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Abstract: Inconel 601 is one material of choice for intermediate- to high-temperature protective
coatings for spark plugs’ ground electrodes. Production of ground electrodes of spark plugs implies
the following operations: the tamping of the copper core in an Inconel 601 cup, cold-forming of the
assembly, annealing, welding, and bending of the final spark plug. On the production line, the use of
Inconel 601 as a protective coating for ground electrodes leads to possible cracking in the welded area
after bending. In the present paper, possible causes of cracking are analyzed. It is clearly shown that
a combination of Copper –Inconel interface oxidation, Inconel yielding during the heat treatment,
and micro-movements during bending lead to cracks in the welded area of the ground electrode. First,
the detrimental effect of gaps, between Copper and Inconel 601, is shown experimentally. Second,
a thermo-mechanical analysis combined with SEM (Scanning Electron Microscopy) observations
identified the annealing treatment and interface oxidation as the main cause of gaps. Third, bending
simulations show the relation between these gaps and cracking. Finally, a new ground electrode
design, preventing cracks, is suggested.
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1. Introduction

Considering the increased cost of oil and the stringent emission regulations, engine design should
satisfy three important expectations: lower fuel consumption, lower emission, and correct function
of engine. The combustion of air/fuel mixture is the main task of spark plugs in spark ignition
engines. Spark plugs produce about a thousand sparks per minute in a combustion chamber under
high pressures and temperatures [1]. Engine modifications to decrease emission and lower fuel
consumption cause intensified thermal loads on the spark plugs [2]. To resist high-temperature wear
and corrosion, ground electrodes of spark plugs formed by a copper core and a high-temperature
corrosion-resistant Nickel-based alloy mantle have been developed. Inconel 601 is the material of
choice for high-temperature corrosive environments [3,4].

Coating with Inconel 601 will be done by lubricated cold working (Figure 1a,b). Then, the ground
electrodes are submitted to an annealing (in a very large furnace) at a temperature of 1040 ◦C during
20 min in a protected atmosphere containing hydrogen and nitrogen (Figure 1c). Cooling is performed
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using liquid nitrogen. Finally, the assembly is assembled to a steel shell by resistance braze welding
(Figure 1d), and bent (Figure 1e,f). Bending is done in a specially designed tool. Several operations are
used to guarantee perfect alignment of the tool and the ground electrode. Resistance braze welding
is commonly used for assembling different kind of materials (copper, nickel-based alloy, and steel).
The effect of different welding parameters was analyzed in detail in Reference [5].
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phases. After bending, a small proportion (ppm) of spark plugs revealed unexpected cracking in the 
welded volume. The first investigations of spark plugs with cracks systematically revealed a gap 
between the copper core and the Inconel 601 mantle (Figure 2). Experimental evidence thus pointed 
to a strong correlation between cracking in the welded zone and the presence of gaps. High-
temperature corrosion of Inconel 601 has been analyzed extensively in the literature [3,4]. However, 
the present paper analyzes the synergetic effects between Cu–Inconel 601 interface pollution, heat 
treatment-induced Inconel yielding, and cracking due to micro-movement during bending. Only the 
combination of experimental characterizations with thermo-mechanical analysis of the heat 
treatment and the bending procedure allow to understand these synergetic effects. To the best of our 
knowledge, this is completely novel and leads to an innovative ground electrode design. 
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Figure 1. Manufacturing processes of a ground electrode. (a) Tamping of the copper in Inconel 601
cup, (b) cold working of the assembly, (c) annealing: temperature variation, (d) welding of the ground
electrode to the steel shell [5], (1) and (2) indicate respectively the ground electrode and the welded
zone, (e) bending inducing cracks (red rectangle), (f) final spark plug with crack in A.

The use of Inconel 601 led to some unanticipated difficulties during the different production phases.
After bending, a small proportion (ppm) of spark plugs revealed unexpected cracking in the welded
volume. The first investigations of spark plugs with cracks systematically revealed a gap between the
copper core and the Inconel 601 mantle (Figure 2). Experimental evidence thus pointed to a strong
correlation between cracking in the welded zone and the presence of gaps. High-temperature corrosion
of Inconel 601 has been analyzed extensively in the literature [3,4]. However, the present paper analyzes
the synergetic effects between Cu–Inconel 601 interface pollution, heat treatment-induced Inconel
yielding, and cracking due to micro-movement during bending. Only the combination of experimental
characterizations with thermo-mechanical analysis of the heat treatment and the bending procedure
allow to understand these synergetic effects. To the best of our knowledge, this is completely novel
and leads to an innovative ground electrode design.
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Figure 2. (a) Spark plug, Tomographic (b, d) and light microscopic (c, e) observations of the welded 
zone after bending (zone A in (a)). After cold forming, the ground electrode (d, e) was cleaned prior 
to the annealing treatment under lab conditions (Section 2.1). 

