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THE WELDED JOINTS STRUCTURE OF THE INCONEL 617 ALLOY DESIGNED FOR HIGH TEMPERATURE OPERATION

IN SUPERCRITICAL PARAMETERS BOILERS

The development of power industry obligates designers, materials engineers to create and implement new, advanced materi-
als, in which Inconel 617 alloy is included. Nowadays, there are a lot of projects which describe microstructure and properties of
Inconel 617 alloy. However, the welded joints from mentioned material is not yet fully discussed in the literature. The descrip-
tion of welded joints microstructure is a main knowledge source for designers, constructors and welding engineers in estimating
durability process and degradation assessment for elements and devices with welds of Inconel 617 alloy. This paper presents the
analysis and assessment of advanced nickel alloy welded joints, which have been done by tungsten inert gas (TIG). Investigations
have included analysis made by light microscope and scanning electron microscope. The disclosed precipitates were identified with
Energy Dispersive Spectroscopy (EDS) microanalysis, then it were done X-Ray Diffraction (XRD) phases analysis. To confirm the

obtained results, a scanning-transmission electron microscope (STEM) analysis was also performed.
The purpose of the article was to create a comprehensive procedure for revealing the Inconel 617 alloy structure. The method-
ology presented in this article will be in future a great help for constructors, material specialists and welding engineers in assessing

the structure and durability of the Inconel 617 alloy.
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1. Introduction

The global power industry is constantly developing. This
stems from a high demand for electricity, the limited availability
of fossil fuels, as well as restrictions related to the increasing
environmental pollution. The main direction for the develop-
ment of the power industry include increased security of fuel
and energy supply, enhanced energy efficiency, as well as the
development of the nuclear energy and renewable energy sec-
tors, leading to a decreased impact of the power industry on the
environment [1-3]. This development requires the use of new
energy processing technologies and new materials working in
complex conditions.

The design of high-pressure components for new power
units is a challenge for structural engineers and material engi-
neers. Since the 1980s, research programmes aimed at introduc-
ing new structural materials onto the energy market have been
carried out. One of the groups of materials that show the greatest
potential for application in the modern power industry are nickel-
based alloys. In recent years, these alloys have undergone major

development, both in terms of the manufacturing technologies
and in terms of their properties [1,4-5].

Nickel-based alloys are characterised by good physico-
chemical and mechanical properties at high temperatures, in-
cluding creep resistance, high-temperature corrosion resistance,
thermo-mechanical fatigue resistance, and structural stability.
A material that can be used for a very wide range of supercritical
and ultra-supercritical boiler components is Inconel 617, which
is particularly useful under creep conditions at high temperatures
and under high-temperature corrosion conditions [6,7].

According to the literature [8,9], the TIG method is one of
the best joining method of advanced nickel alloys and it should
be used to connect Inconel 617 alloy because of the high quality
of welded joints. As an additional welding material, it is need
to use material with similar chemical composition. For welding
nickel alloy of Inconel 617 was used ERNiCrCoMo-1 welding
wire with diameter of 2,4 mm. While welding mentioned ad-
vanced alloy, it is need to use as low heat input as possible to
prevent welding incompatibilities, e.g. crackings [8-11].
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If the service properties of the alloy and its welded joints
are to be assessed correctly, the structure of the alloy needs to
be precisely described. This is particularly important in the case
of welded joints involving major structural heterogeneity result-
ing from the welding process. The literature provides no clear
information on the methodology for assessing the structure of
such alloys. Thus, it is necessary to systematize such assessment
and establish a clear procedure for describing the structure of
Inconel 617, which is the main objective of this paper.

2. Test material

The samples were 1, 3, and 5 mm thick plates of Inconel 617
(UNS N06617 according to ASME SB-168:2013), manufactured
by TyssenKrupp VDM. The chemical composition (Table 1) was
verified by X-ray fluorescence (XRF). The tests were carried
out using a Niton XL2 spectrometer. An example of an XRF
spectrum is shown in Fig. 1.

The results of the measurement of the percentage of ele-
ments in Inconel 617 showed that the material met the require-
ments of ASME SB-168:2013 and that the element contents
indicated in the specifications fell within the acceptable limits
set out in that standard. Moreover, small amounts of niobium
were found in the material (below 0.2%). Niobium is a strong
carbide former; it forms fine-sized, compound, strengthening
carbonitrides [12,13].

