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(54) GLOW PLUG

(57) A glow plug (10) comprising:

a heat-generating element (820) formed of an iron-based
alloy;

a sheath tube (810) formed of a nickel-based alloy, dis-
posed around the heat-generating element (820) and ex-
tending in an axial line (O) direction;

afusion zone (850) formed through welding of the sheath
tube (810) and the heat-generating element (820), and
closing a forward end of the sheath tube (810),

wherein in a cross section including the axial line (O), the

fusion zone (850) has an iron content of 20 mass% to 60
mass % ata measurement point of maximum iron content
in aregion having a depth of 0.5 mm or less from an outer
surface of the fusion zone (850).

The measurement point is determined through EPMA
analysis (WDS: wavelength-dispersive X-ray spectrom-
eter) of the region at an acceleration voltage of 20 kV, a
probe current of 2.5 x 10-8 A, abeam irradiation diameter
of 10 um, and a measurement interval of 10 pm.
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Description
[Technical Field]

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

[Background Art]

[0002] Glow plugs are used as auxiliary heat sources
(heaters) in compression-ignition-type internal combus-
tion engines (e.g., diesel engines). A glow plug generally
has a structure including a sheath tube, and a coil-shaped
heat-generating element accommodated therein. The
forward end of the sheath tube is closed with a fusion
zone. The fusion zone is formed through welding be-
tween the sheath tube and the heat-generating element.
The fusion zone, which is formed through welding, has
a composition which varies depending on the composi-
tion of the sheath tube or the heat-generating element
(see, for example, Patent Document 1).

[Prior Art Document]
[Patent Document]
[0003]
[Patent Document 1] Japanese Patent No. 4288850
[Summary of the Invention]
[Problems to be Solved by the Invention]

[0004] When chromium or aluminum is contained in
the surface of the glow plug, a Cr,O5 or Al,O4 film is
formed, respectively, at the outer surface of the fusion
zone through application of electricity to the glow plug.
Such an oxide film protects a bulk from oxidation, to there-
by improve the durability of the glow plug. As used herein,
the term "bulk" refers to a portion located inward in rela-
tion to the oxide film.

[0005] Since the oxide film is present at the outer sur-
face of the fusion zone, thermal stress arises at the oxide
film in association with combustion in a combustion
chamber using the glow plug. This thermal stress may
cause removal of the oxide film from the bulk. Removal
of the oxide film results in exposure of the bulk. The thus-
exposed surface layer of the bulk is then transformed
into an oxide film. The newly formed oxide film may be
removed as a result of thermal stress. Thus, repeated
removal of the oxide film thins the fusion zone. This phe-
nomenon will herein be referred to as "oxidative erosion."
[0006] When at least one of the heat-generating ele-
ment and the sheath tube contains iron, the fusion zone
also contains iron. When an iron-localized portion is ex-
posed through the aforementioned oxidative erosion of
the fusion zone, a chromium or aluminum oxide film may
be insufficiently formed at the exposed portion, resulting
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in failure to protect the bulk from oxidation. That is, oxi-
dation of the bulk proceeds within a short period of time.
[0007] Thermal stress also occurs at the boundary be-
tween portions of the glow plug having different thermal
expansion coefficients, in association with combustionin
the aforementioned combustion chamber. The fusion
zone has a composition different from that of the sheath
tube or the heat-generating element, and thus the fusion
zone has a thermal expansion coefficient different from
that of the sheath tube or the heat-generating element.
Therefore, thermal stress arises at the boundary between
the fusion zone and the sheath tube, or at the boundary
between the fusion zone and the heat-generating ele-
ment. This thermal stress may cause cracking.

[0008] Inview of the foregoing, an object of the present
invention is to improve the oxidation resistance of a glow
plug, and to reduce occurrence of cracking in the glow
plug, to thereby improve the durability of the glow plug.

[Means for Solving the Problems]

[0009] The present invention has been conceived to
solve the above-described problems and can be embod-
ied in the following modes.

