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ASSESSMENT OF THE HOT CRACKING SUSCEPTIBILITY OF THE INCONEL 617 NICKEL-BASED ALLOY

Nickel alloys, despite their good strength properties at high temperature, are characterized by limited weldability due to their
susceptibility to hot cracking. So far, theories describing the causes of hot cracking have focused on the presence of impurities in
the form of sulphur and phosphorus. These elements form low-melting eutectic mixtures that cause discontinuities, most frequently
along solid solution grain boundaries, under the influence of welding deformations. Progress in metallurgy has effectively reduced
the presence of sulphur and phosphorus compounds in the material, however, the phenomenon of hot cracking continues to be the
main problem during the welding of nickel-based alloys. It was determined that nickel-based alloys, including Inconel 617, show
a tendency towards hot cracking within the high-temperature brittleness range (HTBR). There is no information on any structural
changes occurring in the HTBR. Moreover, the literature indicates no correlations between material-related factors connected with

structural changes and the amount of energy delivered into the material during welding.
This article presents identification of correlations between these factors contributes to the exploration of the mechanism of hot
cracking in solid-solution strengthened alloys with an addition of cobalt (e.g. Inconel 617). The article was ended with development

of hot cracking model for Ni-Cr-Mo-Co alloys.
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1. Introduction

Modern materials for the power industry should display not
only good mechanical properties, including high-temperature
creep resistance and heat resistance, but also good technological
properties. An important technological property is weldability.
A major challenge for structural engineers, technologists, and
welding engineers is the design and implementation of appro-
priate welding conditions for nickel-based alloys. According
to literature data [1-3], the weldability of nickel-based alloys,
i.e. their ability to form permanent joints, is classified as good.
However, in practice, there are technological difficulties related
to hot cracking. Hot cracks are unacceptable and disqualify
welded joints from service [4,5].

So far, theories describing the causes of hot cracking have
focused on the presence of impurities in the form of sulphur and
phosphorus [3,6]. These elements form low-melting eutectic
mixtures that cause discontinuities, most frequently along solid
solution grain boundaries, under the influence of welding de-
formations. This results in hot cracking. Progress in metallurgy
has effectively reduced the presence of sulphur and phosphorus
compounds in the material, however, the phenomenon of hot

cracking continues to be the main problem during the welding
of nickel-based alloys [7-9].

In papers [6-11], it was determined that nickel-based alloys,
including Inconel 617, show a tendency towards hot cracking
within the high-temperature brittleness range (HTBR). The
wider the HTBR, the higher the hot cracking susceptibility of
the alloy. There is no precise definition of the high-temperature
brittleness range. In the literature [3,6], the upper limit of the
HTBR is defined as the nil strength temperature (NST) upon
heating. Above this temperature, the material is unable to bear
mechanical loads. The lower limit of the HTBR, in turn, is the
ductility recovery temperature (DRT) upon cooling. Another
definition was proposed by Prokhorov [11]. He set the upper
limit of the HTBR as the liquidus temperature and located the
lower limit near the solidus temperature [10-12].

Under crystallisation conditions within the high-temper-
ature brittleness range, a material is affected by deformations
related to material shrinkage, which may lead to the formation
of microcrevices. Such microcrevices are not eliminated by
an inflow of liquid metal as the network of dendrites prevents
its access [4]. This type of hot cracking is referred to as brittle
temperature range (BTR) cracking [6,13].
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The authors of [13,14] also point out another type of hot
cracking — ductility dip cracking (DDC). Such cracks occur at
lower temperatures than BTR cracks. Discontinuities of this type
result from reduced ductility of the material in the range between
the solidus (7;) and 0.5 T;. A major decrease in the ductility of a
nickel-based alloy is caused by deformations resulting from pro-
gressing crystallisation. The main mechanism of DDC cracking
is the partial melting of carbides in the material [11-15]. Fig. 1
shows the formation of DDC and BTR hot cracks depending on
the temperature and ductility [12].
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Fig. 1. Formation of DDC and BTR hot cracks with reduced ductility,
E in — minimum ductility during decrease of crystallization tempera-
ture [12]

Hot cracking susceptibility is also affected by the structure
forming during crystallisation, including the supercooling degree
(AT), understood as the difference between the theoretical and
actual crystallisation temperature. A low supercooling degree
involves a risk of the formation of column-shaped crystallites,
which increases the hot cracking susceptibility of a material.
When the supercooling degree is high, hot cracking susceptibil-
ity is limited due to the formation of a dendritic structure [3].