3. Procedure for describing the structure
of Inconel 617

In order to assess the macro- and microstructure of In-
conel 617, it is necessary to develop a methodology includ-
ing a quality-oriented procedure that ensures legible and
repeatable results and at the same time requires reasonable effort.
A qualitative description of the structure is necessary to iden-
tify clear correlations in the following cause and effect chain:
chemical composition — manufacture technology — structure
— service properties.

3.1. Selection of the sampling area for structural
examinations

The manner of sampling and the number of samples depend
on the repeatability of chemical composition and structure within
the same component and within an entire batch. This is particu-
larly important for welded joints that are very heterogeneous
both in terms of the chemical composition and in terms of the
structure. This stems from changes in parameters affects during
welding and from the mixing of the material in the weld pool.
This changeability the manner of sampling and the number of
areas analysed for each sample. Thus, the homogeneity of the
chemical composition, the size and shape of the welded joint,
and the welding procedure employed are major factors affecting
the sampling strategy.

TABLE 1
The chemical composition of Inconel 617 alloy according to ASME SB-168:2013 standard
Ni Cr Co Mo Al Fe Mn Si Ti Cu S B C
min. . o B . max. max. max. max. max max. max. N
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Fig. 1. An example of an XRF spectrum for Inconel 617, plate thickness: 3 mm



In the case of welded joints, samples for structural examina-
tions should be collected perpendicularly to the welding direction
(Fig. 2). This ensures that all areas typical of a welded joint will
be analysed, i.e. the base material, the heat affected zone, and the
weld. When collecting samples, special attention should be paid
to the possibility that the area concerned will become overheated
as a result of the cutting process. If this is the case, samples
should be taken from an area located at least 20 mm away from
the overheated area along the welding direction.

Area of sampling for metallographic
examinations

Fig. 2. Diagram showing the sample cutting area for metallographic
examinations of Inconel 617 welded joints

3.2. Method for preparing metallographic sections

A methodology for preparing metallographic sections
should guarantee that a mirror-like surface without artifacts is
obtained, with the cutting, grinding, and polishing taking a rea-
sonable amount of time.

The procedure proposed herein assumes that the cutting
process comprises two stages. The rough cutting of the Inconel
617 samples was carried out using a Beuhler Delta Abrasimet
Cutter; at the second stage, a Buehler Isomet 5000 was used for
precision cutting. The cutting parameters are shown in Table 2.

The cut-out samples, due to their shape, were appropriately
mounted for the purposes of the next stages of the procedure,
i.e. grinding and polishing. Thermosetting phenolic resins with a
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TABLE 2
Inconel 617 cutting parameters for the rough and precision cutters
Device Cooling Blade type and Rotation | Cutting
. speed, rate,
name medium measurements .
rpm | mm/min
Delta Buehler 95-B2211-010 .
Abrasimer | S| 950 x 1.5 x 32 4000 ) 10<15
Isomet Buehler 95-B2211-010 .
5000 Coolmet 178 % 0.76 x 12.7 4000 | 1.2+1.5

conductive filler were used for the mounting [14,15]. A conduc-
tive filler enables sample observation under a scanning electron
microscope (SEM).

Such prepared metallographic sections were ground manu-
ally using 120-1200 grit abrasive papers (Table 2, items 1-5). The
surface quality was inspected using a light microscope at 100x
magnification. After sections with no artifacts were obtained,
the next stage was polishing with diamond paste. The polishing
parameters are presented in Table 2, items 6 and 7. It was con-
cluded that the proposed procedure for preparing metallographic
sections of Inconel 617 welded joints ensures that a mirror-like
surface without artifacts is obtained within approx. 10 min.

3.3. Selecting the reagent for chemical etching

The selection of a reagent for etching metallographic sec-
tions is an important factor in the revealing of the structure and
thus it determines the quality of the metallographic examina-
tions. The result of etching depends on many factors, including:
the chemical composition of the etched material, the structure
forming in the process, segregations in the material, both in the
chemical composition and in the phases, and etching parameters
(reagent type, reagent concentration, etching method, etching
time). Based on the literature [16,17] and the authors’ own ex-
perience, 6 reagents for chemical and electrochemical etching
were selected. Examples of Inconel 617 structures revealed in
the etching process are shown in Table 3.