Section 2 is devoted to the experimental analysis. First, samples were prepared under laboratory 
conditions, permitted to generate two series of ground electrodes with and without gaps, 
respectively. A systematic analysis confirmed that gaps cause cracking during bending. At this point, 
the detrimental effect of gaps is thus confirmed. However, the possible cause of gaps is still to be 
elucidated. Therefore, Section 2 ends with a microscopic characterization of samples exhibiting gaps. 
These analyses clearly reveal an oxide layer at the copper–Inconel interface. Thus, bad interface 
adhesion may be suspected as the main cause of gaps. This led to the thermo-mechanical analysis of 
the annealing treatment offered in Section 3. This model confirms the tendency of gap formation 
during heat treatment for small adhesion between the copper core and Inconel mantle. The welding 
was analyzed in detail in Reference [5]. Gaps induced by the heat treatment will not disappear during 
welding. Sections 2 and 3 confirm the causes of gap formation: bad adhesion and yielding of the 
Inconel mantle during the heat treatment. However, at this stage, the detrimental effect of possible 
gaps during the bending operation still has to be clarified. Possible micro-movements during bending 
were suspected to cause cracking. The bending model in Section 4 compares the stress distribution 
in electrodes with and without gaps. Effectively, gaps lead to stress concentrations in the welded 
volume prone to cracking. At the end of Section 4, all the possible causes of cracks induced by residual 
gaps are clearly understood. Clearly, gaps have to be avoided at any cost. As mentioned above, only 
a few parts per million of ground electrodes exhibit heat treatment-induced gaps and consequent 
cracking during bending. The microscopic observations of Section 2 suggest bad adhesion due to oil 
pollution at the interface. This pollution corresponds to oil residues after the cold forming of the 
Inconel mantle. Consequently, two solutions may be considered. The first solution consists of very 
costly cleaning and control procedures to guarantee oil-free interfaces and consequently, good 
adhesion between the copper core and Inconel mantle. Based on the mechanical analysis of the heat 
treatment, we opted for a less expensive solution. Section 5 presents a new ground electrode design 
preventing large plastic deformations of the Inconel mantle and, hence, avoiding the gap formation.  
  

Figure 2. (a) Spark plug, Tomographic (b,d) and light microscopic (c,e) observations of the welded
zone after bending (zone A in (a)). After cold forming, the ground electrode (d,e) was cleaned prior to
the annealing treatment under lab conditions (Section 2.1).

Section 2 is devoted to the experimental analysis. First, samples were prepared under laboratory
conditions, permitted to generate two series of ground electrodes with and without gaps, respectively.
A systematic analysis confirmed that gaps cause cracking during bending. At this point, the detrimental
effect of gaps is thus confirmed. However, the possible cause of gaps is still to be elucidated. Therefore,
Section 2 ends with a microscopic characterization of samples exhibiting gaps. These analyses clearly
reveal an oxide layer at the copper–Inconel interface. Thus, bad interface adhesion may be suspected
as the main cause of gaps. This led to the thermo-mechanical analysis of the annealing treatment
offered in Section 3. This model confirms the tendency of gap formation during heat treatment for
small adhesion between the copper core and Inconel mantle. The welding was analyzed in detail in
Reference [5]. Gaps induced by the heat treatment will not disappear during welding. Sections 2
and 3 confirm the causes of gap formation: bad adhesion and yielding of the Inconel mantle during
the heat treatment. However, at this stage, the detrimental effect of possible gaps during the bending
operation still has to be clarified. Possible micro-movements during bending were suspected to
cause cracking. The bending model in Section 4 compares the stress distribution in electrodes with
and without gaps. Effectively, gaps lead to stress concentrations in the welded volume prone to
cracking. At the end of Section 4, all the possible causes of cracks induced by residual gaps are clearly
understood. Clearly, gaps have to be avoided at any cost. As mentioned above, only a few parts per
million of ground electrodes exhibit heat treatment-induced gaps and consequent cracking during
bending. The microscopic observations of Section 2 suggest bad adhesion due to oil pollution at the
interface. This pollution corresponds to oil residues after the cold forming of the Inconel mantle.
Consequently, two solutions may be considered. The first solution consists of very costly cleaning
and control procedures to guarantee oil-free interfaces and consequently, good adhesion between the
copper core and Inconel mantle. Based on the mechanical analysis of the heat treatment, we opted for
a less expensive solution. Section 5 presents a new ground electrode design preventing large plastic
deformations of the Inconel mantle and, hence, avoiding the gap formation.
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2. Experimental

2.1. Materials and Process

Two materials were used in this study: Cu-OF (Free-Oxygen Copper)high-purity copper wires
and Inconel 601 [6–9] coatings. The chemical compositions are given in Table 1. Oil residues after
cold forming were suspected to cause bad adhesion, and consequently, gaps after the heat treatment.
Hence, samples were produced under laboratory conditions. To ensure cleanliness, the Inconel buckets
were thoroughly washed, and cleaned in an ultrasonic bath (96◦ ethyl alcohol). Then, 18 specimens
without oil and 18 specimens with intentionally added oil were prepared. For all samples, the copper
wires were tamped in the Inconel 601 mantle. Then, the assembly was cold-formed under the presence
of CONDAMAX ALS oil (commercial brand). Finally, all samples were annealed at 1040 ◦C during
20 min in a hydrogen- and nitrogen-protected atmosphere. Cooling was achieved in liquid nitrogen.