(1) A mode of the present invention provides a glow
plug comprising a heat-generating element which is
formed of an iron-based alloy and which generates
heat through application of electricity thereto; a
sheath tube which is formed of a nickel-based alloy,
which is disposed around the heat-generating ele-
ment, and which extends in a direction of an axial
line; and a fusion zone which is formed through weld-
ing of the sheath tube and the heat-generating ele-
ment, and with which a forward end of the sheath
tube is closed. The glow plug is characterized in that,
in a cross section of the fusion zone, the cross sec-
tion including the axial line, the fusion zone has an
iron content of 20 mass% to 60 mass% at a meas-
urement point of maximum iron content in a region
having a depth of 0.5 mm or less from an outer sur-
face of the fusion zone, wherein the measurement
point is determined from points of measurements
through EPMA (WDS: wavelength-dispersive X-ray
spectrometer) analysis of the region at an accelera-
tion voltage of 20 kV, a probe current of 2.5 X 10-8
A, abeamirradiation diameter of 10 wm, and a meas-
urement interval of 10 wm. According to this mode,
the glow plug exhibits improved oxidation resistance,
since the region to be analyzed has a maximum iron
content of 60 mass% or less, and uneven distribution
of iron is suppressed in the fusion zone. In addition,
since the maximum iron contentis 60 mass% or less,
there is reduced a difference in iron content between
the fusion zone and the sheath tube formed of a nick-
el-based alloy. Thus, a difference in thermal expan-
sion between the fusion zone and the sheath tube
is reduced, and occurrence of cracking is sup-
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pressed at the boundary between the fusion zone
and the sheath tube. Furthermore, since the maxi-
mum iron content is 20 mass% or more, there is re-
duced a difference iniron content between the fusion
zone and the heat-generating element formed of an
iron-based alloy. Thus, a difference in thermal ex-
pansion between the fusion zone and the heat-gen-
erating elementis reduced, and occurrence of crack-
ing is suppressed at the boundary between the fu-
sion zone and the heat-generating element.

(2) In the aforementioned glow plug, the measure-
ment point of maximum iron content may be located
0.03 mm or more inward from the outer surface of
the fusion zone. According to this mode, a region of
the fusion zone having a depth of less than 0.03 mm
from the outer surface exhibits improved oxidation
resistance, since the measurement point of maxi-
mum iron content is located 0.03 mm or more inward
from the outer surface of the fusion zone. This region
is located near the outer surface, and thus oxygen
contained in the atmosphere around the glow plug
easily enters the region. Therefore, improvement of
the oxidation resistance of this region is particularly
important.

[0010] The presentinvention can be embodied in var-
ious forms other than the aforementioned glow plug. For
example, the present invention can be embodied in a
method of manufacturing the glow plug, and in a sheath
heater other than a sheath heater for the glow plug.

[Brief Description of the Drawings]
[0011]

[FIG. 1] External view and cross-sectional view of a
glow plug.

[FIG. 2] Cross-sectional view of a sheath heater.
[FIG. 3] Cross-sectional view of forward end portions
of a sheath tube and a heat-generating coil before
welding.

[FIG. 4] Cross-sectional view of a fusion zone.
[FIG. 5] View showing a region for component anal-
ysis.

[FIG. 6] Flowchart showing component analysis pro-
cedure.

[FIG. 7] View showing a beam irradiation diameter
and a step in quantitative analysis.

[FIG. 8] Table showing the relationship between
maximum iron content, oxidative erosion, and crack-
ing.

[FIG. 9] Cross-sectional view of a portion in the vi-
cinity of the forward end before welding (modifica-
tion).

[FIG. 10] Cross-sectional view of a portion in the vi-
cinity of the forward end before welding (modifica-
tion).
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[Modes for Carrying out the Invention]

[0012] FIG. 1 shows a glow plug 10. FIG. 1 shows the
external appearance of the glow plug 10 on the right side
with respect to an axial line O, and the section of the glow
plug 10 on the left side. The glow plug 10 functions as a
heat source for assisting ignition at start-up of a diesel
engine.

[0013] The glow plug 10includes a center rod member
200, a metallic shell 500, and a sheath heater 800 which
generates heat through application of electricity. These
members are assembled to extend in the direction of the
axial line O of the glow plug 10. As used herein, the sheath
heater 800 side of the glow plug 10 is referred to as the
"forward end side," and the opposite side is referred to
as the "rear end side."