The literature [ 1-4] describes only the general hot cracking
mechanism in nickel-based alloys. There is no information on
any structural changes occurring in the HTBR. Moreover, the
literature indicates no correlations between material-related fac-
tors connected with structural changes and the amount of energy
delivered into the material during welding. The identification of
correlations between these factors contributes to the exploration
of the mechanism of hot cracking in solid-solution strengthened
alloys with an addition of cobalt (e.g. Inconel 617). It is neces-
sary to assess the weldability of Inconel 617, understood as the
susceptibility of this alloy to hot cracking.

Thus, the aim of work is described the phenomena occurring
in the high temperature brittleness range during the welding of
Inconel 617 alloy and determine the hot cracking mechanism
for the examined alloy.

2. Description of the material

Inconel 617 (UNS N06617 according to ASME SB-
168:2013) rods having a diameter of 6 mm and 3 and 5 mm thick
plates manufactured by TyssenKrupp VDM were used for the
tests. The chemical composition (Table 1) was verified by X-ray
fluorescence (XRF) using a Niton XL2 spectrometer. The XRF
results is presented in Table 1.

Based on the results of the measurement of the percentage
of elements in Inconel 617, it was determined that the material
tested met the requirements of ASME SB-168:2013 and that the
element contents set out in the material specifications fell within
the acceptable limits. 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 [16,17].

Following rolling, all the plates were heat-treated (solution
treatment). The 3 mm thick plates were annealed at 1177°C for
9 minutes and then cooled in air for 144 s, whereas the 5 mm
thick plate was annealed at 1160°C for 16 minutes and cooled
in water [18-20]. This heat treatment is recommended for the
solid-solution strengthening of the alloy.

Examples of the alloy’s mechanical properties at ambient
temperature according to ASME SB-168:2013 and according
to the manufacturer’s specifications are presented in Table 2.
The values of tensile strength (R,,), the minimum yield strength
(Ry,), and elongation (A4) set out in the specifications for all
plates fall within the ranges of values laid down by ASME SB-
168:2013 [18-21].

Metallographic examinations carried out under a light
microscope confirmed the grain size evaluation results obtained
by the manufacturer and presented in appropriate specifications.
A one-phase granular structure with visible twins and fine car-
bides was observed in the samples examined (Fig. 2).

According to the specifications for the 5 mm thick plate
(specifications No. 95198/1, heat 331145), the average grain
diameter was 74 um, which meets the requirements for class
4.5 according to ASTM E112 (Fig. 2a,b). Based on the metal-
lographic examinations, the EDS microanalysis of the chemical
composition, the XRD phase analysis, and the identification of
the phases revealed in the structure by means of electron diffrac-

TABLE 1
The chemical composition of Inconel 617 alloy according to XRF results and ASME SB-168:2013 standard
IN617 Cr Co Mo Al Fe Mn Si Ti Cu S P B C
XRF 2047 | 12.11 9.87 — 0.89 — — 0.28 — — — — —
ASME max max max max max max max
SB-168:2013 | 20724 | 1015 | 810 108151 5 1.0 1.0 0.6 05 | 0015 | — | 0006 |20
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Fig. 2. Microstructure of Inconel 617, light microscope (LM): a) structure of the 5 mm thick plate, magn. 100x, b) structure of the 5 mm thick

plate, magn. 500%

TABLE 2
Mechanical properties of Inconel 617 [18]

Mechanical properties according to ASME SB-168:2013

o o R,, MPa R0, MPa A, %

m o - . .

g s E min. 655 min. 240 min. 25

~ @; ” Mechanical properties of Inconel 617 according

3 é‘ S to the specifications

= R,, MPa Ry0, MPa A, %
851 401 63

tion, 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.

3. Analysis and discussion of the obtained results

3.1. Determination of the critical HTBR temperatures
for Inconel 617

The purpose of the tests was to determine the characteristic
temperatures for the crystallisation process of Inconel 617. The
tests were performed on a Gleeble 3800 thermal-mechanical
simulator.

The tests enabled the determination of the:

* Nil Strength Temperature (NST) — the temperature upon
heating at which the material’s strength goes towards zero;

*  Nil Ductility Temperature (NDT) — the temperature upon
heating at which the material’s ductility goes towards zero;

*  Ductility Recovery Temperature (DRT) — the temperature
upon cooling at which the material becomes deformable;

*  High Temperature Brittleness Range (HTBR) — the range
of temperatures within which the material is susceptible to
hot cracking;

hot cracking susceptibility index: Ry = (T; — NDT)/NDT,
T;— liquidus.

