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Abstract: In this article, the mechanical properties and microstructure of 304L austenitic stainless
steel/Incoloy 800HT nickel alloy dissimilar welded joints are investigated. The joints were made of
21.3 mm × 7.47 mm tubes using the TIG process with the use of S Ni 6082 nickel filler metal. No welding
imperfections were found and high strength properties of joints were obtained, meeting the assumed
acceptance criteria of the product’s standards. The tensile strength of the welded joints was higher than
for the joined materials (Incoloy 800HT). Macro- and microscopic metallographic tests revealed the correct
morphology of the joints and the appropriate structures in their critical zones. However, differences were
found in the morphologies of the zones between the weld and the base materials. In fusion boundary
from the side of the Incoloy 800HT alloy, no clear outline of the fusion line was observed (type A
fusion boundary), while increased grain size and an epitaxial structure were observed. In turn, in the
zone: weld–304L steel, a distinct fusion line was observed with areas with an increased amount of
high-temperature δ ferrite (type B fusion boundary). No precipitates were found that could reduce the
resistance of the joints to intergranular corrosion. A hardness decrease (approximately 30 HV0.1) in
the transition zone: austenitic steel–weld and an increase of hardness (approximately 10 HV0.1) on the
opposite side of the welded joint were observed.

Keywords: dissimilar welded joints; Incoloy 800HT; 304L stainless steel; TIG welding; tube joint;
welding technology

1. Introduction

Many design solutions require the use of components made of materials with specific properties
in terms of strength and work, e.g., at high temperatures or in environments promoting various forms
of material degradation [1–4]. Their use is often the result of the use of a calculation code and of the
operating conditions of the device, e.g., the type of working medium, temperature, mechanical and
thermal load, etc. A highly aggressive work environment is a particularly important criterion for
the selection of materials used in the construction of devices [5–8]. A medium containing chlorides,
nitric and phosphoric acid, gases formed during mining works, brine, lye, etc. can be mentioned.
The devices in which the listed factors may occur include heat exchangers; a special group are shell
and tube heat exchangers, e.g., U-tube type [9]. In such devices, there are working zones such as the
shell space and the space of the tube insert. Each of them may have a different working medium with
specific characteristics. It is difficult to obtain satisfactory results using just one type of material for
such a configuration. For this reason, two types of materials are used to build devices that meet the
assumed criteria for manufacturing and operation. Austenitic stainless steels, as well as nickel and
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its alloys, are widely used material groups for such working conditions [10,11]. Austenitic stainless
steels are characterized in detail in the literature in terms of their weldability and the effect of various
welding processes on the properties of welded joints [12]. In the case of nickel and its alloys, the
literature also gives examples of the influence of various factors on the properties of joints [13,14],
and their effect on the behavior of joints [15]. Nickel and its alloys are characterized by excellent heat
resistance, creep resistance, resistance to fatigue and good resistance to oxidation at high temperatures
while maintaining a low coefficient of thermal expansion and good resistance to stress corrosion
cracking (SCC). These features are derived, among others, from the chemical composition, whose
main alloying element is nickel. If it is necessary to limit the use of nickel only to the area where
it is indispensable, there is a need to combine it with other materials, e.g., with austenitic stainless
steel [10,11,16]. This significantly reduces production costs while ensuring the proper and faultless
operation of the device. Nickel alloys can also be arc welded with other iron alloys, e.g., nonalloy
steels [17], with duplex stainless steels [18] and other alloy steels [19–22].

Incoloy 800HT is a solid solution strengthened nickel-chromium-iron alloy with small additions of
aluminum and titanium. The alloy was developed and introduced to the market in 1950s to supplement
the demand for heat-resistant and corrosion-resistant alloys with relatively low nickel contents, which
significantly reduced manufacturing costs. An important property of this alloy is the relatively low
tendency to form cracks, which is the result of SCC in the chloride environment, which, for example,
in the case of austenitic steels, is a very common problem [23,24].

The problems with welding this material are the same as for other nickel alloys. The most important
include the formation of hot cracks in the weld or Heat Affected Zone (HAZ, i.e., when the metal solidifies,
there is a liquid or brittle film derived from the segregation of impurities or accompanying components
such as sulfur, phosphorus, oxygen, silicon), increase in the brittleness of welds (high-temperature
brittleness resulting from the presence of sulfur, phosphorus, lead and other elements forming low-melting
eutectics with nickel, e.g., zinc, tin, bismuth), weld porosity (presence of 0.025% nitrogen generates pores
in solidifying metal, high heat input value), and intergranular corrosion (depending on the working
environment) [13,24,25].

In this material group, 304L austenitic stainless steel is the basic grade. It is characterized by good
corrosion resistance, mainly in natural environments; however, it cannot be used in environments with
high chloride concentrations or in saline environments. Pitting corrosion can occur in chloride-containing
solutions even at temperatures of 5–10 ◦C. Stress corrosion cracking may occur above 50–60 ◦C. Under the
condition of maintaining an appropriate technological regime, it is a weldable material, and the reduced
carbon content minimizes the risk of intergranular corrosion [23,26].

The basic parameter determining the possibility of obtaining the sounddissimilar joints between
austenitic steel and nickel alloys is the selection of the filler metal. For this purpose, two different material
variants can be used: either an austenitic steel filler or a nickel alloy filler. Mortezaie et al. suggested
that for dissimilar joints between Inconel 718 and 310S austenitic stainless steel, Inconel 82 filler metal is
more beneficial than austenitic consumable [27]. In the case of TIG welding of higher thickness elements
of Inconel 625 alloy and AISI 316L steel, it is preferable to use combined technology, using both nickel
(ERNiCr-3) and austenitic steel (316L) filler metal [28]. It is also possible to obtain the sound joints
without the use of a filler metal (autogenous) by TIG and EBW processes [28–31], explosive welding [32]
and diffusion bonding [33]. Improvement in the properties of alloy steel welded joints can be achieved
in some cases by the use of heat treatments, such as solution annealing [34,35]. However, in the case
of dissimilar welded joints of austenitic stainless steel-nickel alloy type, ASME regulations do not
recommend solution annealing.

Due to the different physico-chemical properties of the base materials and consumables, dissimilar
welded joints are usually characterized by significant structural inhomogeneity, both in terms of
technological and operational properties. Depending on the grades of stainless steel and nickel alloy,
the hardness measurements of the welded joint show similar values for both base materials [25,36] or
an increase in the fusion zone from stainless steel towards nickel alloy [29,37]. Wang et al. stated that in
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the case of 316L stainless steel/Inconel 182 dissimilar welded joints investigated in a high temperature
and high-pressure water, different types of fusion boundaries had different surface potential values,
and that the corrosion behavior was related to potential value changes between two sides of fusion
boundaries [38].

The literature contains scientific reports of research on the performance of austenitic stainless
steel–nickel alloy dissimilar joints [39–46]. However, to the best of the author’s knowledge, the proposed
material combination (304L austenitic stainless steel and Incoloy 800HT nickel alloy) has not yet
been described. The available literature indicates that the subject is still relevant from a scientific
point of view, and even more so from a practical point of view, with the possibility of applying the
proposed solution to industrial conditions. The present work seeks to investigate the structure-property
relationship in 304L austenitic stainless steel–Incoloy 800HT nickel alloy dissimilar joints made with
the TIG welding process and a nickel alloy filler metal.

2. Materials and Methods

The selection of materials used in the experiment resulted from the requirements of a shell and
tube heat exchanger in relation to the working medium on the shell side (propylene glycol 50%),
coil/tube side (pressured water), working pressure and temperature (tube side: 30 MPa at 630 ◦C;
shell side: 1 MPa at 100 ◦C). Based on the input data, the designer selected two materials from which
the shell space, tubesheet, coils and connectors were made. The materials used were austenitic 304L
stainless steel (1.4307, group 8.1 according to TR ISO 15608) and Incoloy 800HT nickel alloy (1.4959,
group 45 according to TR ISO 15608). Both materials were delivered after solution annealing: 304L
steel after solution annealing from 1070 ◦C and fast cooling, Incoloy 800HT from 1150 ◦C and cooling
to 426 ◦C in 2 min. The design of the heat exchanger enabled the use of an Incoloy 800HT coil only in
a space exposed to a medium characterized by the risk of SCC. Due to the high pressure in the coil,
tubes of both materials with the following geometrical dimensions were used: φ = 21.3 mm × 7.47 mm.
The chemical composition and mechanical properties of the materials used in accordance with the
inspection certificate (type 3.1 according with EN 10204 and requirements of ASME Sec. II part A, B)
are shown in Tables 1 and 2.