Table 1. Chemical compositions of materials.

Wt (%) Nickel Copper Chromium Iron Aluminum Carbon Magnesium Bismuth Sulfur Silicon

Inconel 601 58–63 1 21–25 18 1–1.7 0.1 1 - 0.015 0.5
Copper - 99.95 - - - - - <510−3 - -

2.2. Interface Gaps after Heat Treatment

Gaps between the copper core and Inconel 601 were determined after heat treatment
by tomographic observations on a North Star Imaging® topographer (with two-dimensional
(2D)/three-dimensional (3D) radiology, a voltage range of 10 to 160 kV) under a magnification
of 2000 on 36 samples at different locations on each sample. Figure 3 shows a typical cross-section
obtained by tomography with indication of the measurement zones. In the following, Zi designates
the value (in µm) of the considered gap. The corresponding measurement locations (in mm) are
given in Figure 3b. On each sample, the lateral gaps were measured in the center (Z3). Gaps, Z1,
between the upper end of the copper core and the Inconel bucket were also recorded. Thus, for each
series of samples (with or without oil), there were 18 tomographic measurements for Z1 and 36 for Z3.
The gaps at locations Z1 to Z4 were checked by optical light microscopy on ten samples. The correlation
between tomographic and optical observations was satisfactory. The largest difference between the
two measurement techniques was smaller than 4%.
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Figure 3. Measuring gaps: (a) typical cross-section after tomographic observation, (b) schematic
representation of half of the ground electrode with exact locations of the gap measurements. Z1, Z2,
Z3, and Z4 are microscopic gaps between Copper and Inconel, measured respectively at 7.5, 6.5, 3.5,
and 0.4 mm from AA’.
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Table 2 summarizes the gaps at Z1 and Z3, determined by tomography on 18 oiled and 18 non-oiled
samples. At Z3, two measurements (each side) were made on each electrode. Only the maximum
value of both was recorded. Both gaps Z1 and Z3 are much larger on oiled samples than on the
non-oiled ones. For both series, the standard deviation is very large. Let us consider an interval of 1
standard deviation on each side of the mean value. Gap Z1 leads to overlapping intervals for both
series (oiled and non-oiled). However, these intervals do not intersect for gap Z3. In the following
section, the relation between the measured gaps and the tendency to crack during bending is analyzed.

Table 2. Gaps measured at room temperature after annealing by tomographic observations at locations
Z1 and Z3 on 18 specimens with and 18 specimens without oil. Mean and standard deviation (SD)
are shown.

With Oil Without Oil

Gap Values Mean SD Mean SD

Z1 (µm) 164 128 84 52

Z3 (µm) 23 11 6.1 2.9

2.3. Cracking during Bending

All electrodes of both series were welded and bent. During the welding operation, the maximum
gap, Z3, was on the outer side of the electrode (red rectangle in Figure 4). After welding and bending,
all electrodes were observed, once more, by tomography to detect eventual cracks. Figure 4 summarizes
the observations on the 18 oiled and 18 non-oiled electrodes. In the (Z1, Z3)-space, clearly, two domains
appear. For Z3 smaller than 10 µm, no cracks were detected. All electrodes with gaps (after heat
treatment) larger than 12 µm exhibited cracks after bending. Determining the exact boundary shared by
both domains would need a larger number of tests, however, this is not the purpose of the present work.
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Figure 4. Relation between observed gaps and cracking after bending. The admissible gaps are shown
in blue. Lateral gaps larger than 10 µm systematically lead to cracking.

All “oiled” electrodes exhibited cracks after bending, while all “non-oiled” electrodes underwent
bending without leading to cracks. Thus, large gaps (Z3 > 14 µm) systematically led to cracking.
Cleaning the samples with the lab procedure leads to heat treatment-induced gaps smaller than this
threshold (samples represented in blue in Figure 4). This corresponds to the main results on the
production line. However, all oiled samples exhibited large gaps and cracks after bending. These
samples represent a small percentage on the production line. To show the detrimental effect of oil “residues”,
the detrimental effect of intentional added oil on otherwise clean samples has been proven. The copper–Inconel
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interface of “oiled” samples has been characterized thoroughly. Section 2.4 presents the main results of
these characterizations needed for the mechanical analyses.

