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Nimonic 75 and Inconel 600 alloys are the Nickel-based superalloys which are
used in manufacturing gas turbine components. In the current research, a
superalloy Ni-based Nimonic sheet and Inconel 600 were used, joint by
resistant spot welded (RSW) machine at currents of 2, 4, and 6 kA, pressure of
5 and 7 bar, and times of 0.6, 0.9 and 1.2. Non- destructive inception methods
and light and scanning electron method (SEM) and light optic microscope
(LOM) were used to evaluate joints' quality. Shear and micro-hardness test
was used to check the mechanical properties of the joint. The findings indicate
that the most appropriate welding connection of inhomogeneous points at the
current of 4 kA was the holding time 0.9 second and electrode force 7bar. The
analysis of microstructure consisted of 3 welding zones which are affected by
heat and the base metal. The warm corrosion scanning microscope test results
at 600 °C and 800 hours confirmed that the existence of a chromium oxide
layer on the surface of the superalloy, which has the main role in protecting
the piece in the output temperature.
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1. Introduction
Nowadays, industrial designers need lots of more robust and more corrosion-resistant materials [1, 2]. Among all
engineering materials, aluminum alloys and composites are mostly used for anti-erosion and lightweight structures [34]. Development of many technologies such as gas turbines, high-pressure hydrogen tanks, and wind turbines, require
more efficient materials that can abide significant tensions during longer life cycle [3-5]. Superalloys are one of the
limited materials used at higher temperatures and have been developed for use in the hottest parts of a gas turbine [6, 7].
Superalloys are materials that can work at temperatures more than 538 °C and preserve their firmness up to 85% of the
melting point temperature. Generally, Superalloys are nickel-based and cobalt-based alloys ordinarily used at
temperatures higher than 540 °C. Iron-nickel base superalloys, such as IN-718 alloy, are developed from stainless steel
technology and are commonly used. The properties of superalloys can be controlled by adjusting the chemical
composition and process (including heat treatment) and obtain excellent mechanical strength in the finished product. To
select superalloys to use in the above applications, it is necessary to consider technical properties like ductility, strength,
creep strength, fatigue strength and surface stability [6]. In average, half of the weight of a gas turbine is made by
superalloys [7]. The two main groups of iron-nickel alloys in which the content of nickel is higher than the amount of
iron are Incoloy 706 and Inconel 718 [8]. Inconel is a commercial brand from the group of nickel austenitic base coatings
used in very high temperatures. The second element in terms of the percentage of chemical composition is chromium,
which changes the covering properties [9, 10]. This alloy is from the nickel-chromium solid solution family and is
generally used for high-temperature applications [11].
Nickel-based alloys consist of about 50% nickel and contain remarkable amounts of chromium, cobalt, and refractory
metals, but either has less or no iron. They may contain aluminium or titanium. Generally, the local melting temperature
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of cobalt-based superalloys is higher than that of nickel-based superalloys. Nickel alloys have higher corrosion resistance
than the austenitic stainless steels used in industries. Nickel alloys are more expensive than stainless steels because of
the higher worth of the element nickel than iron, but they also can change to alloy with more elements such as
molybdenum than stainless steel [12].
Generally, nickel-based alloys are divided into two groups: corrosion resistance alloy (CRA) in wet environments or
dense aqueous systems, and high-temperature alloys (HTA) are used in systems disposing to gaseous or dry corrosion.
The fundamental alloying element in nickel alloys is chromium, which protects the material in passivation conditions
by forming a chromium oxide (Cr2O3) film on the material surface. The formation of a chromium oxide layer protects
the part both in aqueous environments and at high temperatures. Two elements that are added to nickel alloys to increase
corrosion resistance are molybdenum and tungsten. These elements effectively increase the corrosion resistance of the
alloy in acidic environments [13].
Nymonic alloy (UNS 475 N06075/ W.Nr. 2.4951 & 2.463) contains 20/80 nickel-chrome alloy and is controlled by
adding titanium and carbon. This alloy's most common use is in the form of a sheet which was first used in 1940 in gas
turbine because of its high-temperature resistance and oxidation resistance [13].
Extensive bonding methods used in all superalloys include fusion welding, solid-state welding and hard soldering.
The fundamental method of joining superalloys is fusion welding. The welding method of superalloys depends on its
strength mechanism for working at high temperatures.
This mechanism can be solid solution strengthening or secondary phase deposition. Melting welding makes a
metallurgical bond with a cast structure and grain size and different properties among parts. Also, most of the connections
and repairs in parts used at high temperatures like gas turbine engine components, are done by welding, so the weldability
of nickel-based superalloys is very important [11]. Spot welding is widely used in shipbuilding, car, aircraft, and turbine
industries because of its high speed and ease of usage and automation capability.
As one of the most used types of resistance welding, Spot welding is ordinarily used to connect lip-to-lip sheets, wire
to sheet, or wire to wire. Cobalt-based superalloys containing chromium have good corrosion and oxidation resistance,
and their welding capability and thermal fatigue resistance are more than nickel-based alloys. In spot welding, the point
of the two ending part of considered parts is placed on each other and are kept between the two electrodes. Then, by
current flowing through the electrodes and the metals' resistance, the required heat is caught, and at the compressive
efficiency that the electrodes applied to the metal, the stations melt, and a weld nugget is created [14, 15].
In this research, the influence of different resistance welding parameters of points similar to Inconel 600 and Nymonic
75 alloys, which are nickel-based superalloys and are used in the turbine and aerospace industries, was analyzed.