[0014] The metallic shell 500 is a tubular member
formed of carbon steel. The metallic shell 500 holds, at
a forward end thereof, the sheath heater 800. The me-
tallic shell 500 holds, at a rear end thereof, the center rod
member 200 via an insulating member 410 and an O-
ring 460. A ring 300 which is in contact with the rear end
of the insulating member 410 is crimped to the center rod
member 200, whereby the insulating member 410 is fixed
at a specific position in the direction of the axial line O.
A rear end portion of the metallic shell 500 is electrically
insulated from the center rod member 200 by the insu-
lating member 410. The metallic shell 500 includes there-
in a portion of the center rod member 200 extending be-
tween the insulating member 410 and the sheath heater
800. The metallic shell 500 has an axial hole 510, a tool
engagement portion 520, and an externally threaded por-
tion 540.

[0015] The axial hole 510 is a through hole extending
in the direction of the axial line O, and has a diameter
larger than that of the center rod member 200. The center
rod member 200 is positioned in the axial hole 510 such
that a clearance is provided between the axial hole 510
and the center rod member 200 for electrically insulating
them from each other. The sheath heater 800 is press-
fitted into a forward end portion of the axial hole 510 to
thereby be joined to the metallic shell 500. The externally
threaded portion 540 is engaged with an internally
threaded portion formed on an internal combustion en-
gine (not shown). The tool engagement portion 520 is
engaged with a tool (not shown) used to attach or remove
the glow plug 10.

[0016] The center rod member 200, which has a cylin-
drical shape, is formed of an electrically conductive ma-
terial. The centerrod member 200 is assembled to extend
in the direction of the axial line O while being inserted in
the axial hole 510 of the metallic shell 500. The center
rod member 200 has a forward end portion 210 on the
forward end side, and a connection portion 290 on the
rear end side. The forward end portion 210 is inserted
into the sheath heater 800. The connection portion 290,
which is an externally threaded portion, projects from the
metallic shell 500. The connection portion 290 is engaged
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with an engagement member 100.

[0017] FIG. 2 is a cross-sectional view of the detailed
configuration ofthe sheath heater 800. The sheath heater
800 includes a sheath tube 810, a heat-generating coil
820 (i.e., a heat-generating element), a control coil 830,
insulating powder 840, and a fusion zone 850.

[0018] Theforwardend ofthe sheathtube 810is closed
with the fusion zone 850. The fusion zone 850 has a
rounded outer surface 811. As described below, the fu-
sion zone 850 is formed through welding between the
heat-generating coil 820 and the sheath tube 810, and
subsequent solidification of the weld portion. Thus, the
fusion zone 850 has a composition which varies depend-
ing on the below-described composition of the heat-gen-
erating coil 820 or the sheath tube 810.

[0019] Thesheathtube 810 isformed of a nickel-based
alloy. In the present embodiment, the nickel-based alloy
employed for forming the sheath tube 810 is INCONEL
(registered trademark) 601. INCONEL 601 contains, for
example, aluminum (1.3 mass%), chromium (23.8
mass%), iron (15.1 mass%), and nickel (60 mass%). The
sheath tube 810, which is a tubular member, extends in
the direction of the axial line O, and includes therein the
heat-generating coil 820, the control coil 830, and the
insulating powder 840.

[0020] The sheath tube 810 has, on the rear end side,
an open rear end portion 819. The forward end portion
210 of the center rod member 200 is inserted through
the rear end portion 819 into the sheath tube 810. The
sheath tube 810 is electrically insulated from the center
rod member 200 by a packing 600 and the insulating
powder 840. The packing 600 is an insulating member
sandwiched between the center rod member 200 and
the sheath tube 810. The sheath tube 810 is electrically
connected to the metallic shell 500.