2.4. Characterization of the Inconel–Cu Interface

Oxidation of Inconel 601 was thoroughly analyzed in the scientific literature [8,9]. Even at
temperatures above 1000 ◦C, a protective Cr2O3 layer exists (see References [1,2,10–13]), and the
oxidation rate seems to be controlled by transport through this layer [1,8].

In the present work, the oxidation kinetics is not addressed. The focus is on the formation of
oxides at the Inconel–Cu interface. First, the chemical compositions of the different components,
present at the Inconel–Cu interface after annealing of “oiled” samples, were determined by Raman
Microscopy (XPloRA ONE Raman, laser with a wavelength of 532 nm, and a range between 150 and
4000). The spectra exhibit typical peaks [14] for NiO, Cr2O3, and Al2O3 at the Inconel–Cu interface.

The presence of oxides in oiled samples was confirmed by EDX (energy dispersion X ray)analyses
(SEM (Scanning Electron Microscopy): ZEISS SUPRA 55 at 20 keV and WD (Working distance) = 10 mm,
10−3 Pa with EDX detector: Oxford XMAX 80 mm2). Figure 5 offers detailed EDS maps of the Cu–Inconel
interface. All the maps were done in the white rectangle (continuous line on the SEM observation).
Close to the interface with Cu, the Inconel 601 presents increased Cr and O contents corresponding
to Cr2O formation, whereas the Inconel core is Cr-depleted and enriched in aluminum and oxygen.
At a distance larger than 10 µm inside the Inconel 601, Al was detected in grain boundaries. The latter
suggests Al2O3 formation in the Inconel grain boundaries. Thus, EDS (energy dispersion spectrometry)
maps indicate the formation of a Cr2O3 layer at the Inconel surface and the formation of an underlying
(inside the Inconel) layer with high Al2O3 content, preferentially at the Inconel grain boundaries.
Several authors [15–17] have mentioned oxide formation at Inconel grain boundaries (Cr2O3 and Al2O3).
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Figure 5. EDS mapping of the interface between copper and Inconel 601 after heat treatment of a
sample prepared with oil. Mapping was done in the white rectangle.

Both oxides (Al2O3 and Cr2O3) are formed at high temperature (during the heat treatment).
Both oxides exhibit much smaller coefficients of thermal expansion than the Inconel matrix.
During cooling, the Cr2O3 layer will be submitted to compressive stresses. However, the Al2O3,
present at the grain boundaries, will undergo large tensile stresses. This may lead to localized grain
boundary cracks. Figure 6a–g depicts optical observations of the Inconel 601–copper interface prior to
welding and bending. These observations show the damaged interface after heat treatment. Figure 6h
shows cracks after welding and bending. Figure 6a–e corresponds to the upper half of one sample
and Figure 6h corresponds to the lower half of another sample. The optical observations essentially
highlight a damaged interface. Figure 6f shows a SEM observation in zone B. On this SEM observation,
grain boundary damage in the Inconel 601 is visible. The same zone (same sample) was used for the
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EDS mappings in Figure 5. Moreover, crack propagation starting from this interface (during bending)
is shown in Figure 6h. Prior to welding and bending, the microstructure of region C corresponds to
Figure 6f. However, the micro-cracks are smaller. Crack formation in region C (Figure 6h), during
bending, is controlled by the presence of micro-cracks and the particular boundary conditions during
the bending operation. This is addressed in Section 4.

Energies 2020, 13, x FOR PEER REVIEW 7 of 18 

 

used for the EDS mappings in Figure 5. Moreover, crack propagation starting from this interface 
(during bending) is shown in Figure 6h. Prior to welding and bending, the microstructure of region 
C corresponds to Figure 6f. However, the micro-cracks are smaller. Crack formation in region C 
(Figure 6h), during bending, is controlled by the presence of micro-cracks and the particular 
boundary conditions during the bending operation. This is addressed in Section 4. 

 
Figure 6. Samples prepared with oil, interface damage (after heat treatment), and consequent cracking 
(after welding and bending): optical and SEM (Scanning Electron Microscopy) observations of 
damage close to the Cu–Inconel 601 interface. (g) Overall view of the sample. (a–f) Correspond to a 
sample after heat treatment (prior to welding and bending) and (h) corresponds to another sample 
(after bending). (a–c) Copper–Inconel 601 interface in regions (A1, A2, A3), (d–e) copper–Inconel 601 
interface in regions (B1, B2). (f) SEM observation of the interface in region B1. (h) Optical observation 
of the interface in region C after welding and bending with crack propagation through the Inconel 
601. 

Thus, all the results point to oxide formation at the Inconel grain boundaries. A similar 
mechanism was reported by Garat et al [17]. These oxides grow at high temperature during the 
annealing treatment. They initiate grain boundary damage in the Inconel 601 during cooling to room 
temperature. Hence, in the following section, the annealing treatment is modeled assuming zero 
adherence between Copper and Inconel 601. 