2. Research Method
In this research, 75 nickel Nymonic base alloy sheet with dimensions of 125 × 30 mm and a thickness of 1.5 mm and
Inconel 600 with the same dimensions and thickness of 0.8 mm were used. To achieve a proper connection and without
external interference, samples were washed with acetone after cutting with a guillotine. To connect the two sheets, the
point resistance welding process was used by the IBEROBOT machine (80 PTR) manufactured by the Swedish
company. Current intensities of 2, 4 and 6 kA applied force 5 and 7 times and welding time (Per) 30, 45 and 60,
equivalent to 0.6, 0.9 and 1.2 seconds, were used.
Totally 18 samples were obtained. The electrode pressure was selected as 7 times as the optimal electrode pressure.
The effect of flow and welding time on the samples' mechanical properties and high-temperature strength was
investigated; therefore, 9 samples were obtained for microscopic tests and mechanical properties that were coded. EN
970 [16] standard test was used to check the samples visually. Preparation (cutting and polishing) of samples was done
based on the standard [17]. To observe the microstructure at the junction, H solution with equal ratios of hydrochloric
acid, acetic acid, nitric acid for 10 seconds and IMI-420 light microscope were used. A VEGA / TESCAN Scanning
Electron Microscopy (SEM) examined the cross-sectional area of the spot welding joint.
In this research, to investigate the microstructure and analysis of different phases formed at the point of spot welding,
the state of return electrons was used and to investigate and study the refractive index of the state of secondary electrons
SEM was used. The shear test was performed by Koopa Pazhoohesh TB1-10T dynamic test machine with a strain rate
of 10 mm / min and dimensions of 125 × 30 mm.
After the shear test, the fracture surfaces were examined at the junction of the boiling point by electron microscopy.
The Wolpert Instron measured Micro-hardness under a load of 100 g and a loading time of 35 seconds. The hot tensile
test was performed by ATM-10T dynamic test machine with a strain rate of 10 mm / min available in the Aviation
Industry Organization. The hot tensile test was performed at environment temperature and 600 °C (operating temperature
of the superalloy) to compare the boiling point sample, creating the best properties.
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After installation inside the machine, the shear sample reached the desired temperature by the element furnace and
by the end of the test, the welding area was subjected to the mentioned temperature conditions. Samples were cut
according to the standard [18]. Due to the part's operating conditions exposed to hot compressed gas; therefore, a
controlled atmospheric tube furnace was used to perform the hot corrosion test. After finishing the hot corrosion process,
the samples were taken out of the furnace based on the schedule and were metallographic to investigate the
microstructure. Also, to investigate the degree of part destruction quantitatively, before and after the test, the samples'
weight was measured with a digital scale with an accuracy of one-tenth of a thousandth (4 digits) of the AND model.
Corrosion levels at the weld site were examined by electron microscopy after the hot corrosion test.

3. Results and discussion
In the parts of superalloys created by the welding spot machine (samples 4 to 6 - group 2), no welding defects such
as cracks, impurities and incomplete melting were noticed, and therefore their appearance is confirmed. The visual
inspection results confirmed the dimensional accuracy and proportion of the joint, during and after welding. The results
of the visual inspection test are indicated in Table (1). The Samples welded at 4 kA were evaluated with penetrant fluids.
Only the samples which were welded with a current of 4 kA and a welding time of 0.9 and 1.2 seconds had no welding
cavity defects. Figure (1) shows the weld cavity defect identified in samples 7, 8 and 9.