[0021] The control coil 830 is formed of an electrically
conductive material having a temperature coefficient of
electrical resistivity larger than that of the material of the
heat-generating coil 820. The electrically conductive ma-
terial is preferably nickel, but may be, for example, an
alloy containing cobalt or nickel as a main component.
The control coil 830 is provided within the sheath tube
810, and controls the amount of electricity supplied to
the heat-generating coil 820. The control coil 830 has a
forward end portion 831 and a rear end portion 839. The
control coil 830 is electrically connected to the heat-gen-
erating coil 820 through welding of the forward end por-
tion 831 tothe rear end portion 829 of the heat-generating
coil 820. The control coil 830 is electrically connected to
the center rod member 200 through bonding of the rear
end portion 839 to the forward end portion 210 of the
center rod member 200.

[0022] The insulating powder 840 has electrical insu-
lation property. The insulating powder 840 is, for exam-
ple, magnesium oxide (MgO) powder. The insulating
powder 840 is filled into the sheath tube 810 to fill clear-
ances between the sheath tube 810, the heat-generating
coil 820, the control coil 840, and the center rod member
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200 for providing electrical insulation.

[0023] The heat-generating coil 820 is formed of an
iron-based alloy. In the present embodiment, the iron-
based alloy employed for forming the heat-generating
coil 820 is PYROMAX (registered trademark). PYRO-
MAX contains, for example, aluminum (7.5 mass%),
chromium (26 mass%), and iron (66.5 mass%). The heat-
generating coil 820 is disposed within the sheath tube
810 to extend in the direction of the axial line O, and
generates heat through application of electricity thereto.
The heat-generating coil 820 has a forward end portion
821 and a rear end portion 829. The heat-generating coil
820 is electrically connected to the sheath tube 810
through bonding of the forward end portion 821 to the
fusion zone 850.

[0024] FIG. 3 is a cross-sectional view of a portion in
the vicinity of the forward end of the glow plug before
welding between the sheath tube 810 and the heat-gen-
erating coil 820. The forward end of the sheath tube 810
is open before welding of the sheath tube 810 to the heat-
generating coil 820. Before being welded, the heat-gen-
erating coil 820 is disposed so that the forward end there-
of projects from the open end of the sheath tube. A portion
of the heat-generating coil 820 projecting from the open
end of the sheath tube is densely wound as in the case
of another portion. Welding of the thus-disposed sheath
tube 810 and heat-generating coil 820 forms a forward
end portion having a shape as shown in FIG. 2. The
present embodiment employs arc welding.

[0025] The maximum iron content (described below)
of the fusion zone 850 can be controlled by adjusting the
wall thickness T of the sheath tube 810, the wire diameter
¢C of the heat-generating coil 820, and the projection
length P of the heat-generating coil 820 shown in FIG.
3. As shown in FIG. 3, the projection length P corre-
sponds to the distance, in the direction of the axial line
O, between the forward end surface of the sheath tube
810 before welding and the forward end surface of the
heat-generating coil 820 before welding. In the present
embodiment, the wall thickness T may be adjusted to fall
withinarange of 0.4 mmto 0.8 mm, and the wire diameter
¢C may be adjusted to fall within a range of 0.2 mm to
0.5 mm. For example, the wall thickness T is adjusted to
0.5 mm, and the wire diameter ¢C is adjusted to 0.4 mm.
In order to control the maximum iron content of the fusion
zone 850, the electric power for arc welding is adjusted,
in addition to adjustment of the aforementioned values.
[0026] FIG. 4 is a cross-sectional view of a portion in
the vicinity of the fusion zone 850 formed through welding
between the sheath tube 810 and the heat-generating
coil 820. The cross section shown in FIG. 4 includes the
axial line O, and the boundary between the forward end
portion 821 of the heat-generating coil and the fusion
zone 850.

[0027] The fusion zone 850 is hatched in FIG. 4. The
boundary between the sheath tube 810 and the fusion
zone 850 is determined as follows. On the left side with
respect to the axial line O in FIG. 4, a straight line W is
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drawn by connecting points A and B, which are respec-
tively located at the forward end and rear end of the in-
terface between the sheath tube 810 and the fusion zone
850. The left side with respect to the axial line O corre-
sponds to the negative direction of X-axis under the as-
sumption that the axial line O is Y-axis of XY plane, the
forward end side corresponds to the positive direction of
Y-axis, and the rear end side corresponds to the negative
direction of Y-axis. The interface between the sheath
tube 810 and the fusion zone 850 is determined through,
for example, visual observation of an enlarged image of
the cross section which has been subjected to mirror pol-
ishing and subsequent electrolytic etching with oxalic ac-
id dihydrate.

[0028] Similarly, on the right side with respect to the
axial line O in FIG. 4, a straight line Y is drawn by con-
necting points C and D, which are respectively located
at the forward end and rear end of the interface between
the sheath tube 810 and the fusion zone 850. Each of
the thus-drawn straight lines W and Y is regarded as the
boundary between the sheath tube 810 and the fusion
zone 850.

[0029] FIG. 5 is a cross-sectional view of a portion in
the vicinity of the fusion zone 850, and shows a region
for component analysis of the fusion zone 850. This re-
gion is hatched in FIG. 5. The cross section shown in
FIG. 5, similar to that shown in FIG. 4, includes the axial
line O, and the boundary between the forward end portion
821 of the heat-generating coil and the fusion zone 850.
[0030] The region for component analysis, which is
hatched in FIG. 5, is located near the outer surface 811
of the fusion zone 850. Specifically, the region for com-
ponent analysis (hereinafter may be referred to as the
"analysis region") corresponds to a region having a depth
of 0.5 mm or less from the outer surface 811. As used
herein, the term "depth" refers to a length toward the
inside of the fusion zone 850. The depth direction is per-
pendicular to the outer surface 811.

[0031] Inthe aforementioned component analysis, the
analysis region is divided into two regions, and the max-
imum iron content of each of the two regions is deter-
mined. The two regions correspond to a region having a
depth of 0 mm or more and less than 0.03 mm from the
outer surface 811 (hereinafter may be referred to as an
"outer region"), and a region having a depth of 0.03 mm
or more and 0.5 mm or less from the outer surface 811
(hereinafter may be referred to as an "inner region").
[0032] FIG. 6 is a flowchart showing the procedure of
componentanalysis. The component analysis procedure
is roughly divided into mapping (steps S710 to S730) and
quantitative analysis (steps S740 to S770).

[0033] Firstly, the analysis region is analyzed through
wavelength-dispersive X-ray spectroscopy by means of
an EPMA (WDS: wavelength-dispersive X-ray spectrom-
eter) (step S710). Specifically, a dispersive crystal is set
at a position corresponding to iron peak intensity, and
the following conditions are employed: acceleration volt-
age: 20 kV, probe current: 2.5 X 10-8 A, beam irradiation
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diameter: 10 pum, step (measurement interval): 10 um,
points: 400 X 400, and main peak acquisition time: 10
ms or longer. As used herein, EPMA refers to an electron
probe micro analyzer, and WDS is an abbreviation of
wavelength dispersive X-ray spectrometer.

[0034] Next, iron intensity is measured at different
points in the analysis region, and the thus-measured in-
tensity data are converted into a two-dimensional map
(step S720).

[0035] Subsequently, a point of maximum iron content
is determined in each of the inner and outer regions on
the basis of the two-dimensional map (step S730). Here-
inafter, a point of maximum iron content in the inner re-
gion may be referred to as "maximum point M-in," and a
point of maximum iron content in the outer region may
be referred to as "maximum point M-out."

[0036] Thereafter, qualitative analysis of the fusion
zone 850 is carried out by means of an EPMA (WDS)
(step S740). This analysis identifies elements contained
in the fusion zone 850, and also identifies an element
contained therein in a maximum amount (mass%) (here-
inafter, the element may be referred to as a "first com-
ponent").

[0037] Subsequently, EPMA (WDS) measurement
conditions are determined (step S750). This determina-
tion is carried out for improving analytical precision.
These conditions are determined to meet the require-
ment that, in identification of the first component in step
S740, 10,000 or more counts can be measured at such
a beam current that counting loss due to a large amount
of incident X-rays does not occur.