The results obtained enabled the determination of the in-
fluence of structural factors on the hot cracking susceptibility
of Inconel 617.

3.2. Characteristic temperatures during
the crystallisation of Inconel 617

Characteristic temperatures for the crystallisation and
melting of Inconel 617, i.e. the temperatures of the beginning
(liquidus — 7)) and end (solidus — T;) of crystallisation, were
determined by means of differential thermal analysis (DTA).
The DTA was performed using a Setaram SETSYS thermal
analyser. A TG-DTA head was used to record temperatures at
which transformations related to the melting and crystallisation
of the alloy occur both upon heating and upon cooling. A type S
(Pt-Rh/Pt-Rh 10%) thermocouple was used for the DTA. The
samples were heated at a rate of 10°C/min up to the temperature
of 1500°C in an argon atmosphere with a flow of 1.35 1/h. ADTA
curve for heating is shown in Fig. 3, whereas Fig. 4 presents
a DTA curve for cooling. The temperatures of the beginning and
end of the transformation were determined by the one set point
method. The results of the calculations are set out in Table 3.

An analysis of the DTA curves for heating indicates that
the liquid phase appears at 1343°C, whereas at 1420°C the alloy
becomes completely liquid (Fig. 3, Table 3). The temperature
at which the first solid phase crystals start to appear upon cool-
ing (7;) was found to be 1390°C. The adopted crystallisation
temperature upon cooling (7},.,) was 1380°C and the solidus
(T;) was 1279°C (Fig. 4, Table 3).

In the Inconel 617 weldability tests, i.e. the welded joint
hot cracking susceptibility tests, the solidus and liquidus tem-
peratures determined upon cooling were adopted due to the weld
crystallisation process during the welded joint’s cooling. On this
basis, it was determined that the range between the solidus and
the liquidus upon cooling was 111°C.

The liquidus and solidus temperatures determined for the
alloy concerned were used in tests on a Gleeble 3800 thermal-
mechanical simulator for the purpose of determining the hot
cracking susceptibility index (Ry) and the HTBR of Inconel 617.
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Fig. 3. DTA curve for the heating of Inconel 617
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Fig. 4. DTA curve for the cooling of Inconel 617
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TABLE 3
Characteristic temperatures of Inconel 617
Temperature at which | Temperature of the | Temperature of Liquidus temperature Crystallisation Solidus
the liquid phase beginning of melting | the end of melting | Temperature at which the first temperature temperature
starts to appear upon upon heating, upon heating, solid phase crystals start to upon cooling, | End of crystallisation
heating, T}, °C Tpeais °C T,,°C appear upon cooling, 7}, °C Tpeats °C upon cooling, 7,, °C
1343 1394 1420 1390 1380 1279

3.3. The nil strength temperature (NST) of Inconel 617

In order to determine the NST for Inconel 617, tests on
cylindrical samples measuring @ 6 X 90 mm were conducted on
a Gleeble 3800 simulator. Type S thermocouples were applied
to the samples, which were subsequently mounted in special
copper grips in the testing chamber, at a distance of 52.4 mm
from each other. After air was pumped out of the chamber, it
was filled with argon (up to 0.4 hPa). Each sample received an
initial load (0.6-0.7 kN) that was sustained until the end of the
test. The samples were heated at a rate of 20°C/s up to 1200°C
and then at a rate of 1°C/s up to the fracture temperature. The
NST was determined as the average temperature at which cracks

appeared in five samples. The NST measurement results are
presented in Table 4. Fig. 5 shows the fracture surface and the
crack area microstructure revealed on a section perpendicular
to the fracture surface.

An analysis of the Gleeble 3800 simulator test results
showed that at the NST = 1330 °C, grain boundaries were subject
to partial melting across an approx. 200 um wide area (Fig. 5a).
This results in discontinuities in the material, perpendicularly to
the sample axis, as a result of the loss of cohesion by the liquid
between grains (Fig. 5). This was also confirmed by fractographic
examinations. An analysis of the fracture surface revealed
a smooth grain surface with visible partially melted boundaries
of the polygonal grains of the y matrix (Fig. 5b).



TABLE 4
The nil strength temperature (NST) upon heating of Inconel 617
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TABLE 5
NDT and DRT determined on a Gleeble 3800 simulator,

3.4. The nil ductility temperature (NDT), the ductility
recovery temperature (DRT), and the hot cracking
susceptibility index (Ry)

The NDT and the DRT were determined for Inconel 617
in order to assess the width of the HTBR and to determine the
influence of the structure on the hot cracking mechanism. The
temperature at which a sample’s reduction in area is less than
5% was adopted as the NDT and a reduction in area of more
than 5% was adopted as the DRT [22].

The tests were conducted using a Gleeble 3800 simulator.
Cylindrical samples measuring @ 6 x 120 mm were mounted in
copper grips in a protective argon atmosphere. In order to identify
the NDT, the samples were heated to a pre-defined temperature
within the HTBR, then annealed for 10 s, and then stretched at
a defined fixed rate (20 mm/s). The DRT was determined as the
temperature at which a sample’s reduction in area was less than
5%. The samples were cooled down from a temperature close
to the NST to a pre-defined value and then stretched at a fixed
rate. A strain rate of 20 mm/s was adopted both for the NDT
and the DRT tests. Changes in the samples’ reduction in area
as a function of temperature upon heating (determination of the
NDT) and upon cooling (determination of the DRT) are shown
in Fig. 6. The determined NDT and DRT and the calculated
hot cracking susceptibility index R are set out in Table 5. The
results obtained enabled the determination of the width of the
HTBR, which was defined as the difference between the NST
and the DRT (Table 5).

S$-3400N x200 BSECOMP

the value of R; and the HTBR of Inconel 617
1335
1333 NDT, °C | DRT,°C R¢ HTBR, °C HTBR width, °C
NST, °C 1329 1230+4 11752 0.13 | 1330+ 1175 155
1327
1325 The tests were complemented by microscope observations
Average NST, °C 1330+ 4 of the structure in the crack area. Examples of results of these

examinations are shown in Fig. 7 for the samples subjected to
the NDT tests and in Fig. 8 for the samples subjected to the
DRT tests.

Based on the results obtained it was established that upon
heating, Inconel 617 lost ductility (reduction in area below 5%)
at 1230°C (Table 5). This temperature was adopted as the NDT
(Fig. 6). Upon cooling, in turn, at 1175°C, the material recovered
its ductile properties (reduction in area above 5%). This value
was adopted as the DRT for Inconel 617 (Fig. 6, Table 5).

4. Analysis of the results

The results obtained enabled determining the width of
the HTBR as the difference between the NST upon heating —
1330°C — and the DRT upon cooling, i.e. 1175°C (Table 5). The
width of the HTBR is 155°C (Fig. 6). Inconel 617 is susceptible
to hot cracking within this temperature range. The value of the
calculated R, index, understood as the ratio of the difference
between the liquidus and the NDT to the NDT, amounting to
0.13, indicates that the hot cracking susceptibility of Inconel
617 is at a level similar to that of the entire group of Ni-Cr-Mo
nickel-based alloys (Table 5) [6, 23-25].

An analysis of the fracture surface of Inconel 617 upon
heating (Fig. 7) (NDT determination) indicated that the material
lost cohesion as a result of the partial melting of grain boundaries
and the rupture of the thin liquid film along grain boundaries
(Fig. 7a). This was confirmed by the results of fractographic
examinations (Fig. 7b). On the fracture surface, polygonal grains
with intergranular cracks were observed, formed as a result of the

S-3400N x300 SE

Fig. 5. Structure of the fracture area in Inconel 617 after the test aimed at determining the NST, a) microstructure of the area perpendicular to the
fracture, intergranular fracture, LM, b) fracture surface, partial melting of y phase grains, SE image
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Fig. 6. Reduction in area in Inconel 617 as a function of temperature upon heating (NDT determination) and upon cooling (DRT determination)

\—
Fig. 7. Structure of a crack area in Inconel 617 after the NDT test, test temperature 1300°C: a) microstructure of the area perpendicular to the

fracture surface, visible local partial melting of y matrix grains, LM, b) fracture surface, visible partial melting of y matrix grains with a network
of cracks propagating from the fracture surface along grain boundaries and broken bridges between grains, SE image

Fig. 8. Structure of a crack area in Inconel 617 after the DRT test, test temperature 1220°C: a) microstructure of the area perpendicular to the
fracture surface, local partial melting of y matrix grains, LM, b) fracture surface, visible partial melting of matrix grains with a network of inter-
granular cracks propagating from the fracture surface and bridges between grains, SE image

loss of cohesion by the liquid, as well as transgranular cracks, (Fig. 7a). A network of cracks was observed, mainly along grain
being the effect of the rupture of “bridges” in the material inthe ~ boundaries in a zone that was approx. 400 pm wide.