(b)

(c)

(a)

Figure 1. The results of the penetrant fluid test indicating the defect of the cavity in the weld (a) the joint area, (b) and (c)
big grains.

Table 1. Specifications and results of eye inspection test. Samples were investigated for dimensions and appearance before,
during and after welding.
Connection type

(Lap Joint)

(mm) Connection / Dimensions

horizontal30×30

Preheating temperature

room temperature

Heat treatment after welding

Negative

Type of samples / dimensions

Sheet / 30 × 125 mm

Sample thickness

5/ 1 to 0.8 mm

Admission range

AWS D17.2

result

accepted

The joint area between the two nickel-based superalloy pieces of Figure 1 (2-a), shown as a continuous line, represents
that the metallurgical joint is not fully connected in that area. The considered electric current intensity for this sample is
2 kA, which has been applied at different welding times of 0.6, 0.9 and 1.2 seconds, respectively. The microstructure
formed around the joint line between two nickel-based superalloys in sample No. 3. Figure (2-b), is in the form of big
grains. The grain size decreases with a slight slope as it moves away from the connection line. The deformation of the
grains in this path shows the low effect of electric current on the joint. Because of its thickness and high amount of nickel
and chromium, Nimonic 75 alloy transfers heat less than Inconel 600.
In 4th sample, by increasing the intensity of electric current up to 4 kA, an attempt was made to improve the
connection; but the result was a hole formation based on Figure (3-a) in the center of the connection of two pieces due
to the connection.
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The reason for the formation of this drop-shaped hole can be related to the two main factors of variable parameters
of the spot welding process (time and flow) [19]. Incomplete melting and penetration in spot welding is because of the
thickness and type of base material [20].
The second reason, which is the low freezing speed in the joint area, can be considered another factor in causing such
defects in spot welding [21]. More attention to the connection area and the joint line between the two pieces can be seen
that the hole is inclined towards the Inconel 600 alloy, which is 75 times thicker than the Nymonic alloy due to its less
thickness. On the other hand, Inconel alloy piece has less corrosion resistance than Nimonic alloy. This feature can be
considered by comparing the components' two surfaces, which was darkened by reaction with the H solution. The inconel
alloy surface is darker than nymonic, which shows its low corrosion resistance than nymonic alloy [22]. According to
Figure (3-b), the welding area of the 4th sample is shown. This area consists of three main parts. The darkness of these
areas is because of the low corrosion resistance of the rejected alloy elements compared to the nickel-rich areas [23]. By
increasing the welding time to 0.9 seconds with the same intensity of the previous electric current (4 kA), a connection
is formed in the 5th sample. According to Figure (4-a), unlike sample 4, there is no trace of the hole in the joint.

(a1)

(b3)

Figure 2. Optical microscope image of a spot welding sample with code (a1) and (b3)

(a)

(b)

Figure 3. Light microscope image of a boiling point sample with code 4, (a) low magnification, and (b) higher magnification
indicating triple welding regions.

This experiment indicates that the destructive reason is the reduction of welding time in sample 4 as predicted (in
sample analysis 4). Besides, observing Figure (4-b) shows that the HAZ area in this sample is much smaller than the
sample 4, which promises to decrease micro-cracks in that area because the HAZ area is the most susceptible area for
micro-crack growth. In the melting zone or FZ of sample 5, which is fully shaped, two different cell-dendritic
microstructure types are noticed. Their growth is alternate because of the low amount of copper in their chemical
composition. Observing the boiling zone of sample 6 in Figure (4-c), it is clear that its HAZ area has a meaningful
increase compared to sample 5, which can be attributed to the heat-affected by the boiling zone on that region.
Like the previous samples in which the HAZ region is shaped, in Figure (4-d), sample 6, after quick freezing in the
melted zone (FZ), the grains are transformed from a thin sharp needle to a thicker needle, which is then passed through
from the HAZ area are geometrically angled, indicating the effect of the temperature cycle on the boiling zone.
Figure (5) shows the SEM image of the welding area of the optimal welded sample (code 5). Point analysis of different
welding areas is also listed in Table (2). In ta research conducted by Razmpoosh et al. [23], scanning electron microscope
images of the fracture surface of destroyed samples from the HAZ region show soft fracture with some sheets. The
elemental analysis picture (MAP) of the sample with the highest current intensity and time is shown in Figure (6). The
penetration of copper element from the electrode during welding to the samples' surface is evident in this analysis, which
will lead to the formation of brittle phases and the emergence of cracks in the HAZ area. In optimizing spot welding
parameters, the electrode's lack of copper penetration is also a serious and influential factor in welding quality. Increasing
the welding current due to increasing the inlet heat increases the HAZ area and increases the nugget diameter, which
leads to an increase in strength in the welding area and results in a failure mode of the nugget exit and rending of the
sheet.
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(c)

(b)

(d)

Figure 4. Optical microscope image of the welding area and joint of a spot sample with code 5 (a and b) and code 6 (c and
d).

Structural change from cell to
dendrite towards the boiling area
Figure 5. The SEM image in both SE and BSE cases indicates different weld structures across the sample and the change
in the cell structure of the base metal to dendrites in the weld area (Latin symbols show different spots of point analysis
listed in Table (3)).

In the welded area, the failure mode results in the exit of the nugget and the rupture of the sheet. Microstructural
investigations indicated that with increasing flow, grain growth occurs in FZ and HAZ areas. Increasing the welding
time shows the same effect. The more significant the stiffness difference between the FZ and HAZ areas, the more likely
a nugget exit failure mode. These findings have been mentioned in the research done by Razmpoosh et al. [23]. Thus,
the failure mode in sample 1 with the lowest welding current and time is a typical interval with low hardness difference
between HAZ and FZ regions. The proximity of the hardness of different areas in the weld makes the preference for the
joint interval's failure. The tensile-hot shear test results and the force diagram in terms of displacement are shown in the
results of this test in Table (3) and Figure (7), respectively. As the findings show, the raising in temperature has increased
the percentage change in length and has reduced the yield force and the maximum. The yield strength and maximum in
this test at 600 °C have been reduced by approximately 20% compared to environment temperature.
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Table 2. EDS analysis of different areas in Figure (5).
Chemical composition (weight percentage)
symptom
C

Ti

Co

Mn

Fe

Cr

Ni

0.1

0.88

1.75

1.48

5.07

84.18

96.17

A

63.0

51.0

56.0

01.0

98.4

66.19

38.73

B

09.0

-

65.0

53.0

16.5

06.18

20.69

C

08.0

-

42.0

27.0

53.4

47.18

48.75

D

05.0

-

81.0

-

96.3

00.19

11.76

E

1.0

08.0

-

32.0

78.9

40.16

41.73

F

Figure 6. Elemental analysis of MAP from the failure level of sample 8 confirms copper's existence.

With due attention to the failure of both base metal samples and the melting temperature of these superalloys, it can
be concluded that the decrease in properties is because of the appearance of dynamic recovery phenomenon in
superalloys. Based on Mills theory [24], the failure at environment temperature is because of the concentration of stress
around the grain boundaries and the joining of micron cavities at the carbide and ground boundaries, which causes the
grains to break.
Table 3. Results of the hot tensile test compared to tensile at room temperature for sample 5
Length change (%)

The highest force (N)

Surrender Force (N)

Test temperature (oC)

5/15

3307

1875

25

17

2799

1482

600
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Comparing shear stress at both environments and working temperatures for the boiling point sample shows low yield
strength and failure at high temperatures. Figure 8(a) shows two samples after the tensile test at environment temperature
and 600 ° C. It should be mentioned that nickel-based superalloys were developed and expanded primarily for service
at high temperatures (above 550 ° C) and the tensile strength of these alloys is higher than that of many engineering
materials, such as high-alloy steels [6]. The findings of the hot tensile test in this research were consistent with other
references [24, 25].
Figure 8(b) shows that the graph of weight changes at different boiling point samples at different times with optimal
conditions (code number 5) is indicated.

