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Abstract

Inconel alloys are currently being investigated for high temperature applications such as HP and IP valve
chest and rotor forgings in advanced steam power plant operating at temperatures of 700°0C and above.
One of the preferred alloys for these components is IN617. This is a solid solution strengthened austenitic
Ni-based alloy containing ~23% Cr, 12% Co, and 9% Mo with small additions of Ti and Al which can
contribute some additional precipitation strengthening. In the solution treated condition, the
microstructure consists of equiaxed austenite containing M»;C¢ at the grain boundaries and occasional
TiN particles within the matrix. Owing to high temperature exposure and the creep deformation processes
that occur in-service, evolution of the microstructure occurs in the form of precipitation, precipitate
coarsening and recovery effects. This paper discusses microstructural evolution occurring in this alloy in
samples that have been exposed to temperatures up to 700C and for durations up to 45,000 hours using
advanced FEGSEM, TEM and XRD techniques.

Keywords: IN617; Solid-solution strengthening; Hardness; FEGSEM; Intergranular fracture; Gamma
prime (y"); TEM.

1. Introduction

In order to increase the thermal efficiency of power plants and reduce harmful emissions of gases
such as SO,, NO, and CO, to atmosphere, there is a need to raise the operating temperature of power
plant [1-7]. The current working steam temperatures of most efficient power plants are now in the range
of 600°C-650"C with steam pressures of 30 MPa and it is expected that temperatures will rise up to 700 C
and above to obtain the necessary high thermal efficiencies. In order to meet the material requirements
for creep resistance, microstructural stability, fatigue, fracture toughness, corrosion and oxidation
resistance, Ni-based superalloys are being investigated for critical components such as the HP/IP valve
chest, rotor forgings, blades, pipes, tubes, headers etc. [7-9].

IN617 (Ni-23Cr-12Co-9Mo) is the one of the preferred structural materials from the nickel-based
superalloys family to meet the temperature capability challenge for future generation steam turbines and
their components. The high temperature capability of IN617 arises from good mechanical strength at
elevated temperature, long term metallurgical stability, good creep rupture strength for long term
operation, and excellent corrosion and oxidation resistance in aggressive operating environments [10-12].

IN617 is a solid solution strengthened alloy. It also contains a fine dispersion of ordered
intermetallic precipitates (resistant to coarsening) which are embedded in the disordered solid-solution
strengthened austenitic matrix phase [13, 14]. The alloy’s high temperature strength is determined by the
presence of intermetallic precipitate (gamma prime) in the solid solution rather than get precipitated out
from the solid solution. Secondary hardening arises from localized precipitation after ageing heat-
treatment in a solution-annealed condition and during longer exposure at service temperature. Various
alloying solute elements (Cr, Co, Mo, Al, Ti, Fe) are responsible for elevated temperature structural and
mechanical performance [15, 16]. The optimal solute amounts of Al and Ti play a major role in formation
of the main coherent hardening phase; the ordered L1, intermetallic gamma prime (y'; Ni; (Al, Ti))]. v/
precipitates coherently in a nickel-rich fcc y matrix and acts as a barrier to the movement of dislocations.



Solutes like Cr, Co, Mo provide solid solution strengthening to the austenitic matrix and contribute to
secondary hardening by carbide precipitation. The precipitation of inter- and intra- grain boundary
carbides such as Mp; Cy, M4C, MC, nitrides and carbo-nitrides (M (C, N)), within the grains and at grain
boundaries, at service temperature is a common phenomena in Ni-based alloys [21-24]. After extended
exposure to high temperatures and mechanical stresses in aggressive environmental conditions, the
mechanical properties of the alloys degrade, owing to changes that occur in their microstructures. The
degradation of properties can ultimately lead to catastrophic failure of components in service [17-24].

The work in this paper investigates the effect of stresses and temperatures (650°C and 700°C) that are
relevant to conventional power plant. Precipitate evolution has been studied with scanning electron and
transmission electron microscopy. The precipitates that are observed experimentally are compared to
phase predictions from Thermo-calc. The evolution of mechanical properties has been investigated using
hardness testing. Finally, the creep failure mechanisms of the different samples have been investigated by
observation of the fracture surfaces and cross-sections through the fracture by scanning electron and
optical microscopy respectively.

2. Materials and experimental procedures

Standard creep rupture specimens were prepared from a solution annealed forged rod of IN617 (Ni-
23Cr-12Co0-9Mo-1Al-0.48Ti-0.06C). The complete nominal chemical composition of ‘as received’
IN617 is given in Table 1. The ASTM grain size number and hardness of the ‘as received’ specimen was
5.0 and 186.6£5 Hy/20 respectively.

Table 1: Chemical composition of IN617 (in weight %)

Elements Ni Cr Mo Co Al Ti Fe C Si W
Wt % Bal. 22.8 9.0 11.9 1.15 0.48 0.35 0.06 | 0.05 | 0.02
Elements Mn Cu Zr P \Y N Nb S B
Wt % 0.02 | 0.013 | 0.005 | 0.005 | 0.005 | 0.004 | 0.003 | 0.001 0.0002

The solution-annealed forged rods were given two stage heat treatments, solutionzation: 1100°C/3
Hrs/WQ); followed by ageing: 670°C/ 10 Hrs/ AC; before being creep-tested. Creep rupture tests were
carried out at 650°C and 700°C in air by ALSTOM, Rugby, UK. The creep test conditions and durations
to failure along with their corresponding reduction in area after testing of the samples investigated in this
study are shown in table 2.

Table 2: Creep-test conditions

Alloy Specimen ID | Temp. | Duration* (h) | RA%
1 (TO154) 700 °C 32000 1.0

IN617 (Solution-annealed condition) 2 (TO151) 700°C 4000 125
3 (T0008) 650 °C 45 000 0.8
4 (T0003) 650 °C 574 24

*All creep tests were continued till rupture.

Microstructural evolution investigations were conducted on head (stress free regions) and gauge
length of ‘as received’ and creep-ruptured specimens of IN617 using optical metallography (OM),
scanning electron microscopy (FEGSEM), transmission electron microscopy (TEM) and X-ray
diffraction.



Vickers hardness tests were conducted using a 20kgf load on longitudinal cross-sections of the
creep fractured specimens.

Metallographic specimens were prepared from the head and gauge length of each creep specimen.
Specimens were mounted in phenolic resin, polished, and etched in glyceregia which is a mixture of
hydrochloric acid, glycerol and nitric acid in a 3:2:1 ratio.

Electron backscattered diffraction orientation images were obtained using an HKL Channel 5
EBSD system attached to an FEI Sirion 200 field emission gun scanning electron microscope. The
accelerating voltage used was 20kV. A step size of 4.3um was used. Full automatic indexing of the
microstructure was obtained using proprietary software: Flamenco was used for image acquisition and
indexing and Tango was used for orientation maps. Indexing was performed using an fcc nickel structure
with a lattice parameter a= 0.352 nm. Typical indexing rates were 97-98%.

3mm thin foils of specimens mechanically polished to 40-60pum thickness were prepared from the
gauge length of the creep tested specimens for transmission electron microscopy. Final electro-polishing
to perforation was performed with twin-jet electro polishing (Model: 120; Fischione Instrument, USA)
using an electro-polishing mixture of perchloric acid (HCIO,) and methanol (MeOH) in 1:4 ratios at 35 V
and -40'C. The specimens were then examined using a JEOL (Japan) JEM 2100 Model LaBs TEM with
an operating voltage of 200 kV.

Thermodynamic calculations were performed to predict the phase stability in the alloy at different
temperatures using Thermo-Calc software [25].

3. Results and discussion

3.1 As-received microstructure of IN617

The initial microstructure of the solution treated and aged alloy is shown in figure 1. The optical
micrograph shows that the alloy has an equiaxed austenitic grain structure with average size ranges from
90-150pum. Twinning is apparent in a number of the grains. Secondary precipitate phases are found both
intra- and inter-granually. Figure 2 shows scanning electron microscope images with particles of less
than 1 um size situated at intra- and inter-granular regions and some larger particles within the grains.
EBSD analysis showed that the grains were randomly oriented with no preferred texture. The average
grain size from EBSD was 115pm.
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Figure 1: Optical micrograph showing the solution treated and aged ‘as-received’ condition of IN617.

Energy dispersive X-ray microanalyses of the ‘as-received’ IN 617 alloy showed only two types
of precipitates: (i) titanium enriched precipitates, and (ii) chromium enriched precipitates. Typical
analyses of these particles are shown in figure 3. The morphology of the precipitates was found to vary
quite considerably from the irregular geometries to the more defined cubic geometry as shown in



micrograph in figure 3a & figure 3b. Particles were found both intra- and inter-granually and the size
varied from <1pm through to 10um.

Figure 2a: Grain boundary and intra-granular Figure 2b: Higher magnification image of figure
precipitates in the as-received alloy. 2a.
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Figure 3a: Energy dispersive X-ray analysis of a Ti-rich precipitate found inside the grain in the as-
received sample
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Figure 3b: Energy dispersive X-ray analysis of a Cr-rich precipitate found inside the grain in the as-
received sample.



3.2 Thermodynamic calculations of equilibrium phases

Thermo-calc software [25] has been used to calculate the expected phases present in IN617
under equilibrium conditions. The expected phases at temperatures of 650° and 700° C are gamma
prime (y'), M»;C¢ (Cr-enriched), Mu (p) phase (Mo-enriched), TiN (Ti-enriched) and gamma matrix
(y). The phase mole fractions for differing temperatures are shown in figure 4. The nitrogen
content in the alloy has an important effect on the formation of both y” and TiN. Figure 5a shows
the effect of nitrogen content in the alloy on its strengthening phases of y” and TiN. At low weight
% nitrogen, the N content does not have significant effect on the y” fraction. However, at increasing
nitrogen contents, the nitrogen is critical in determining the volume fraction of Y. Figure 5b shows
that titanium starts to diffuse out of the gamma prime to form titanium nitride, with an increase in
nitrogen content. Below 0.08 wt% of nitrogen, y" is present in a greater weight percent than
titanium nitride and above 0.08 wt% of nitrogen, titanium nitride is the predominant phase.
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Figure 4: Thermo-calc predictions for the equilibrium phase mole fractions as a function of
temperature.
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3.3 Microstructural evolution
Table 3 shows the major precipitates found in the gauge length after creep exposure.

Table 3: Precipitate evolution after creep exposure

Specimen ID Temp. Duration* (h) RA% Precipitate type

Carbides, nitrides and carbo-
nitrides, of Cr-, Ti- and Mo-
T0154 700 °C 32 000 1.0
enriched phases, intra- and

inter-granularly

Carbides, nitrides and carbo-
nitrides, of Cr-, Ti- and Mo-
TO151 700 °C 4000 12.5
enriched phases, intra- and

inter-granularly

Extensive precipitation of Ti-, Cr-
T0008 650 °C 45000 0.8 and Mo-enriched precipitates

throughout the matrix

Extensive precipitation of Ti-
and Cr-enriched particles on
T0003 650 °C 574 24 ) ) )
grain boundaries and twin

boundaries

The precipitates found in T0154 included the Mo-rich p-phase which is shown in greater detail in
figure 6. The grain size of all creep exposed samples was found to be larger than the ‘as-received’

alloy, typically in the region of 150-200um as can be seen in figure 7.
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-

Figure 6: Scanning electron micrograph of sample T0154 exposed to 700C for 32,000 hours. The p -phase is
the white phase seen at the grain boundaries.
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Figure 7: Scanning electron micrograph showing that the average grain size in the creep-exposed
samples has increased from an average size of 90-150pum to 150-200pm. This micrograph is from
sample T0O003 which was exposed to 65UC for 574 hours.

3.4 Hardness profiles for creep-ruptured IN617 alloy specimens at 600°C and 700°C

Hardness was measured at 2mm intervals along the head and gauge length of the longitudinally-
sectioned specimens of the creep-exposed samples. The results of the hardness testing are shown in
figure 8. Each hardness value is an average of three indentations across the diameter of the specimen.
The error bars show the 90% confidence limits.

From figure 8, it can be seen that for all the samples the hardness in the head region of the specimen,
where it may be assumed that the major effect on the sample is from the thermal effects with minimal
effect from stress, is lower than the hardness measured along the gauge length. The head hardness is least
for the sample exposed at 650C for only 574 hours. For all the samples, the hardness of the heads has
increased substantially above that of the ‘as-received’ sample which had a hardness of 186.6Hv.

Specimen T0008, which ruptured after 45,000 hours exposure at 650 °C, had the highest average value
of Vickers hardness in the gauge at 353 Hv. This specimen showed very little reduction in area (0.8%).
When the microstructure was analysed, the specimen showed extensive precipitation of Ti-, Cr-, and
Mo-enriched precipitates had occurred throughout the matrix. T0151 and T0O003 showed the next
greatest increase in hardness with T0154 showing the least difference between head and gauge
hardness. For this sample, it may be that internal damage from coarsening of the y” [Ni; (Al, Ti)]
phase, grain growth and grain boundary creep voiding has occurred. Internal damage of this nature does
not lead to dimensional changes in the specimen but results in decreases in mechanical properties such as
hardness and creep strength [26, 27].



IN617:Creep Tested Specimens; Hardness Profile along Gauge Length
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Figure 8: Hardness versus distance from head for the creep-exposed samples at 650°C and 700°C.
3.5. Fractography of creep-exposed specimens

The creep failure mechanisms of the failed specimens have been analyzed using scanning electron
microscopy and optical microscopy. Figure 9 shows a montage of scanning electron microscopy images
from the fracture surface of TO008 which had been exposed at 630 for 45,000 hours creep  duration.
The failure mechanism for this specimen was intergranular failure by decohesion of the grain boundaries.

Figure 9: Intergranular creep failure of TO008 exposed at 650 °C for 45,000 hours duration.

Intergranular creep fracture involves the nucleation, growth and subsequent linking of voids at
grain boundaries to form two differing types of cavities, wedge type cavities and isolated type cavities.
Wedge type cavities are associated with cracking at grain boundary triple points and form by grain



boundary sliding. The formation of cavities is controlled by a diffusion-controlled process. Figure 8
shows an example of triple point wedge cracking in TO151 which has been exposed at 700°C for 4000
hours creep duration.

5

Figure 10: Triple point wedge cracking in TO151 exposed at 700°C for 4000 hours duration.

The failure mechanisms of the samples were further confirmed by optical microscopy of polished
cross-sections. Figure 11 shows further confirmation of wedge cracking and decohesion of the grain
boundaries in T0003 which was exposed at 650C for 574 hours. The direction of loading is shown by
the dotted arrow.
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Figure 11: Optical micrograph showing wedge cracking and grain boundary decohesion in T0003.

The creep fracture mechanism for both samples exposed at 650C was found to be intergranular in
nature. For the specimens that were creep exposed at 700C, there was some evidence for a contribution
from transgranular cracking in addition to the intergranular failure.

3.6. Transmission electron microscopy

Transmission electron microscopy was conducted to identify the morphology and
distribution of the gamma prime (y") in creep exposed specimen at 650°C. The y’- phase was found
to have a spherical morphology of size ranging from 10 — 15 nm, periodically spaced at 5 nm
distance (see figure 12).
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Figure 12a: Bright field transmission electron
micrograph of gamma prime (y") [Niz (Al, Ti): FCC L1,
Space Group] of 10 — 15 nm size, spherical morphology,
finely dispersed at equi-spaced distance and coherent with
austenitic y matrix.
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4. Discussion

Figure 12b: SADP showing crystallographic
planes from the matrix y and y’ phase

Predictions from Thermo-calc show that the equilibrium phases of IN617 at 650 and 700
should be gamma prime (y"), M»;Cs (Cr-enriched), Mu (u) phase (Mo-enriched), TiN (Ti-enriched)
and gamma matrix (y). Our experimental observations have confirmed the presence of these phases,
but p-phase was only observed for the specimen that had been creep-exposed to 45,000 hours. At
temperatures and creep durations lower than this, no p-phase was observed. y" particles were found
to be of fine size and uniformly distributed through-out the matrix. The estimation of the volume
fraction of y” is difficult to establish owing to the difficulties of estimating the volume of material
analysed in TEM cross-sections. Further work is continuing in this area to allow reliable
quantification of y” content in the differing creep-exposed specimens.

The hardness of all creep exposed specimens was higher than for the ