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Comprehensive Procedure of the Assessment of the Quality
of Welded Joints Made in Alloy INCONEL 617

Abstract: The development of the power engineering industry forces designers
and material engineers to develop and implement new technologically advanced
materials, including alloy INCONEL 617. There are numerous works concerning
tests focused on the alloy microstructure, yet welded joints made of INCONEL
617 have not been discussed in detail. The description of the microstructure of
welded joints provides designers, design engineers and welding engineers with
knowledge enabling them to assess the service life and degradation of welded
joints in elements made of INCONEL 617. The article presents the analysis and
the assessment of the microstructure of TIG-welded joints made of nickel alloy
INCONEL 617. The tests involved the use of light and scanning microscopy. Pre-
cipitates revealed in the tests were identified using EDS-based chemical com-
position microanalysis XRD-based phase analysis. The verification of the test
results also required the performance of analysis carried out using the scanning
transmission electron microscope. The tests revealed the presence of precipitates
both in the base material and in the weld. The presence of precipitates includ-
ing Cr(Mo)»sCs or Ti(CN) carbides increases the strength of the alloy, whereas
identified dislocations and twins intensify the hardening effect.
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Introduction

Nickel-based alloys constitute a group of tech-
nologically advanced materials, the use of
which is justified only in cases of the most ag-
gressive operating conditions. For this reason,
nickel alloys have found applications primar-
ily in the aviation and power engineering in-
dustries, where operating temperatures exceed
650°C. Favourable mechanical properties of al-
loys exposed to high temperatures, such as creep

strength, brittle crack resistance, resistance to
thermo-mechanical loads, corrosion resistance,
resistance to oxidation and structural stability
determine their use in the fabrication of, among
other things, aircraft engine elements such as ro-
tor disks, compressor housings and high-pres-
sure turbine blades. In the power generation
industry, nickel alloys are primarily used in the
production of crucial boiler elements, e.g. steam
superheater coils and chambers [1,2].
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Nickel alloys vary as regards their chemical
composition and hardening type (related to
applied heat treatment). Unlike in the aviation

[6]. Presently, research works are focused on
the applicability of the above-named materi-
al in heat exchangers of nuclear reactors (pro-

industry, the power engineering sector utilis- gramme US DOE) [7].

es solid solution hardened nickel alloys. One
of the above-named alloys is INCONEL 617, re-
ferred to in design-related documentation as a
material used to make crucial boiler elements
exposed to a temperature of as many as 720°C

(Fig. 1) [3].
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Fig. 1. Dependence of the net efficiency of the 400-700
MW power unit on the material and thermodynamic
parameters of steam in pressure elements [3]

The need for reducing the emission of pol-
lutants into the atmosphere necessitates the de-
velopment of materials. Power units exposed
to advanced ultra super critical parameters
(ausc) (Advanced Ultra Super Critical) will
be designed for operation at a temperature of
700/720°C. The foregoing will require the use
of creep and heat resisting materials. Subject-
ed to appropriate heat treatment, alloy INCONEL
617 can be successfully used in the fabrication
of crucial boiler elements [4, 5].

In spite of the fact that alloy INCONEL 617
was developed and implemented in the 1970s,
its applicability-related tests, performed by a
German research group known as COORETEC,
started as late as in 2002. The research activi-
ties involved R&D carried out within project
FDBRO2 and DE-4, the objective of which was
to improve the effectiveness of power plants
as well as the separation and transport of CO,
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INCONEL 617 belongs to the group of the Ni-
Cr-Mo-Co type alloys. Molybdenum and cobalt
provide the alloy with good mechanical prop-
erties, whereas chromium provides corrosion
resistance and, combined with nickel, provides
structural stability. The modified variant of the
alloy named INCONEL 617B has been provid-
ed with an addition of boron, increasing creep
strength [1,8].

Related scientific publications contain infor-
mation concerning the material and proper-
ties of the alloy. However, there are no detailed
characteristics related to the microstructure of
welded joints made of Inconel 617. The weld-
ing process is a technological operation com-
monly used in the power engineering industry.
For this reason, the obtainment of knowledge
concerning the effect of electric arc on the mi-
crostructure of welded joints made of Inconel
617 is of vital importance. Once possessed, the
above-named information will undoubtedly
extend knowledge concerning welded joints
made of solid solution hardened nickel alloys
and enable the evaluation of the service life of
welded joints in power engineering equipment.

Test materials and methodology

Materials used in the tests were butt welded
joints made in 3 mm thick sheets of alloy IN-
CONEL 617. The chemical composition of the
alloy in the as-received state was verified us-
ing X-ray fluorescence (XRF) (Table 1). The
test results revealed that the alloy satisfied the
requirements of the ASME standard [9]. Ac-
cording to the conformity certificate, the heat
treatment involved solutioning, i.e. annealing
at a temperature of 1177°C followed by cooling
with air for 144 s. The sheets made of INCONEL
617 were mounted in appropriate fixtures ena-
bling the stabilisation of welding arc. The joints
were made manually using the TIG welding
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method. The welding process was shielded by
argon fed at a flow rate of 10 I/min. The filler
metal (2.4 mm in dimeter), the chemical com-
position of which is presented in Table 2, was
similar to the base material. Welding parame-
ters presented in Table 3 were adjusted so that
it would be possible to obtain full penetration.
The welded joints were assessed in accordance
with the PN EN ISO 17637 standard. The analy-
sis revealed that the joint made using the high-
er linear energy (Table 3, Fig. 2a) represented
quality level B according to PN EN ISO 5817.
In turn, the joint made using the lower linear
energy, containing a crack located in the weld,
failed to satisfy the requirements of quality lev-
el D (Table. 3, Fig. 2b). The joints were sampled
for test specimen. The test specimens were cut
out of the joints perpendicularly in relation to
the direction of welding. The analysis involved
the three characteristic areas of the welded joint,
i.e. the base material (BM), heat affected zone
(HAZ) and the weld. The test specimens were
included in thermosetting resin to enable the
performance of observations using a scanning
electron microscope (SEM). In order to obtain
appropriate metallographic specimens, the test
specimens were subjected to grinding and pol-
ishing involving the use of diamond slurries. To
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reveal their microstructure, the metallograph-
ic specimens were subjected to electrochem-
ical etching in Lucas’ reagent. The 20-second
long etching process was performed using a
voltage of 6 V.

The tests included the analysis of the macro
and microstructure of the welded joints using
an Olympus SZX stereoscopic microscope (SM)
and the dark field observation technique. The
analysis at a magnification of up to 500x was
performed using an Olympus SX71 light micro-
scope and the bright field observation technique.
The analysis of precipitates in the structure per-
formed at a magnification exceeding 500x in-
volved the use of an S 3400N scanning electron
microscope (SEM) and the EDS-based microa-
nalysis of the chemical composition. The tests
were extended by the XRD-based phase analy-
sis of precipitates. The precipitates were verified
using a Hitachi S2300A scanning transmission
electron microscope (STEM). The substructure
was assessed using the above-named technique
and a magnification of up to do 100000x.

Test results

The analysis of the cross-section of the joint
made at a welding rate of 1.38 mm/s revealed
the proper geometry of the weld, the face of

Table 1. Chemical composition of nickel alloy INCONEL 617, % by weigh [9]

IN617 Cr Co | Mo Al Fe ([Mn| Si | Ti | Cu S P B C
XRF 19.17 | 12.11 | 9.87 - 0.89 - 1028 - - - - -
ASME max | max [ max [ max | max | max max
$B-168:2013 | 20724 [ 10712 8101081515611 6 1 10 | 06 | 05 |0015] = [0.006| %0701
Table 2. Chemical composition of the filler metal wire, % by weight [10]
ERNiCrCoMo-1
Heat C Si | Mn P S Al Co | Cr | Cu | Fe | Mo | Ni Ti
XX4751UK | 0.084 | 0.03 [ 0.05 | 0.004 | 0.001| 1.16 | 11.60 | 22.50 | 0.02 | 1.00 | 9.10 | 54.00 | 0.34
Table 3. Parameters used in the welding of butt joints in 3 mm thick sheets made of alloy INCONEL 617
Current Voltage Welding rate Welding linear energy
LA UV Vs, mm/s EL, kJ/mm
80 25 1.38 0.870
90 2.27 0.595
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which was characterised by
smooth and even interface
(Fig. 2a). The shape factor,
defined as the weld width-
weld height ratio amounted
approximately to 1. An in-
creased welding rate of 2.27
mm/s led to the formation of
a hot crack located in the weld
axis (Fig. 2b). The crack was
formed at the beginning of the welding pro-
cess. The analysis of the macrostructure in the
crack area confirmed that the crack was hot
and formed as a result of tensile stresses gener-
ated during crystallisation. The hot crack was
characterised by bridges (Fig. 2b), i.e. areas of
contact between crystal ends, distorted within
the high-temperature brittleness range (ZKW).
The test results obtained using the light micro-
scope (Fig. 3) confirmed information contained
in reference publications [11,12], according to
which alloy INCONEL 617 was characterised
by polygonal grains of the nickel-chromium
matrix with precipitates both along the grain
boundaries and within the grains (Fig. 3a).
The structure contained al-
loy-hardening twins. In the
heat affected zone, the weld {
crystallites accrued on the '
partially melted grains of ma-
trix y, forming the fusion line
(Fig. 3b). The heat affected 5
zone was typical of those ex- 1+
posed to the welding thermal
cycles effect. The observation -
did not reveal the presence of | =7+ -
liquation cracks. The crystal- =&
lites in the weld were elongat- ==
ed and accrued in accordance 5,0
with the direction of heat dis- =
charge. (Fig. 3¢). In addition,
the observation revealed the
presence of a hot crack along
the crystallite boundaries (in
the intercrystalline manner).