3. Thermo-Mechanical Analysis of Current Ground Electrode Design 

The thermal strains and stresses induced by the annealing and cooling were modelled using 
Sysweld™ [18]. The effect of plastic dissipation on heat transfer is neglected. Therefore, the 
simulation is based on a thermal followed by a mechanical analysis [19–23]. The metallurgical 
phenomena are not taken into account. The heat transfer analysis is based on the solution of the 
classical heat equation [23]. The mechanical analysis is based on the usual equations describing the 
static equilibrium and additive small strain decomposition 𝜀 = 𝜀௘ + 𝜀௣ + 𝜀௧௛, where 𝜀, 𝜀௘, 𝜀௣, and 𝜀௧௛ 
are the total, elastic, plastic, and thermal strains, respectively. All temperature-dependent material 
properties are given in Tables 3 and 4. The coefficients of thermal expansion of the two materials were 
determined by dilatometry tests.  

Figure 6. Samples prepared with oil, interface damage (after heat treatment), and consequent cracking
(after welding and bending): optical and SEM (Scanning Electron Microscopy) observations of damage
close to the Cu–Inconel 601 interface. (g) Overall view of the sample. (a–f) Correspond to a sample after
heat treatment (prior to welding and bending) and (h) corresponds to another sample (after bending).
(a–c) Copper–Inconel 601 interface in regions (A1, A2, A3), (d–e) copper–Inconel 601 interface in regions
(B1, B2). (f) SEM observation of the interface in region B1. (h) Optical observation of the interface in
region C after welding and bending with crack propagation through the Inconel 601.

Thus, all the results point to oxide formation at the Inconel grain boundaries. A similar mechanism
was reported by Garat et al [17]. These oxides grow at high temperature during the annealing treatment.
They initiate grain boundary damage in the Inconel 601 during cooling to room temperature. Hence,
in the following section, the annealing treatment is modeled assuming zero adherence between Copper
and Inconel 601.

3. Thermo-Mechanical Analysis of Current Ground Electrode Design

The thermal strains and stresses induced by the annealing and cooling were modelled using
Sysweld™ [18]. The effect of plastic dissipation on heat transfer is neglected. Therefore, the simulation
is based on a thermal followed by a mechanical analysis [19–23]. The metallurgical phenomena are not
taken into account. The heat transfer analysis is based on the solution of the classical heat equation [23].
The mechanical analysis is based on the usual equations describing the static equilibrium and additive
small strain decomposition ε = εe + εp + εth, where ε, εe, εp, and εth are the total, elastic, plastic, and
thermal strains, respectively. All temperature-dependent material properties are given in Tables 3
and 4. The coefficients of thermal expansion of the two materials were determined by dilatometry tests.



Energies 2020, 13, 3798 8 of 18

Table 3. Physical properties of Inconel 601 [9].

T (◦C) 20 100 200 300 400 500 600 700 800 900 1000

λ (W/m·k) 11.2 12.7 14.3 16.0 17.7 19.5 21.0 22.8 24.4 26.1 27.8
C (J/Kg·k) 448 469 498 523 548 578 603 632 657 686 712
α (10−6K−1) 9.8 10.98 11 12.25 12.19 11.1 13.12 13.88 13.36 12 13.32

E (GPa) 206 202 197 191.2 184.8 178.2 170.8 161.3 150.2 137.9 124.7
Rp02 (MPa) 240 230 200 170 150 150 160 160 160 120 90

Table 4. Physical properties of copper [6].

T (◦C) 20 100 200 300 400 500 600 700 800 900 1000

λ (W/m·k) 410 398 386 380 360 353 348 340 335 330 320
C (J/Kg·k) 386 396 400 410 415 420 440 450 460 470 500
α (10−6K−1) 13.5 13.96 14.25 14.62 15.47 15.09 14.01 15.12 14.84 15.35 19.17

E (GPa) 117 119 114 98 68 50 - - - - -
Rp02 (MPa) 170 160 150 120 90 50 - - - - -

Different geometries will be studied depending on the presence or absence of initial gaps (prior to
annealing) between copper and Inconel 601. Two-dimensional (2D) generalized plane strain models
will be used. The generalized plane strain assumption in Sysweld™ [18], allows 2D models with
non-zero (but constant) strain σzz. The latter adds a degree of freedom to the problem. It is well-known
that such thermo-mechanical models overestimate the σzz stresses due to the constraint imposed by
the generalized plane strain condition. In order to check the ability of such models to predict gap
formation in the (xy) plane, a comparison with a full 3D model will be done in one case (without
initial gap). First-order finite elements with selectively reduced integration will be used both in 2D and
3D [18], due to their ability to simulate complex elastoplastic problems.