TABLE 3

Procedure for preparing metallographic sections of Inconel 617

Stage Material

Particle type

Rate

Time

1 P120 abrasive paper

SiC, water cooling

250 rpm, with the sample and the blade
moving in the same direction

Until a flat surface is obtained

2 P220 abrasive paper

SiC, water cooling

250 rpm, with the sample and the blade
moving in the same direction

Until a flat surface is obtained

3 P320 abrasive paper

SiC, water cooling

250 rpm, with the sample and the blade
moving in the same direction

Until a flat surface is obtained

4 P500 abrasive paper

SiC, water cooling

250 rpm, with the sample and the blade
moving in the same direction

Until a flat surface is obtained

5 | P1200 abrasive paper

SiC, water cooling

250 rpm, with the sample and the blade
moving in the same direction

Until a flat surface is obtained

6 Struers cloth

6 um Metadi Supreme oil
base — diamond suspension

150 rpm, with the sample and the blade
moving in the opposite directions

2 minutes

7 Struers cloth

3 um Metadi Supereme oil
base — diamond suspension

150 rpm, with the sample and the blade
moving in the opposite directions

3 minutes
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Based on the etching tests conducted, it was determined that
for the purposes of metallographic examinations, the best results
were obtained for electrochemical etching in a 10% solution of
oxalic acid at 6 V for 15 s (Table 4, item 1). Good results were

also obtained for Lucas’ reagent (150 ml HCL, 100 ml C3H¢Os,
3 g C,H,0,) at 6 V for 20 s (Table 4, item 2). In the other tests,
the structure was not revealed in a manner guaranteeing correct
metallographic examinations, either qualitative or quantitative.

TABLE 4

Structure of Inconel 617 revealed using various chemical reagents

Reagent Base material Notes
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3.4. Selection of the image acquisition method
for metallographic examinations

Image acquisition in metallographic examinations should
ensure legible, sharp images of the structure, enabling its qualita-
tive description. The procedure for selecting an image acquisition
method proposed below comprises two stages that ensure image
repeatability and reproducibility. The first stage is the selection
of a test stand and the second stage is the selection of an appro-
priate observation technique. The observations of the structure
of Inconel 617 were carried out at test stands available at the
Faculty of Materials Engineering and Metallurgy, i.e.

*  amacroscopic examination stand equipped with a NIKON
Coolpix 995 digital camera that enables observation at
magnifications of up to 5%, both in the bright field and the
dark field mode;

* atest stand equipped with an OLYMPUS SZX 9 stereo-
scopic microscope (SM) that enables observation at mag-
nifications of up to 50% in the dark field;

*  a microscope stand equipped with an OLYMPUS GX71
light microscope (LM) enabling observation at magni-
fications of up to 1000%. The use of a metallographic
microscope for structural examinations makes it possible
to use both bright field and dark field techniques, as well
as special light microscopy techniques, i.e. polarized light
and Nomarski interference contrast;

» a Hitachi S 3400N scanning electron microscope (SEM)
and a Joel JCM 6000 microscope;

»  aHitachi S2300A scanning transmission electron microscope.
Examples of images of the macro- and microstructure and

the substructure obtained at the test stands are shown in Table 5.
An analysis of the results obtained indicated that the test stand

equipped with the digital camera was best suited for the visual as-

sessment of the welded joint surface. This stage of the examination
ensures the correct observation of the welded joint surface both
on the face and the root sides (Table 5, items a, b). Examination
of the face and the root should be carried out at magnifications
not exceeding 5x in the bright field mode. The requirements of

PN-EN ISO 5817 should be adopted as the criteria for assessing

the quality of the welding.

The next stage of the metallographic examinations is an
analysis of the welded joint macrostructure and an assessment of
the shape of the weld fusion zone. Such examinations should be
carried out at magnifications of up to 30x in the dark field mode
under a SM (Table 5, items c-e). An important element of this
stage is an assessment of the welding quality, and in particular
of the quality level according to PN-EN ISO 5817.

Observations of the revealed structure of Inconel 617 under
a LM indicate that metallographic examinations should be car-
ried out in the bright field mode at magnifications not exceeding
500x%. The images obtained confirm that the proposed procedure
yields legible images ensuring the correct qualitative assessment
of the structure of an Inconel 617 welded joint.

The metallographic examinations under a LM were com-
plemented by observations at large magnifications under a SEM.
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These were carried out using a Hitachi S 3400N microscope
and a Joel JCM 6000 Neoscope microscope in the secondary
electron (SE) and the back-scattered electron (BSE) imaging
modes. Images recorded using the SE technique enable analysing
structure topography, whereas BSE images reveal differences in
the chemical composition.

The substructure of the material was analysed under
a STEM microscope at magnifications above 10000x. The ex-
aminations were carried out on thin films prepared in accordance
with a procedure developed at the Institute of Materials Engineer-
ing of the Silesian University of Technology. The preparation of
the thin films of welded joints consisted in cutting the samples
on an electrical discharge cutter into approx. 1 mm thick slices,
which were subsequently ground on both sides until a thickness
0f 0.05 mm was reached. The electrochemical thinning was car-
ried out using a Struers TenuPol-5 device at 45 V and 5°C, in an
electrolyte having the following composition: 70% CH,0OH, 20%
glycerine, 10% HCIO,. Liquid nitrogen was used for cooling.
At the final stage, the films were rinsed in water, methanol, and
ethanol and dried.

The substructure of the Inconel 617 welded joints was
examined under a Hitachi 2300A STEM microscope using the
thin film x-ray technique. The microscope is equipped with
a Schottky field emission gun (FEG). The accelerating voltage
during the examinations was 200 kV. A microanalysis of the
chemical composition was performed using an energy-dispersive
X-ray spectroscope (EDS) by Thermo Noran (System Seven),
coupled with the Hitachi HD-2300A microscope.

3.5. Comprehensive procedure for assessing the structure
of an Inconel 617 welded joint

The first stage of the procedure is the verification of the
chemical composition. The best method, fast and non-destruc-
tive, for verifying the chemical composition is X-ray fluores-
cence (XRF). The method was used on a Niton XL2 device
to verify the chemical composition of Inconel 617 against the
manufacturer’s specifications and ASME SB-168:2013.

The assessment of the macro- and microstructure of
a welded joint should be carried out on metallographic sections
cut out perpendicularly to the welding direction. Electrochemi-
cal etching in Lucas’ reagent (Table 4, item 2) is recommended
for revealing the structure of an Inconel 617 welded joint. The
next stage is the assessment of the face and root quality. Visual
examinations should be carried out in accordance with PN-EN
ISO 17637. Subsequently, the macrostructure of the welded
joint should be assessed. The examinations were carried out
using a stereoscopic microscope (SM) in the dark field mode at
magnifications of up to 50x. An analysis of the microstructure of
the welded joint in all its zones, i.e. the base material, the heat af-
fected zone, and the weld was performed at magnifications of up
to 500%, using a light microscope (LM) in the bright field mode.
These examinations should be complemented by observations
under a scanning electron microscope (SEM) at magnifications
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TABLE 5

Results of the examination of the macro- and microstructure of Inconel 617 welded joints

Macro stand

25 mm

x 100

LM

x 500

SEM

STEM

uu 200kV x30.0k TE

aun 200KV x50.0k TE

of up to 5000x in the secondary electron (SE) mode and the
back-scattered electron (BSE) mode. The substructure of the
material was analysed at magnifications above 10000 using
a scanning transmission electron microscope (STEM).

An EDS microanalysis of the chemical composition was
performed in order to identify the chemical composition of the
phases and precipitates present both in the base material and

in the welded joints. The examinations were carried out using
a SEM equipped with an EDS chemical composition detector
and the results obtained were complemented by an XRD analy-
sis of the chemical composition and by electron diffraction on
a STEM. This part of the procedure enables identifying the
phases and components in the structure of the welded joint. The
entire procedure is presented in the form of a diagram in Fig. 3.
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3.6. The structure of wrought Inconel 617

The proposed examination procedure enables not only the
determination of the grain size based on standards, but also the
identification of phases and substructural components that affect
the properties of Inconel 617. Metallographic examinations car-
ried out under a light microscope in accordance with the proce-
dure described in section 2 confirmed the grain size assessment
results obtained by the manufacturer and set out in appropriate
specifications. A one-phase granular structure with visible twins
and fine carbides was observed in the samples examined (Fig. 4).

According to the data provided in the specifications for
the 1 mm thick plate (specification 27424, cast 1.40252), the
average grain diameter is 44.9 um (grain size number 6 accord-
ing to ASTM E112), which was confirmed in the examinations
(Fig. 4a,b). In the case of the 3 mm thick plate (specification
104727/0, cast 316343), the average grain diameter is 85-90 um,
which meets the requirements for grain size numbers 4.0 and 4.5
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according to ASTM E112 (Fig. 4c, d). For the 5 mm thick plate
(specification 95198/1, cast 331145), the average grain diameter
is 74 um, which corresponds to grain size number 4.5 according
to ASTM E112 (Fig. 4e,f).