600 C

25 C

3500
3000

F (N)

2500
2000
1500
1000
500
0
0

1

2

3

4

5

6

7

Δl (mm)
Figure 7. Force diagram to change the length for sample 6 at 25 and 600 ° C

Based on the diagram's numerical findings, it can be noted that the rate of weight gain is increasing up to 500 hours
and after that, the rate of change is almost stable up to 800 hours. Weight increasing is because of the formation of oxide
layers, especially chromium, on the superalloy and welding area's surface.
In 800 hours weight gain has almost tripled. Based on visual checks and numerical findings, the presence of small
and spallation layers of chromium oxides on the superalloy's surface was confirmed.
This research's findings are compared with the previous study conducted in which the nickel base superalloy sample
contained 19.5%, 51.6% and 13.7% by weight (respectively) of chromium, nickel, and iron.
This gas superalloy with a composition (volume percentage) of 15% CO / CO2 -2% H2O-0.12% H2S-N2 was tested
at 500 ° C. The most influential element that indicates high resistance to hot corrosion is chromium [26]. This element
combines with oxygen to form the Cr2O3 phase, preventing further degradation of the base metal. In other words, to
improve the properties of hot corrosion resistance, at least 16% by weight of chromium should be present in the initial
microstructure of the superalloy.
Figure (9) shows a scanning electron microscope image of a sample with code 5 after 200 and 800 hours of hot
corrosion test at 600 °C with MAP analysis.
After putting the sample in the oxide atmosphere for 200 hours as represented in Figure (9-a), an oxide layer is shaped
on the superalloy's surface. Continuing the testing time up to 800 hours figure (9-b), this oxide layer has wholly covered
the sample's surface, and edge and, compared to the 200-hour sample, and its thickness has not changed significantly.
Analysis of the atomic distribution of elements in the sample's cross-section showed that the oxide layer is mainly
composed of chromium (9-c).
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Time (hr)
(a)

(b)

Figure (8): (a) Welded samples after the hot tensile test at room temperature and 600 ° C, (b) weight changing graph in
hours for sample No. 5 under hot corrosion test at 600 degree

The oxide layer composition based on point analysis is often Cr2O3, which is similar to the oxide layer composition
of other sheets in the field of hot corrosion investigation of nickel-based superalloys [26].
In research, investigating the features of nickel-based superalloys at 650 °C under the SC-CO2 atmosphere, the
presence of Cr2O3, CrFeO and NiCr2O3 oxide phases on the surface of 625 Inconel alloy was confirmed by SEM-MAP
test. Therefore, all superalloys used in the construction of turbines have a particular life limitation, after which they
should be removed from the turbine assembly and should be installed on the system after repairing and so-called repeeling.

Figure 9. Scanning electron microscope image of the sample edge with code 5 after (a) 200 and (b) 800 hours under hot
corrosion test, (c) MAP analysis

4. Conclusions
Based on the research conducted about the non-destructive, the electrode pressure is optimal in the amount of 7 times
and has created a desirable connection. The microstructure of Nimonic 75 and Inconel 600 alloys mostly consists of the
base phase γ (austenite enriched with nickel), composed of inter-granular compounds and carbides the grain boundary.
The joint microstructure includes four parts: the dendritic columnar structure of the weld zone, the fine-grained
recrystallization region, the coarse-grained recrystallization region, and the recovered region. The dendritic growth of
the weld zone structure is because of the high freezing speed, which grows vertically to the cross-section of the sheet
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width. A hole in the welding center was observed for all samples except the part welded with a current of 4 kA and a
time of 0.9 seconds.
The SEM test findings indicated that because of the lack of alloying elements such as niobium and molybdenum in
the microstructure of superalloys, separation does not happen in the weld zone. Based on the point analysis from different
boiling zone areas, carbide phases have accumulated at the grain boundaries, and freezing parameters have caused
microstructural morphological changes.
The maximum shear force in the best conditions has reached 645 N, in which the base metal has failed. The maximum
hardness relates to the fundamental metal with an amount of approximately 320 Vickers. In the HAZ region, the hardness
has decreased to 260 Vickers because of the recrystallization phenomenon. By increasing the welding current up to 4
kA, soft fracture zones with pond morphology appear on the fracture surface, which based on the findings of fracture
analysis, these zones are rich in titanium.
Titanium is a ductile and tough element accumulated at the boundary of dendritic grains at higher welding currents.
Based on the findings of the MAP analysis, SEM test, the penetration of copper element from the electrode during
welding to the samples' surface with a welding current of 6 kA is evident, leading to the shaping of brittle phases and
cracks in the HAZ area.
The hot-shear tensile test results represented that at 600 °C the amount of yield force and maximum has reduced by
about 20% compared to environment temperature. Due to the failure of both samples of base metal, it can be concluded
that the reduction of properties is because of the occurrence of dynamic recrystallization phenomenon in superalloy. The
weld zone structure under the hot tensile test has changed from branched-dendritic to quasi-circles with a particle size
of 12.5-10 microns.
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