3.1. Geometry and Finite Element Mesh

Symmetry allows modelling 1⁄2 of the electrode in 2D, and 1⁄4 in 3D. Figure 7a depicts the dimensions
of the ground electrode. X designates an axis of symmetry. Two contact geometries were simulated:
without initial gap (Figure 7b) and with an initial gap of 5 µm (Figure 7c).
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Several mesh densities were tested. Figure 8 depicts the optimum mesh finally used in all
further analyses. With 10 elements in the y direction, corresponding to an element size of 0.06 mm,
mesh refinement would not lead to significantly different results.

On interfaces between solid bodies, Sysweld™ uses a master-slave algorithm. Mechanical contact
is defined between interacting faces using an algorithm which strictly enforces a non-penetration
condition. Perfectly sliding conditions are assumed at the interface.
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3.2. Thermo-Mechanical Loading

The ground electrode was placed in a furnace with homogeneous temperature. The annealing
temperature as a function of time is depicted in Figure 1c. There was an initial increase from room
temperature to 1040 ◦C during 20 min, followed by a plateau, then rapid liquid nitrogen cooling, and
finally, slow air cooling to room temperature. As the heating is long, a homogeneous temperature
was applied to all the nodes of the ground electrode. During cooling, a heat exchange coefficient
between the external surface of the Inconel 601 and the nitrogen atmosphere, hnitrogen (3000 W K/m2),
was considered (Figure 7). The external temperature was set to −150 ◦C. The heat exchange coefficient
between air existing in the gap and both Inconel 601 and copper was set to hgap (Figure 7). For thermal
contact, a geometric search was performed to find the element on the master surface onto which each
element on the slave surface is subjected. The equivalent gap conductibility was defined as the inverse
of the gap width (g) multiplied by the thermal conductivity of the air (kg) in the gap:

hgap = kg/g (1)

Displacement components are blocked so as to respect symmetry conditions for the 2D and the 3D
models. At point A, the copper is linked to Inconel so that its body motion will be blocked (Figure 7).
A sliding contact between copper and Inconel 601 (Figure 7) was assumed. Time steps of 10 s and 1 s
were used for the heating and the cooling, respectively. For the mechanical calculations, a time step of
0.5 s was used.

3.3. Stress Distribution in the Electrode during Annealing

Figure 9 depicts the distribution of axial stress, σxx, at different times during the annealing
treatment (Figure 1c). The results correspond to an initial gap (prior to annealing) of 5 µm. The 3D
and 2D generalized plane strain models predict very close axial stress distributions in the Inconel.
After cooling to room temperature, a difference in the copper core is observed. The sole difference
between 2D and 3D models concerns the compressive stresses (σzz) predicted in the copper core, which
are higher with the generalized plane strain model. As damage is observed in the Inconel 601, we focus
essentially on the stress field in this material. Concerning the Inconel 601 coating, only both ends of
the electrode are submitted to significant stresses at high temperature (t2 and t3). At room temperature
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(t4), no noteworthy stress subsists in the Inconel. At high temperature, the stress in the Inconel 601
varies continuously from less than −80 MPa to more than +80 MPa through the thickness at both ends
of the electrode. This stress distribution corresponds to bending of the Inconel 601 coating. The same
stress levels are achieved without an initial gap of 5 µm.
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Figure 9. Axial stress, σxx, predicted by the three-dimensional (3D) and the two-dimensional (2D)
generalized plane strain models with an initial gap of 5 µm.

Figure 10b depicts the axial stress, σxx, at time t2 (beginning of temperature plateau) in the Inconel
coating. At the very top of the electrode (x = 0), the stress is close to zero. This corresponds to the
Inconel 601 closing of the electrode. For x > 0, the outer Inconel 601 (lines L3, L4) is submitted to
compressive stresses, whereas the inner Inconel 601 (lines L1, L2) is submitted to positive axial stresses.
The coating is submitted to bending around the z-axis.
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Figure 10. Stress distribution in the sample. (a) Schematic electrode geometry with 4 lines (Li) defined
in the Inconel coating. (b) Axial stress (σxx) in the Inconel along lines Li.

During heating, copper expansion induces compressive loading along the copper–Inconel interface.
At the electrode top (upper part in Figure 10a), thermal expansion of copper is hindered most. At the
“free” bottom, thermal expansion is hindered less. Effectively, the induced bending stresses (σxx)
decrease close to the free end. This point will be of prime significance to suggest a new electrode design.
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The consequence of residual plastic deformation in the Inconel (the gaps at room temperature) is
discussed thoroughly in the Section 3.4.

3.4. Gaps versus Time

Predictions of the 2D plane strain model were checked in the preceding section on the stress maps.
Gaps after annealing and cooling have been simulated with this model for both assumptions: an initial
gap prior to heat treatment of 5 µm and no initial gap.