Table 1. Chemical composition and mechanical properties of 304L stainless steel according to the
inspection certificate.

Chemical Composition [wt. %]

C Si Mn P S Cr Ni N

0.014 0.41 1.56 0.021 0.008 18.18 10.24 0.070

Mechanical Properties

Rp0.2 [MPa] Rp1.0 [MPa] Rm [MPa] A50 [%]

312 362 599 64

Table 2. Chemical composition and mechanical properties of Incoloy 800HT nickel alloy according to
the inspection certificate.

Chemical Composition [wt. %]

C Si Mn P S Cr Ni Cu Ti Al Fe

0.072 0.48 0.79 0.018 0.001 19.25 30.20 0.18 0.54 0.43 47.6

Mechanical Properties

Rp0.2 [MPa] Rm [MPa] A50 [%] Grain Size ASTM E112

202 582 57 Nr. 6
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In order to perform test joints a 141 (TIG, GTAW) welding process was used with the use of
filler metal, the characteristics of which are presented in Table 3. Rods with the designation according
to EN ISO 18274, S Ni 6082 (NiCr20Mn3Nb; AWS A5.14: ERNiCr-3; 2.4806) and diameter φ = 2
mm were used. This is a fully austenitic filler with high corrosion resistance, a low coefficient of
thermal expansion and resistance to temperature changes (thermal shock). In addition, it has the
ability to inhibit carbon diffusion at high temperatures. It can be used for welding nickel-based alloys,
high-temperature, creep-resistant, heat-resistant and cryogenic steels, as well as dissimilar joints. It is
used in the production of pressure vessels operating from −196 ◦C to +550 ◦C. The selection of welding
parameters and techniques for welding of the tested joints was made on the basis of the results of the
preliminary studies described in Section 3.2.

Table 3. Chemical composition and mechanical properties at the 20 ◦C of S Ni 6082 filler metal according
to the inspection certificate.

Chemical Composition [wt. %]

C Si Mn P S Cr Ni Cu Ti Nb Fe

<0.01 <0.1 3.1 0.001 0.001 20.5 73.0 <0.1 0.4 2.5 0.2

Mechanical Properties

Rp0.2 [MPa] Rm [MPa] A (L0 = 5d) [%] KV [J]
≥400 ≥620 ≥35 ≥150

Nondestructive testing was carried out in accordance with the requirements of the relevant
standards (visual testing–EN ISO 17637, penetrant testing–EN ISO 571-1, radiographic testing–EN ISO
17636-1). Tensile tests were carried out at room temperature, i.e., 23 ◦C, using a ZD 100T (Jinan Hensgrand
Instrument Co.,Ltd, China) testing machine (range: 0–1000 T, scale interval: 2 kN, measurement error:
± 1◦) in accordance with EN ISO 6892-1 and EN ISO 4136. Bending tests were carried out in accordance
with the requirements of the EN ISO 5173 standard. The tests were performed using also the ZD 100T
testing machine. A plunger with a diameter of φ = 32 mm was used (according to EN ISO 15614-1,
the diameter of the plunger for materials with elongation ≥25% is 4t, where t is the thickness of the
specimen). The acceptance criterion was defined as a bend angle α= 180◦.

Macro- and microscopic examinations were performed in accordance with the guidelines of EN
ISO 17639. A specimen was mechanically cut from the joint in a direction transverse to the weld
axis. Then it was subjected to the process of step grinding, polishing and etching. For etching, a mixture
of 80 mL H2O, 12 mL HNO3 and 118 mL HF was used. Etching was performed by immersing the
specimen in a solution at 70 ◦C for about 1 min. The surface was then washed with warm water and
dried. Macroscopic metallographic tests were performed using the Nikon Stereo Microscope (SMZ1270i
fitted DS-Fi2 Camera Head, Nikon Corporation, Tokyo, Japan), while metallographic microscopy
was done on a light microscope Nikon Eclipse LV150N (Tokyo, Japan). This allowed us to image
the reflected light in a bright field, dark field, polarized light and interference contrast–Nomarski
contrast (DIC). The use of DIC emphasizes the features of very low heights that do not have contrast
during standard observation. The tests were carried out on the 3D optical profiler Sensofar S neox
(Barcelona, Spain). Examinations were also performed on an electron microscope JOEL JSM-7800F
(SEM) with the possibility of performing EDS analysis (Japan Electronics Corporation, Tokyo, Japan).
Microhardness measurements were made with the use of FM-800 tester (Future-Tech, Tokyo, Japan)
with a load of F = 0.9807 N (HV0.1).



Metals 2020, 10, 559 5 of 19

3. Experimental

3.1. Research Plan

The research plan was based on the requirements of ISO 15614-1. It was expanded to include tests
that allow the material structure to be verified using appropriate diagnostic tools. The following tests
were performed:

1. Nondestructive testing (NDT):

• Visual testing–VT,
• Penetrant testing–PT,
• Radiographic testing–RT.

2. Destructive testing (DT):

• Static tensile tests,
• Bending tests,
• Macro- and microscopic examinations,
• EDS analysis,
• Confocal microscopy,
• Microhardness measurements.

The tests were carried out in two stages: on preliminary test welded joints and on five test
welded joints.

3.2. Welding Technology

For structural and operation reasons, the need to make welded joints of 304L austenitic stainless
steel and Incoloy 800HT tubes appeared. Before welding, the tubes were beveled according to the
scheme in Figure 1a. The proposed geometry of the welding groove enables full penetration and
minimizes welding deformations by reducing the bevel angle, which is important because of the
required dimensional tolerance of the tube system. Figure 1b shows the welding sequence.
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Figure 1. Scheme of (a) edge preparation for welding, (b) welding sequence.

Before welding the test joints, which were tested according to the research plan, preliminary test
joints were made. This made it possible to identify and eliminate difficulties during welding and to
determine the values of significant variables enabling us to obtain joints of quality level B according to
ISO 5817 (including welding parameters). Shielding gas I1 (99.99% Ar) according to EN ISO 14175
from the face (10–12 l/min) and root side (forming gas 6–8 l/min) was used. A tungsten electrode with
the designation WL-15 and a diameter of φ = 2.4 mm was used. Specimens were made in position
H-L045 (6G) due to the destination location of the joint in the heat exchanger structure. The ambient
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temperature was 20 ± 2 ◦C. The elements were cleaned and degreased with acetone before welding.
Preliminary welding tests showed the presence of welding imperfections such as cracks. Examples are
shown in Figure 2.Metals 2020, 10, 559 6 of 22 
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Figure 2. Examples of welding imperfections identified after the preliminary welding tests (a) and (c)
crack form the root; (b) and (d) cracks from the face. The arrows mark the cracks.

The identified cracks occurred from the root side (Figure 2a,c) and the face side (Figure 2b,d)
of the weld. Their shape is characteristic for hot cracks, i.e., they extend along the axis of the weld
(Figure 2a,b) and propagate out from the center of the weld at its end (Figure 2d). The analysis of the
welding process showed that the welding technique characteristic for austenitic stainless steels was
one of the causes of the formation of this type of imperfection. It was changed through the use of
straight beads, the distribution of liquid metal by mixing with a filler, making joints with an excess
weld metal and filling the end crater with reinforcement. In addition, after each bead, the oxidized
filler tip was cut off to eliminate the introduction of oxides into the liquid metal pool, which was not
done for preliminary joints. This limited the appearance of liquid and brittle film from the segregation
of impurities, which is one of the causes of crack formation [13]. The applied changes also led us to
verify the welding parameters, which resulted in a decrease in the heat input. Those modifications
brought positive results and allowed us to accept welding parameters. Test joints were made according
to the parameters shown in Table 4. Five specimens were made: two were subjected to tensile tests,
two to bending tests and one for other structural tests and microhardness measurements.

Table 4. Welding parameters for test joints.

Run * Welding Process Size of Filler Metal
[mm]

Welding Current
[A]

Arc Voltage
[V]

Type of
Current/Polarity

Travel Speed
[mm/s]

Heat ** Input
[kJ/mm]

1 141 (TIG) 2.0 60–110 10.5–11.0 DC- 1.2–2.5 0.2–0.6
2-n 141 (TIG) 2.0 80–110 9.0–10.0 DC- 1.2–2.5 0.2–0.6

* See welding sequence in Figure 1b. ** Heat input calculated according to EN 1011-1.
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4. Results and Discussion

4.1. Nondestructive Testing

As part of nondestructive testing, tests were performed to detect surface imperfections (VT, PT)
and weld imperfections (RT). All tested specimens obtained positive results of NDT tests. They were
classified at quality level B in accordance with the requirements of EN ISO 5817, which was the assumed
acceptance criterion. Figure 3 shows an example of a welded joint in general view and in cross-section.
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Figure 3a shows the view of the face of the weld. A characteristic feature of this area for the
material group being studied is low fluidity (high density) of the liquid metal pool. The consequence
of this is the inability to obtain a characteristic clear, smooth face as in the case of the welding of
austenitic stainless steels. All joints had the same weld face appearance. Figure 3b shows the cross
section of the joint. As can be seen, the wall thickness of the tube is large relative to the outer diameter
of the tube, which results in a small inner diameter. Thus, it is very important to shape and protect
the root using forming gas. This requires the right flow rate to achieve laminar flow of the shielding
gas. In the present case, sufficient values are 6–8 l/min. In addition to the proper formation of the root,
this protected the surface against oxidation, which, when it occurs, may lead to the loss of corrosion
resistance. After verification of the joints made on the basis of NDT and positive test results, they were
subjected to destructive tests according to the presented research plan.

4.2. Destructive Testing

4.2.1. Static Tensile Test

Transverse tensile tests were carried out for two specimens, A and B (extended entire welded tube
joint). Figure 4 presents the view of specimens after the tests. According to ASTM B 407, the minimum
tensile strength of the Incoloy 800HT alloy is 450 MPa, and according to SA 312, the minimum tensile
strength of the 304L austenitic stainless steel is 485 MPa. The acceptance criterion was the minimum
tensile strength of the base material with a lower tensile strength, in this case Incoloy 800HT. The results
of the test are presented in Table 5.
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Table 5. Tensile test results of welded joints.

No Specimens Calculation Cross-Section,
So [mm2]

Total Loading Force,
Ib [kN]

Tensile Strength,
Rm [MPa] Place of Fracture

1 321.5 188 584 Base material Incoloy 800HT
2 312.5 184 589 Base material Incoloy 800HT

The obtained results meet the acceptance criterion: the obtained values are approximately 30%
higher than the requirements. In addition, it was observed that a fracture occurred in the Incoloy
800HT base material. These results indicated that appropriate welding parameters had been applied in
relation to the welding position (H-L045, 6G), that the welding consumable had been correctly selected,
and that no imperfections occurred in the welded joints.

4.2.2. Bending Test

A bending test was carried out to determine the plastic properties of the welded joint. In addition,
it is a test that reveals welding imperfections in the joint, e.g., lack of penetration, incomplete fusion,
pores, etc. Two specimens were prepared for tensile the face (TFBB) and the root (TRBB) of the weld.
A view of the specimens after bending is shown in Figure 5.
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The obtained test results were considered positive. All specimens reached a bending angle of
180◦. There were no cracks or other material defects on the tensiled surfaces. Even areas not subjected to
assessment did not show welding imperfections. This proves the very good plastic properties and lack
of welding imperfections in the tested specimens. Like the strength properties, the plastic properties
are a derivative of the proper selection of the filler metal and welding parameters. The proposed bevel
angle did not cause a reduction in the wettability of the filler or fusion of the tube walls, as evidenced
by the lack of cracks and delaminations of the tensiled surfaces.

4.2.3. Macro- and Microscopic Examinations

Figure 6 presents a macroscopic view of a cross-section of the obtained dissimilar welded joint.
There were no welding imperfections in the specimen, i.e., no cracks or porosity. The joint was symmetrical
and was characterized by complete penetration and a smooth transition of the face into the base material.
On the fusion line in 304L steel, white bands can be seen, which were formed as a result of structural
changes. Metallographic microscopic tests were performed for base materials, weld and in the transition
areas: weld–Incoloy 800HT and weld–304L stainless steel. Figure 7 shows the structure of base materials:
Incoloy 800HT and 304L austenitic stainless steel. Incoloy 800HT is a solid solution with a full austenitic
structure, many twins (Figure 7a) and Ti(N,C) precipitates (Figure 7b, indicated by an arrow). No changes
were found relative to the typical structure of the material; 304L stainless steel has an austenitic structure
(Figure 7c) with characteristic twins, slip bands and δ ferrite precipitates (Figure 7d). The structure of the
tested 304L steel is correct. No structural anomalies caused by the manufacturing process, e.g., inadequate
solution annealing, were identified for either material. Figure 8 shows the structure of the middle
part of the weld. The weld has an equiaxed, fully austenitic structure with coarse and fine dendrites.
Eutectics and microcracks were not detected in the weld.

Changing the arrangement of dendrites into columnar and their increase occurred in zones adjacent
to the base material. Figure 9a,b show a view of the joint areas: Incoloy 800HT–fusion line–weld and
weld–fusion line–304L stainless steel (white bands visible also in Figure 6). There are significant differences
between the morphology of the fusion line and the HAZ for both materials (indicated by arrows), which is
in accordance with the available literature [38]. From the Incoloy 800HT side, there is no clearly defined
HAZ (type A fusion boundary); only at larger magnifications, a smooth transition of the weld metal into
the base material can be observed (Figure 10). The morphology of the area between 304L stainless steel
and the weld is different (type B fusion boundary). The areas of the smooth transition of weld to base
material were observed, but there were also the zones of different morphologies (marked by the arrow
in Figure 9b) which may indicate structural changes in this area. In order to analyze them, microscopic
examinations (Figures 10 and 11) were performed with higher magnification and the application of DIC
(Nomarski contrast).
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Figure 7. Metallographic structure of (a) Incoloy 800HT nickel alloy–optical microscopy; (b) Incoloy
800HT nickel alloy–electron microscopy; (c) 304L austenitic stainless steel–optical microscopy; (d) 304L
austenitic stainless steel–electron microscopy.
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In the transition zone between the weld and Incoloy 800HT (Figure 10), columnar dendrites
appearing towards the base material are visible. This may be due to the lower thermal conductivity of
the Incoloy 800HT alloy (11.5 W/mK) compared to 304L stainless steel (14.0–16.3 W/mK). This leads
to a slight dissipation of heat introduced during welding and the formation of the observed dendrite
arrangement. Such changes were also observed by other researchers in welded joints of nickel alloys
with austenitic stainless steel [38,44]. In the direction of the base material, melting of its grains and the
epitaxial crystallization area, a transition of the dendritic structure of the weld in the crystallographic
direction of the base material was observed. In the fusion zone, the grain shape of the primary structure
(base material) can be observed. This type of crystallization is associated with relatively low thermal
conductivity, low heat dissipation and a high density of the liquid metal. In the case oftransition zone:
weld–304L stainless steel, this structure was not observed. However, areas with significant changes in
morphology were identified, as revealed using the Nomarski contrast (Figure 11). Clearly defined spaces
on the fusion line show the occurrence of high-temperature δ ferrite. Their intensity is associated with
the higher thermal conductivity coefficient of 304L compared to the Incoloy 800HT and the welding
position (H-L045), which generates varied heat distribution along the fusion line. Hence, the δ ferrite-rich
zones do not occur along the entire length. The analyzed areas, despite structural and morphological
differences, did not reveal imperfections in the form of microcracks or the formation of eutectics, which
can be the result of introducing oxides or organic contaminations into the welding pool. No chromium
carbide precipitations—that could lead to intergranular corrosion—were observed, which could result
from the heat input during welding in the H-L045 position.

The next stage of the research was to determine the distribution of elements in transition zones.
Figure 12 shows the areas subjected to this analysis, and Figures 13 and 14 show theresults of the test.
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Figure 12. SEM micrograph showing interface between (a) weld–fusion line and Incoloy 800HT nickel
alloy and (b) weld–fusion line and 304L austenitic stainless steel.

In the transition zone on Incoloy 800HT, the proper change in the content of elements was found
during an analysis of the linear distribution of the chemical elements. The change in chemical composition
presented in Figure 13 indicates that the iron and nickel content in the fusion line changes significantly,
which is an expected feature. The iron content increases after crossing the fusion line, and the nickel
content decreases and corresponds to the content in the base material. No changes in chromium content
were observed, suggesting no chromium carbide precipitates in this area. The manganese content
decreased after crossing the fusion line. The contents of other elements were at the expected, correct
levels. An analysis of the EDS linear distribution of the second transition zone, i.e., for 304L stainless
steel, showed similar characteristics. Elemental distribution changes after crossing the fusion line were
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observed (Figure 14), and were the greatest for nickel and iron. These diffusive changes are slight
compared to the transition zone of Incoloy 800HT. The presented research results suggest that no
intermetallic phases were precipitated. The appropriate welding heat input and the use of straight beads
(high cooling rate) allowed the reinforcing elements to remain in the solid solution. It also resulted in
high strength, as revealed by mechanical tests.
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were measured; (c) linear distribution of elements.
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4.2.4. Confocal Microscopy

Microscopic metallographic examinations revealed differences in the structure of the transition
areas between the weld and the base materials; therefore, a profile analysis of the morphology of the
surface of the transition areas was carried out using a confocal microscope. The obtained results are
shown in Figures 15 and 16 and in Table 6.
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The surface topography on both sides of the investigated joint showed the existence of transition
zones between the base materials and the weld. These zones were associated with the influence of heat
in the transition zone during the welding process. However, they have a different nature. In the case of
Incoloy 800HT, a marked uniform hill of approximately 120 µm (maximum 150 µm) above the average
surface was visible. In the second case, in the transition valley, single peaks of about 400 µm existed.
The roughness of the specimens was evaluated by applying mean parameters such as root mean square
height (Sq) and arithmetical mean height (Sa). Both of them demonstrate the general texture of the
surfaces under investigation. Individual maximum and minimum height values do not affect both of
these parameters (the differences were in the range of 15–20%). The maximum height (Sz) was 0.46 µm
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for Incoloy 800HT and 50×magnification and 1.32 µm for 304L stainless steel and 150x magnification.
For the Incoloy 800HT specimen, the valley depths were predominant, and maximum pit depth (Sv)
values reached 0.28 µm, i.e., approximately two times higher than the corresponding maximum peak
height (Sp). In the second case, the surface was characterized by equaled distribution among peak heights
and valley depths (Sp and Sv parameters were about 0.66 µm). The analyzed surfaces were in the form
of a plateau with a concentration of the material near the profile tops which was represented by negative
skewness Ssk (−0.36 for Incoloy 800HT alloy and −0.18 for 304L steel). A kurtosis (Sku) value higher
than three for Incoloy 800HT (4.19) indicates the presence of a sharp structure of the profile. In the case of
304L steel, the structure was smoother (the Sku value was 2.83).

Table 6. 3D surface texture parameters of the specimens under investigation.