solid state (Fig. 7b). This cracking mechanism was also con- Examinations of the structure of Inconel 617 after the DRT
firmed by the results of observations under a light microscope tests revealed a network of cracks along y matrix grain bounda-



ries with numerous cracks propagating from the fracture surface
(Fig. 8a). The alloy loses cohesion as a result of the coalescence
of cracks along grain boundaries, which leads to a network of
cracks that grows into a main crack. This is confirmed by fracto-
graphic examinations of the fracture surface. Polygonal y matrix
grains with numerous cracks propagating from the fracture
surface along grain boundaries were observed on the fracture
surface (Fig. 8b). Moreover, bridges between particular grains,
characteristic of hot cracking within the HTBR, were observed.
The bridges formed from the material that was not melted and
from crystallised intergranular liquid (Fig. 8b).

As part of the HTBR tests of Inconel 617, the solidus
temperature (7; = 1279°C) and the liquidus temperature
(T; =1390°C) were determined by DTA (Table 2). An analysis of
the literature data indicates that the determined temperatures fall
within the solidus and liquidus ranges specified for Inconel 617,
which also corresponds with the material specification provided
by the manufacturer [18-21]. The range of temperatures between
the liquidus and the solidus is 111°C. An analysis of the results
obtained in the NST tests showed that the nil strength tempera-
ture of the alloy concerned was 1330°C (Table 4). It was found
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that the main cohesion loss mechanism at this temperature is
the partial melting of the grain boundaries and the occurrence
of discontinuities in the intercrystalline liquid (Fig. 5).

Upon heating, Inconel 617 loses ductility at 1230°C (the
NDT) (Table 5). Upon cooling, the alloy recovers its ductile
properties at 1175°C (the DRT) (Table 5).

The HTBR determined for Inconel 617 is 155°C (Fig. 6) and
falls between 1175°C (the DRT) and 1330°C (the NST). Within
this range, Inconel 617 is susceptible to hot cracking, which
is also confirmed by the calculated hot cracking susceptibility
index R; which is 0.13 (Table 5).

The results of the HTBR tests, complemented by fracto-
graphic examinations of the surfaces of the hot cracks revealed
during the melting of the test plates, enabled describing the
cracking mechanism and the particular crack propagation phases
(Fig. 9).

Fractographic examinations of the crack surface indicate
that hot cracking in Inconel 617 occurs along partially melted
dendrite boundaries (Fig. 9). The main mechanism of hot
cracking in the alloy is the loss of continuity by the liquid at
partially melted dendrites, which undergo deformation during the

welding )
direction

Fig. 9. Diagram of the hot cracking mechanism in Inconel 617 in the HTBR during the welding of TIG method



248

crystallisation. Cracks initiate in the partially melted area. The
progressing crystallisation of Inconel 617 cuts off the inflow of
liquid metal, causing plastic deformation of dendrites and thus
the rupture of bridges between them. This hot cracking process is
characteristic of the range of temperatures within which the mate-
rial is recovering its ductility (DRT). A larger number of bridges
between dendrites were found near the end of the weld pool
and in the already-crystallised area, which is related to the heat
cycle of welding and the movement of the heat source (Fig. 9).

5. Summary

The following conclusions were formulated based on the

tests and examinations conducted and the analysis of their results:

1.

(1]

(2]

(3]

(4]

(3]

The main hot cracking mechanism in Inconel 617 is the
loss of continuity by the liquid at partially melted dendrites
in the thin liquid layer in the partially melted area. During
crystallisation, the dendrites are additionally subject to
tensile stresses. Deformation causes the rupture of bridges
between dendrites and crack propagation along crystallite
boundaries. Hot cracks form as a result of a limited inflow
of liquid metal to partially melted areas. Adjoining den-
drites form a dense solid body network, limiting the flow
of liquid metal, which results in the loss of cohesion by
the interdendritic liquid film. Hot cracking occurs in the
liquid-solid state in the high-temperature brittleness range.
The width of the HTBR for Inconel 617 is 155°C. The
HTBR falls between the nil strength temperature upon heat-
ing (NDT = 1330°C) and the ductility recovery temperature
upon cooling (DRT = 1175°C). Inconel 617 is susceptible to
hot cracking within this temperature range. The hot cracking
susceptibility index Ry was determined to be 0.13.
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