[0038] Next, the elements identified in step S740 are
quantitatively analyzed under the conditions determined
in step S750, to thereby determine the iron content of
each point (step S760). Specifically, the following condi-
tions are employed: acceleration voltage: 20 kV, probe
current: 2.5 X 108 A, beam irradiation diameter: 10 pum,
main peak acquisitiontime: 10 seconds, high-angle back-
ground acquisition time: 5 seconds, and low-angle back-
ground acquisition time: 5 seconds. The CPS (count per
second) of each element is determined from the net in-
tensity, and quantitative determination is carried out
through the ZAF method by use of the CPS of a compar-
ative sample (standard sample manufactured by AS-
TIMEX) analyzed under the same conditions as de-
scribed above. The iron content of the comparative sam-
ple has been determined in advance. "ZAF" is an acro-
nym for Z effect (atomic number effect), absorption effect,
and fluorescence excitation effect. Upon this quantitative
determination, normalization is performed so that the to-
tal element content becomes 100%.

[0039] In step S760, as shown in FIG. 7, quantitative
determination is carried out on 5 X 5 points including the
maximum point M-in at the center (step: 10 um), and also
on 5 X 5 points including the maximum point M-out (not
shown) at the center (step: 10 um) Among the 25 (5 X
5) points, a point located outside the analysis region is
omitted from analysis. For example, when the maximum
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point M-in of the inner region is located in the vicinity of
the boundary between the inner region and the outer re-
gion, some of the 25 points may be included in the outer
region. In such a case, the points included in the outer
region are omitted from analysis of the inner region. The
same shall apply to the case where the outer region is
analyzed.

[0040] Finally, the maximum iron content of each of
the inner region and the outer region is determined (step
S770). Specifically, the maximum value of the iron con-
tents of the 5 X 5 points including the maximum point M-
in at the center is determined as the maximum iron con-
tent of the inner region (hereinafter may be referred to
as the "inner-region maximum iron content"). Meanwhile,
the maximum value of the iron contents of the 5 X 5
points including the maximum point M-out at the center
is determined as the maximum iron content of the outer
region (hereinafter may be referred to as the "outer-re-
gion maximum iron content").

[0041] FIG. 8 is a table showing the results of a test
for examining the relationship between inner-region max-
imum iron content, oxidative erosion, and cracking. The
inner-region maximum iron contents (20 mass% to 60
mass%) of samples Nos. 2 to 6 were achieved through
the aforementioned adjustment in the welding process.
[0042] Theinner-region maximum iron content of sam-
ple No. 1 (10 mass%), which is lower than the iron content
of the sheath tube 810 (15.1 mass%), is difficult to
achieve through the aforementioned adjustment. There-
fore, the inner-region maximum iron content was adjust-
ed to be 10 mass% by forming the sheath tube 810 from
a material having an iron content of less than 10%.
[0043] Theinner-region maximum iron content of sam-
ple No. 7 (70 mass%), which is higher than the iron con-
tent of the heat-generating coil 820 (66.5 mass%), is dif-
ficult to achieve through the aforementioned adjustment.
Therefore, the inner-region maximum iron content was
adjusted to be 70 mass% by forming the heat-generating
coil 820 from a material having an iron content of more
than 70%.

[0044] The aforementioned test is a durability test in-
volving repeated application of thermal shock. As used
herein, the term "oxidative erosion" refers to the case
where repeated application of thermal shock causes re-
moval of the outer surface 811, resulting in thinning of
the fusion zone 850. As used herein, the term "cracking"
refers to occurrence of cracking at the interface between
the fusion zone 850 and the heat-generating coil 820, or
at the interface between the fusion zone 850 and the
sheath tube 810.

[0045] For application of thermal shock, the glow plug
10 was subjected to 8,000 cycles of heating and cooling.
Heating was carried out for 20 seconds so that the sur-
face of the glow plug 10 became 1,150°C. Cooling was
carried out for 60 seconds so that the temperature was
lowered by 149°C one second after initiation of cooling.
These test conditions (numerical values) are only an ex-
ample, and may be optionally varied for reproducibility
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tests. For example, cooling may be carried out so that
the temperature is lowered by 139 to 159°C one second
after initiation of cooling, and heating may be carried out
so that the surface temperature of the glow plug 10 be-
comes 1,140 to 1,160°C.