Figure 11 shows the gaps as a function of time predicted by the 2D model with an initial gap
of 5 µm and without an initial gap. For the gap at Z1 (Figure 11a), a small time delay as well as a
difference in the maximum value are observed. In both cases, with or without initial gap, no contact at
the top of the ground electrode is observed. Gaps Z2 to Z4 (along the electrode axis) are only slightly
affected by an initial gap of 5 µm (Figure 11b). The final gap in the middle of the electrode (Z3) depends
on the presence or absence of an initial gap. If no initial gap is present, contact loads between Copper
and Inconel 601 all along the x axis prevent the free bending movement. This leads to smaller gaps at
Z3 than in the case without an initial gap.

Positive gaps are predicted during the heating. Copper exhibits a larger coefficient of thermal
expansion than Inconel 601. Hence, at first glance, a decrease of the gaps would be expected during
heating. But, closing the bottom of the electrode prevents the latter from “free” expansion. Hence,
locally, at the very bottom of the electrode, the Inconel 601 is submitted to severe contact loads
and bending.
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Figure 11. Evolution of the gaps during annealing. (a) Z1 at the top of the electrode, (b) Z2, Z3, and Z4

along the electrode’s axis.

As the presence of gaps seems to play a key role, the model results were checked at
the 4 locations defined in Figure 3 by light optical measurements on 10 samples. To the
best of our knowledge, no such measurements have been made on comparable geometries
previously. Ishikawa [24] analyzed thermal stresses in a plane cylinder. Bengeri et al [25]
modeled shrink fit stresses in circular cylinders. However, thermal stresses were not analyzed
in hollow cylinders with a rectangular cross-section. Thus, the only verification available consists
in comparing new simulation and new experimental measurements. Table 5 shows simulation
results corresponding to a zero initial gap and the experimental data. Considering the complexity
of the phenomena involved, a good agreement between experimental observations and mechanical
predictions of gaps after annealing is achieved. The presence of gaps after annealing is confirmed.
Persistence of the gaps after cooling clearly confirms irreversible (plastic) deformation of the Inconel 601.

At this stage, the presence effect of gaps after annealing treatment has been observed
experimentally. The existence was attributed to small (no) adhesion between the Copper core
and Inconel. This assumption was justified by present thermomechanical analysis. The detrimental
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effect of the gaps during annealing has been observed experimentally. In the next section, the effect of
gaps on the bending behavior is analyzed by a mechanical model.

Table 5. Heat treatment-induced gaps at room temperature, simulation results, and optical
measurements. Mean and standard deviation (SD) are shown

Location

Model versus Experiment Z1 Z2 Z3 Z4

2D plane strain model (µm) 41 1.5 15 40
Light optical

measurements (µm)
Mean 29 2.1 17 30.1

SD 2.2 0.9 2.0 2.5

4. Cracking during Bending Due to Micro-Movements

4.1. Model Description

As explained in Section 3, the generalized plane strain assumption leads to an overestimation of
σzz stress. The experimentally observed cracks appear in the (xy) plane, and (xy) stress maps obtained
during forming are simulated accurately by 2D generalized plane strain [26,27]. In order to simplify
the problem, and to reduce the calculation time, the bending of the spark plug is modeled in 2D using
Sysweld™ [18]. Figure 12 summarizes the geometry, boundary conditions, and finite element mesh.
The bending tool and core were modelled as non-deformable solids. The electrode was meshed using
linear rectangular elements of size of 0.1 (Figure 12c). The model features 1079 elements and 1094
nodes. Displacements of the shell and the bending core nodes are blocked (Figure 12b). The bending
tool is moving along Ox at a speed Vx = 0.01 m/s (Figure 12b). A time step of 10−4 is used for the
analysis. For contact conditions, the bending tool is declared as master, and the ground electrode
is declared as slave. In the presence of gaps, the Inconel 601 presents the master surface, and the
Copper is the slave surface. Isotropic von Mises plasticity with Johnson–Cook behavior was considered
(Table 6). The general expression of the stress (σ) is given by:

σ = [A + Bεn] ×

[
1 + Cln

.
ε
.
ε0

]
×

[
1−

(
θ− θt

θmelting − θt

)m]
(2)

where ε ,
.
ε, and θ correspond respectively to the strain, strain rate, and temperature,

.
ε0, θmelting, and θt

designate a reference strain rate, the melting temperature, and the transition temperature, and A, B,
and C are material-specific parameters, given in Table 6. Stationary bending simulations were done at
room temperature (θ = 25 ◦C).

Bending has been simulated with no initial gap and with a gap of 40 µm.
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Table 6. Johnson–Cook’s law parameters for different materials [6,9].