The structural examinations under a light microscope were
complemented by observations under a SEM along with an EDS
microanalysis of the chemical composition. The results of the
structural examinations are presented in Fig. 5, whereas Fig. 6
and Fig. 7. show examples of results of the microanalysis of the
chemical composition.

The results of phase identification in the structure of the
plates, performed using the XRD method, confirmed the litera-
ture data. The main phase constituting the alloy’s matrix is the
y phase (nickel solid solution) (Fig. 8).

The examinations under a STEM, in particular the electron
diffraction and the microanalysis of the chemical composition,
indicated that the p light phase matrix (Fig. 9) also contained
M,;Cg carbides (Fig. 10-11).
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Fig. 4. Microstructures of Inconel 617, LM: a) 1 mm thick plate, magnification: 100x, b) 1 mm thick plate, magnification: 500%, ¢) 3 mm thick plate,
magnification: 100, d) 3 mm thick plate, magnification: 500%, e) 5 mm thick plate, magnification: 100X, f) 5 mm thick plate, magnification: 500x
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Fig. 5. Microstructure of Inconel 617, SEM: a) polygonal grains of the y phase, magnification: 200%, SE, b) phase precipitates inside grains
and along y phase boundaries, magnification 1000%, SE, c) globular phase precipitates inside a grain and plate precipitates along the boundary,
magnification: 5000, SE, d) compound carbide precipitates, magnification: 10000%, BSE
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Fig. 6. EDS microanalysis of the chemical composition of Inconel 617, SEM
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Fig. 7. EDS microanalysis of the chemical composition of Inconel 617, SEM

Based on the metallographic examinations, the EDS
microanalysis of the chemical composition, the XRD phase
analysis, and the identification of the phases revealed in the
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Fig. 8. Results of the XRD phase analysis of Inconel 617 plates

structure by means of electron diffraction, it was determined
that the rolled Inconel 617 plates were built of polygonal y phase
grains with sparse plate precipitates of M,;Cg carbides along
grain boundaries and globular carbides inside grains. Sparse y/y’
eutectic mixture areas and titanium nitrides were also identified
in the structure.

4. Summary

The proposed methodology for assessing the structure of
Inconel 617 comprises the selection of a sampling area (Fig. 2),
the manner of preparing metallographic sections (Table 2-3), the
selection of a reagent for revealing the structure (Table 4), and the
selection of an image acquisition method for metallographic ex-
aminations (Table 5). On this basis, a comprehensive procedure
for assessing the structure of welded joints of Inconel 617 was
developed, one that enables obtaining legible and reproducible
results (Fig. 3).

Metallographic examinations carried out on a LM in ac-
cordance with the procedure illustrated in Fig. 3 confirmed that
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Fig. 9. Results of the electron diffraction of the Inconel 617 matrix: a) the structure of twins, with a marking indicating the analysis point, b) elec-
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Fig. 10. Results of the electron diffraction of the precipitates in Inconel 617: a) globular precipitate in a grain, b) electron diffraction of the M»;Cg

carbide, c) results of the EDS microanalysis of the chemical composition of the precipitate
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Fig. 11. Surface element distribution in chromium carbide M»;C¢

the Inconel 617 alloy was characterised by a one-phase granular
structure. Moreover, numerous twins within grains and fine car-
bides were identified, which corresponds with the literature data
[18-25] (Fig. 4). The results of the structural examinations under
a LM were confirmed by observations under a SEM (Fig. 5). The
EDS microanalysis of the chemical composition indicated that
the precipitates in Inconel 617 mainly consisted of chromium,
molybdenum, and carbon (Fig. 6-7), which may indicate M,;Cq
carbides. The XRD phase identification indicated that the main
phase in Inconel 617 was the solid-solution-strengthened y phase
(Fig. 8), which is confirmed by the literature [26,27]. The electron
diffraction on a SEM confirmed the presence of twins (Fig. 9)
and M,;Cq carbides (Fig. 10), made up of chromium and molyb-
denum (Fig. 11). According to the literature [1,2,27-30], second-
ary (Mo, Cr),3Cg carbides enhance the mechanical properties of
Inconel 617, and especially its creep resistance, by inhibiting
slipping along grain boundaries. They are mainly located along
grain boundaries, in the form of globular precipitates, and they
determine the high-temperature creep resistance (microstructural
stability at high temperatures) of Inconel 617.

The proposed procedure, requiring reasonable effort and
time, provides a legible, repeatable, and reproducible description
of the structure of Inconel 617.
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