[0046] When the thickness of the fusion zone corre-
sponding to oxidative erosion was represented by x, rat-
ing "A" was assigned in the case of 0 mm < x < 0.1 mm,
rating "B" was assigned in the case of 0.1 mm <x <0.15
mm, and rating "C" was assigned in the case of 0.15 mm
<x<0.2mm.

[0047] As shown in FIG. 8, samples Nos. 2 to 6 were
found to have an inner-region maximum iron content of
20 mass% or more. In each of samples Nos. 2 to 6, the
inner-region maximum iron content was higher than the
outer-region maximum iron content. That is, in each of
samples Nos. 2 to 6, the inner-region maximum iron con-
tent corresponded to the maximum iron content of the
analysis region. Since oxidative erosion proceeds from
the outer surface 811, when a portion having a higher
iron content is located in the outer region, the portion of
higher iron content is easily exposed to the outside in
association with progress of oxidative erosion, whereby
further oxidative erosion is likely to proceed. Therefore,
when the outer-region maximum iron content is lower
than the inner-region maximum iron content, oxidative
erosion is advantageously reduced.

[0048] Asshownin FIG. 8, rating "C" for oxidative ero-
sion was assigned to a sample having an inner-region
maximum iron content of 70 mass%, whereas rating "B"
or "A" for oxidative erosion was assigned to a sample
having an inner-region maximum iron content of 60
mass% or less. Therefore, the inner-region maximum
iron content is preferably 60 mass% or less. That is, the
maximum iron content of the analysis region is preferably
60 mass% or less. Rating "A" for oxidative erosion was
assigned to a sample having an inner-region maximum
iron content of 20 mass% or less. Therefore, the inner-
region maximum iron content is more preferably 20
mass% or less. That is, the maximum iron content of the
analysis region is more preferably 20 mass% or less.
[0049] AsshowninFIG.8, crackingoccurredinsample
No. 1 (inner-region maximum iron content: 10 mass%)
and sample No. 7 (inner-region maximum iron content:
70 mass%), whereas no cracking occurred in samples
Nos. 2 to 6 (inner-region maximum iron content: 20
mass% to 60 mass%). Therefore, the inner-region max-
imum iron content is preferably 20 mass% to 60 mass%.
That is, the maximum iron content of the analysis region
is preferably 20 mass% to 60 mass%.

[0050] When the inner-region maximum iron content
was 10 mass%, cracking occurred at the boundary be-
tween the fusion zone 850 and the heat-generating coil
820. Conceivably, this is attributed to a large difference
in thermal expansion coefficient between the fusion zone
850 and the heat-generating coil 820. Conceivably, a
large difference in thermal expansion coefficient there-
between is attributed to a large difference between the
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inner-region maximum iron content of the fusion zone
850 and the iron content of the heat-generating coil 820,
and thus a large difference in iron content between the
fusion zone 850 and the heat-generating coil 820 at the
vicinity of the boundary between the fusion zone 850 and
the heat-generating coil 820.

[0051] When the inner-region maximum iron content
was 70 mass%, cracking occurred at the boundary be-
tween the fusion zone 850 and the sheath tube 810. Con-
ceivably, this is attributed to a large difference in thermal
expansion coefficient between the fusion zone 850 and
the sheath tube 810. Conceivably, a large difference in
thermal expansion coefficient therebetween is attributed
to a large difference between the inner-region maximum
iron content of the fusion zone 850 and the iron content
of the sheath tube 810, and thus a large difference in iron
content between the fusion zone 850 and the sheath tube
810 at the vicinity of the boundary between the fusion
zone 850 and the sheath tube 810.

[0052] The present invention is not limited to the
above-described embodiment, but may be embodied in
various other forms without departing from the spirit of
the invention. For example, in order to solve, partially or
entirely, the above-mentioned problem or yield, partially
or entirely, the above-mentioned effects, technical fea-
tures of the embodiment corresponding to technical fea-
tures of the modes described in the section "Summary
of the Invention" can be replaced or combined as appro-
priate. Also, the technical features can be eliminated as
appropriate unless the technical features are specified
as indispensable ones in the present specification. For
example, other embodiments will be described below.
[0053] FIG. 9 shows a sheath tube 810 and a heat-
generating coil 820a before welding in another embodi-
ment. The heat-generating coil 820a is an alternative of
the heat-generating coil 820 of the aforementioned em-
bodiment. As shown in FIG. 9, a forward end portion of
the heat-generating coil 820a extends in a direction al-
most parallel to the axial line O.