Zone Sa [µm] Sq [µm] Sp [µm] Sv [µm] Sz [µm] Sku [µm] Ssk [µm]

Weld–HAZ–800HT nickel alloy 0.04 0.06 0.17 0.28 0.46 4.19 −0.36
Weld–HAZ–304L stainless steel 0.16 0.20 0.65 0.66 1.32 2.83 −0.18

4.2.5. Microhardness Measurements

Microhardness measurements were made in base materials, weld and heat affected zones (paying
special attention to transition zones) according to the arrangement of measurement points shown in
Figure 17. Figure 18 shows the results of the measurements.
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According to literature data, the microhardness for Incoloy 800HT nickel alloy is in the range of
120–250 HV0.1 [10,29,36]. In the considered case, this value was 158–161 HV0.1, which corresponds to
the indicated range. In the heat affected zone (HAZ1), these values are slightly higher (average 169 HV),
which indicates the appropriate heat input and cooling rate. The average HV0.1 value for weld metal
is around 182 HV0.1. Such an increase can be explained by changes in the dendrite arrangement in the
weld. The hardness for 304L steel reaches typical values for this grade [45]. However, a decrease in the
HAZ2 area (average value 137 HV0.1) was observed, which results from the structure changes that were
presented in microscopic studies (δ ferrite). The obtained results are characteristic of dissimilar nickel
alloy and austenitic stainless steel welded joints, as also demonstrated by other authors [10,29,36,45].

Despite the fact that the hardness distribution (Figure 18) indicates a reduction in the hardness in
HAZ of austenitic steel, both samples were fractured in Incoloy 800HT base material (Figure 4). This is
not a typical result, but has already been reported in the literature for dissimilar joints of nickel alloy
and austenitic stainless steel [39].

5. Summary

The difficult operating conditions of heat exchanger components necessitate the usage of materials
with properties which are suitably matched to the environment, and the welding of dissimilar
joints [9,47,48]. TIG welding of dissimilar Incoloy 800HT nickel alloy and 304L austenitic stainless steel
welded joints gave positive results, despite initial problems associated with hot crack formation. They were
eliminated by changing the welding technique (straight beads, mixing with a filler) and a reduction of
oxides introduced from the filler material (cutting off the oxidized filler tip). Based on NDT and DT,
no welding imperfections were found in the tested joints. The tensile strength of the tested joints was higher
than the value for Incoloy 800HT (base material with lower mechanical properties). The results of the
bending test showed good plasticity of the joint. Macroscopic examinations showed the correct structure
of the joint. Microstructural studies revealed various types of structure and morphology in the transition
zone between the weld and base materials. They were derived from the heat input value (different heat
distribution and cooling effects during solidification and crystallization). SEM microscopic studies with
the EDS technique allowed us to study the chemical composition of the welded joint. They revealed
typical changes of alloying elements in the studied zones, which caused a lack of precipitations that
could reduce the joint properties. Confocal microscopy studies also showed differences in transition
zones expressed by changes in roughness. This method seems to be developmental, e.g., in relation to the
determination of δ ferrite depending on roughness. Microhardness measurements showed the highest
values in the weld, the lowest in HAZ from the 304L austenitic stainless steel side. This distribution is a
consequence of structural changes caused by the influence of the welding thermal cycle.

Due to the specific geometry of welded tubes (diameter of the inner hole smaller compared to the
wall thickness of the tube), reduction of the bevel angle, difficult welding position (H-L045) and, as a
consequence, specific welding current parameters, the heat distribution conditions differ significantly
from those that are characteristic for welding tubes of typical dimensions and sheets in a flat position
(PA). In the lower part of the tube, the heat input value is higher compared to its upper surface. This can
lead to changes in grain size and the formation of TiC and TiN precipitates directly behind HAZ in
Incoloy 800HT alloy side. Their presence makes it possible to maintain the high strength properties
of Incoloy 800HT alloy at high temperatures. However, at room temperature, these properties are
lower than for 304L austenitic stainless steel, as demonstrated by product standards SA312 and SB 407.
A decrease in hardness in HAZ does not always lead to a reduction in strength, especially for steel
with a single phase structure.
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M.L.; methodology, G.R. and M.L.; writing–original draft, G.R., A.Ś. and D.F.; writing–review & editing, G.R., A.Ś.
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