A (MPa) B (MPa) n C m

Copper Cu-OF 170 405 0.22 0.02 0.72
Inconel 601 450 1700 0.65 0.017 1.3

Steel 244 554 0.217 0.0088 0.047

4.2. Stress Distribution in the Welded Area after Bending

Figure 13 shows the distribution of the maximum principal stress in the ground electrode at the
end of the bending operation. Figure 13a,b corresponds, respectively, to a ground electrode with
and without gap prior to bending. Of particular interest is area A. Effectively, cracks were observed
experimentally in this area after bending. In the presence of gaps (Figure 13a), a significant maximum
principle stress was predicted in the area where cracks were observed. However, the ground electrode
without gap leads to a much smaller maximum principle stress in the same zone. As expected,
the micro-movements allowed by the presence of gaps led to severe stress concentration at the outer
border of the ground electrode.
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The results of Section 2.2 revealed a strong relation between the presence of gaps after annealing
and cracks after welding and bending. The results of Section 2.3 revealed the presence of a Cr2O3

layer leading to bad adherence between Cu and Inconel 601. Section 3.3 confirmed the presence of
gaps after annealing and cooling, and the present section confirms the high stresses induced during bending
under the presence of gaps. Thus, during annealing and cooling, the Inconel 601 undergoes irreversible
(plastic) deformation. In the next section, a new ground electrode design avoiding the yielding of the
Inconel 601 during annealing is recommended.

5. New Design of the Ground Electrode Avoiding Micro-Movements

5.1. Geometry and Finite Element Mesh

The thermo-mechanical model of the annealing treatment clearly showed bending of the Inconel
due to larger thermal expansion of the copper core. Bending was allowed due to the open bottom of
the ground electrode. Based on this finding, 1 mm of material was added to the bottom of the ground
electrode (Figure 14a). The same approach as in Section 3 was adopted for annealing modelling. A 2D
generalized plane strain model with an initial gap of 5 µm before annealing was used. The same mesh
size was chosen (Figure 14b) and the same thermal loading was applied. The additional material was
used to prevent gap formation during annealing. After annealing, it has to be cut.
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5.2. Stress Distribution in the Electrode during Annealing

Figure 15a shows the distribution of axial stress at various heat treatment times (Figure 1c).
The results correspond to an addition of 1 mm of material to the bottom of the ground electrode. In the
Inconel 601 coating, only the two ends of the electrode are subjected to high stresses (at t2). The stress
concentration at intermediate temperature t2 (red) is due to the copper core pushing the Inconel mantle.
This corresponds to the thermal elongation of the copper in the x direction. At high temperature
(t3), softening of the Inconel leads to a smaller stress in the same region. At room temperature (t4),
compressive stresses in a small part of the additional material are found. Otherwise, the additional
material undergoes small tensile stresses.
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of 5 µm. (a) Axial stress σxx, (b) stress σyy.

The additional material prevents bending and hence movement of the Inconel in the y direction.
To prevent this movement, small tensile stresses, σyy, appear in the additional material (Figure 15b).
At temperature (t2), the copper core pushes the Inconel. But, this load is equilibrated by tensile stresses
in region A. However, a very small outward movement of the Inconel occurs close to the electrode
bottom with yielding of the Inconel. But, the additional material (dashed area A) remains essentially
elastic. Thus, when cooled to room temperature, the bottom part of the Inconel undergoes compressive
stresses. For both materials, the stresses in region C are extremely small. Thus, the additional
material leads to a satisfactory new stress distribution. No significant tensile stresses are found at
room temperature.

5.3. Gaps versus Time

The aim of adding material was to decrease the final lateral gaps (Z2 to Z4). Z1 is not critical
for the bending operation. Figure 16 shows a comparison between predicted gaps without (current
geometry) and with additional material (new geometry). All gaps (Z2 to Z4) decreased significantly
with the additional material. Moreover, all gaps at room temperature were smaller than the threshold
of 10 µm. The new geometry leads to better stress distributions in the electrode and acceptable room
temperature gaps.
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6. Conclusions

Ground electrodes with Inconel 601 coating were analyzed. On the production line, cracking was
observed on a small proportion (ppm) of electrodes with this new Inconel 601 coating. In the present
paper, possible causes of cracking were analyzed experimentally and by mechanical models.

Two series of ground electrodes (with and without oil) were prepared and underwent the
same production process. This original approach combined with advanced characterization
techniques allowed us to identify gaps between Copper and Inconel 601 as the main cause of
cracks. A thermo-mechanical model confirmed high stress concentrations during bending due to
micro-movements allowed by gaps. A second thermo-mechanical model explained the presence of
gaps by Inconel yielding during heat treatment. At this stage, the genuine combination of astute
experimental procedure and well-chosen thermo-mechanical models allowed for the following simple
conclusion: oil residues may lead to interface gaps, and the latter cause cracking during bending.
Based on this knowledge, a completely new ground electrode design could be suggested. This new
design is more cost-effective than advanced cleaning.
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