[0054] FIG. 10 shows a sheath tube 810 and a heat-
generating coil 820b before welding in yet another em-
bodiment. The heat-generating coil 820b is an alternative
of the heat-generating coil 820 of the aforementioned
embodiment. As shown in FIG. 10, a forward end portion
of the heat-generating coil 820b extends in a direction
inclined to the axial line O. Alternatively, the heat-gener-
ating coil may have a form different from that shown in
FIG. 3, FIG. 9, or FIG. 10 before welding.

[0055] The outer-region maximum iron content may be
20 mass% or more. When the outer-region maximum
iron content is 20 mass% or more, the outer-region max-
imum iron content may be equal to or higher than the
inner-region maximum iron content. In these cases, even
when the higher one of the inner-region maximum iron
content and the outer-region maximum iron content is 20
mass% to 60 mass%, oxidative erosion and cracking may
be effectively reduced.

[0056] When, as described above, an outer-region
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maximum iron content of 20 mass% or more is accepted,
the inner region and the outer region are not necessarily
distinguished from each other in component analysis.
Specifically, only one point of maximum iron content may
be determined in the analysis region in step S730 de-
scribed above in the embodiment, and only one value of
maximum iron content may be determined in step S770.
[0057] The cross section employed for analysis does
not necessarily include the boundary between the for-
ward end portion of the heat-generating coil and the fu-
sion zone.

[0058] The boundary between the sheath tube and the
fusion zone may be determined through an alternative
technique. For example, a curved boundary may be de-
termined through visual observation of a mirror-polished
cross section as described above.

[Description of Reference Numerals]

[0059]

10: glow plug

100: engagement member

200: center rod member

210: forward end portion of center rod member
290: connection portion

300: ring

410: insulating member

460: O-ring

500: metallic shell

510: axial hole

520: tool engagement portion

540: externally threaded portion

600: packing

800: sheath heater

810: sheath tube

811: outer surface

819: rear end portion of sheath tube

820: heat-generating coll

820a: heat-generating coll

820b: heat-generating coll

821: forward end portion of heat-generating coil
829: rear end portion of heat-generating coil
830: control coil

831: forward end portion of control coil

839: rear end portion of control coil

840: insulating powder

850: fusion zone

O: axial line

M-out:  point of maximum iron content in outer region
M-in: point of maximum iron content in inner region
Claims

1. A glow plug comprising:

a heat-generating element which is formed of
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an iron-based alloy and which generates heat
through application of electricity thereto;

a sheath tube which is formed of a nickel-based
alloy, which is disposed around the heat-gener-
ating element, and which extends in a direction 5
of an axial line; and

a fusion zone which is formed through welding

of the sheath tube and the heat-generating ele-
ment, and with which a forward end of the sheath
tube is closed, the glow plug being character- 70
ized in that

in a cross section of the fusion zone, the cross
section including the axial line, the fusion zone

has an iron content of 20 mass% to 60 mass%

at a measurement point of maximum iron con- 15
tentin a region having a depth of 0.5 mm or less
from an outer surface of the fusion zone, wherein

the measurement point is determined from
points of measurements through EPMA (WDS:
wavelength-dispersive X-ray spectrometer) 20
analysis of the region at an acceleration voltage

of 20kV, a probe current of 2.5 X 10-8 A, a beam
irradiation diameter of 10 wm, and a measure-
ment interval of 10 wm.

25
A glow plug according to claim 1, wherein the meas-
urement point of maximum iron content is located
0.03 mm or more inward from the outer surface of
the fusion zone.
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BEAM IRRADIATION DIAMETER (10 pm)
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(10 1z m)
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No. | Inner-region maximum iron content (mass%) | Oxidative erosion | Cracking
1 10 A Presence
2 20 A Absence
3 30 B Absence
4 40 B Absence
5 50 B Absence
6 60 B Absence
7 70 C Presence

FIG. 8
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