12. A method for manufacturing the glow plug (10) ac-
cording to any one of Claims 1 to 11, the method
comprising:

a step of forming the melted portion (850) by
welding the heating element (820) and the cy-
lindrical member (860) together,
wherein, before the step, the heating element
(820) includes a helical portion (823) and a linear
portion (824) that is connected to a front end of
the helical portion (823) and that has a front end
that serves as a front end of the heating element
(820),
wherein, before the step, the cylindrical member
(860) includes a narrowing portion (814) having
a diameter that decreases toward a front end of
the narrowing portion (814) and an opening
(816) at the front end of the narrowing portion
(814), and
wherein, in the step, the welding is started in a
state such that the linear portion (824) is posi-
tioned at a front end side with respect to the
opening (816) in the narrowing portion (814).
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