T
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Fig. 3. Microstructure of the welded joints made in INCONEL 617, LM:

a) polygonal Ni-Cr matrix grains in the base material; b) accruing crystallites

on the partially melted grains of matrix y in the HAZ; c) elongated crystallites
in the weld material; d) intercrystalline crack in the weld, E;=1.62 k]/mm
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Fig. 2. Cross-section of the welded joints made in INCONEL 617 (SM):
a) at a linear energy of 0.87 kJ/mm, proper weld;
b) at a linear energy of 1.62 kJ/mm, the crack revealed in weld axis

The crack area contained distorted crystallites
in the weld (Fig. 3d), indicating that the afore-
said area was exposed to a temperature restrict-
ed within the ductility-dip temperature range,
i.e. a temperature, at which the plasticity of the
structure occurs.

The sME-based analysis of the base material of
Inconel 617 performed at a magnification of up
to 3000x confirmed the presence of varying pre-
cipitates. The precipitates within the grains were
globular, whereas those along boundaries were
lamellar (Fig. 4a). In addition, the tests revealed
a cluster of precipitates in the eutectic area (Fig.
4b) and involved the microanalysis of the chem-
ical composition of the precipitates. The test

1
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results are presented in Fig. 5.
The tests revealed that the pre-
cipitates were primarily com-
posed of molybdenum and
chromium, probably forming
the M,5Cs type secondary car-
bides improving mechanical
properties at higher temper-
atures. It was thus confirmed
that the matrix consisted pri-
marily of nickel, chromi-
um, molybdenum and cobalt. The xrD-based
phase identification of the sheets in the as-re-
ceived state confirmed information contained

Fig. 4. Microstructure of the base material of INCONEL 617 (SEM): a) globular
phase precipitates within grains and lamellar precipitates along the boundary;
mag. 5000x, SE; b) complex precipitates in the eutectic area, mag. 10000x (BSE)

in reference publications. The primary phase
constituting the alloy matrix was phase vy, i.e.
the solid solution of nickel (Fig. 6).
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% at. Al Si Ti Cr Mn Fe Co Ni Mo
ptl 0.3 - 0.1 58.9 0.1 0.4 4.2 12.4 23.5
pt2 0.4 - 0.2 51.3 0.1 0.7 5.6 22.8 19.1
pt3 - - - 65.1 0.1 0.4 3.2 9.6 21.6
pt4 0.1 - 0.2 58.9 0.1 0.3 3.9 10.6 25.9
pt5 1.1 0.1 0.3 23.0 0.1 0.7 11.6 11.6 9.1
% by weight Al Si Ti Cr Mn Fe Co Ni Mo
ptl 0.7 - 0.2 67.2 0.1 0.4 4.2 12.6 14.5
pt2 0.8 - 0.2 58.1 0.1 0.7 5.6 22.9 11.7
pt3 - - - 73.5 0.1 0.4 3.2 9.6 13.2
pt4 0.2 - 0.2 68.1 0.1 0.3 4.0 10.8 16.2
pt5 2.4 0.3 0.4 25.8 0.2 0.7 11.4 53.4 5.5
Fig. 5. EDS-based microanalysis of the chemical composition of alloy INCONEL 617
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Fig. 6. Results of the phase analysis of alloy INCONEL 617

The tests were extended by observations in-
volving the use of a scanning transmission elec-
tron microscope (Fig. 7). The extended tests
included the EDs-based chemical composition
analysis with results subjected to verification
involving electron analysis. Magnifications of
up to 100000x revealed the dislocation struc-
ture in the base material of alloy INCONEL 617
(Fig. 7a). The detected dislocations were edge
dislocations and, combined with a sufficient-
ly high temperature, could lead to dislocation
creep. In such a case, dislo-
cations could obtain a new
degree of freedom of move-
ment, resulting in the ability
to move (climb of edge dis-
locations). The observations
also revealed the presence of
twins (Fig. 7b). In the base
material, subgrain bounda-
ries were relatively free from
phase precipitates. A differ-
ent situation was observed
in the weld, containing clus-
ters of precipitates (Fig. 7¢).
The precipitates were globu-
lar, characteristic of M,;Cs.
The substructure also revealed

The foregoing could be attributed to the effect
of electric arc resulting in the melting of car-
bides followed by their spreading and solidifica-
tion in the form of eutectics. The above-named

process is discussed by the monograph by Pro-
fessor E. Tasak [13] as the partial melting of car-
bides and belongs to reasons for hot cracking.

The substructural observations also revealed

the presence of characteristically-shaped titani-
um carbonitrides (Fig. 8), which was confirmed

by electron analysis. The electron analysis con-
firmed the presence of M,;Cs (Fig. 9). The

analysis of the surface distribution of individ-
ual chemical elements in the M,;Cs carbide

(Fig. 10) confirmed its composition including
chromium and molybdenum. Nickel and co-
balt were present in the matrix.

Summary

The test results revealed that the excessively
high welding rate used when making joints in
INCONEL 617 led to the formation of hot cracks.
The crack appeared at a welding rate of 2.27
mm/s. In turn, the linear energy was lower than
in the case of the first joint and amounted to

- Ll |
Dislocations

the presence of elongated car-
bides. Exemplary morpholo-
gy is presented in Figure 7d.

40

Fig. 7. Substructure of the welded joint made in INCONEL 617, STEM:
a) subgrain boundaries in the base material; b) twins present in the alloy struc-
ture; c) subgrain boundaries with precipitates in the weld; d) elongated carbides
in the weld material
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Fig. 8. EDS-based microanalysis of the chemical composition (STEM)

A =
C Cr Co Ni Mo
6.58 62.88 2.56 5.34 22.64
Fig. 9. Electron analysis in the weld made in INCONEL 617
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0.595 kJ/mm. To prevent hot cracks it is
necessary to stabilise welding arc and
maintain the welding rate not exceeding
2 mm/s. The above-named approach en-
ables the obtainment of full penetration
and, consequently, the lack of welding
imperfections.

The base material of INCONEL 617 was
composed of polygonal grains of matrix
y with precipitates both along the grain
boundaries and within grains. The heat af-
fected zone was typical of that subjected
to the welding thermal cycles. The obser-
vation did not reveal the presence of lig-
uation cracks. The crystallites in the weld
were elongated and crystallised in accord-
ance with the direction of heat discharge.
The precipitates present both in the weld
and in the base material were composed
of chromium and molybdenum and con-
stituted M»3Cs type secondary carbides.
The presence of carbides precipitates was
confirmed by electron analysis. The ob-
servations also revealed the presence of
titanium nitrides within grains. Similar
to carbides, titanium nitrides favour the
obtainment of good mechanical proper-
ties. It was noticed that the carbides in

e 5] i1

e 1| 111

e || 1511

Fig. 10. Surface distribution of chemical elements in M»;Cs

the weld changed their morphology and

were elongated. This could be ascribed to the
partial melting of carbides and the formation
of eutectics. The boundaries in the weld were
composed of numerous carbide precipitates,
providing high strength to the creep of the al-
loy. The structural constituents revealed during
the observations consisted of dislocations and
twins, hardening the alloy in operating con-
ditions up to 0.4T; of the alloy (T — melting
point).

The tests made it possible to develop the de-
tailed procedure enabling the description of
the microstructure of welded joints made of
INCONEL 617. The first stage of the procedure
involved the verification of the chemical com-
position based on a non-destructive method, i.e.

42
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X-Ray fluorescence (XRF). The above-named
method was used to check the chemical com-
position of alloy Inconel 617 for its compatibility
with ASME SB-168:2013. The macro and micro-
structure were assessed using metallographic
specimens cut out perpendicularly in relation to
the welding direction. Following a related rec-
ommendation, the structure of the joint made
of Inconel 617 was revealed using electrochem-
ical etching in Lucas’ reagent. The subsequent
stage involved the assessment of the quality of
the weld face and that of the root. Related tests
were performed in accordance with the PN EN
ISO 17637 standard. The next stage included the
evaluation of the welded joint macrostructure.
The macroscopic tests were performed using
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Fig. 11. Procedure of the assessment of the microstructure of the welded joints made in alloy INCONEL 617
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a stereoscopic microscope and the dark field
observation technique at a magnification of up
to 50x. The microstructure of all of the zones of
the joint was analysed using a light microscope
and the bright field observation technique at
a magnification of up to soox. The tests were
supplemented by observations performed us-
ing scanning electron microscopy (SEM) and
the secondary electron (SE) as well as backscat-
tered electron (BSE) technique at a magnifica-
tion of up to sooox. The material substructure
was analysed using scanning transmission elec-
tron microscopy (STEM) at a magnification of
more than 100000x. The chemical compositor
of phases and precipitates present both in the
material and in the joint were analysed using the
microanalysis of the chemical compositor based
on energy dispersive spectroscopy (EDS). The
tests were performed using a scanning electron
microscope (SEM) provided with an EDS-based
chemical composition detector. The test results
were then extended to include results obtained
in the XRD-based analysis of chemical composi-
tion and results obtained in electron diffraction
performed using a transmission electron micro-
scope. The above-presented stage of the proce-
dure enabled the identification of phases and
constituents in the joint structure. The entire
structure is presented schematically in Figure 11.
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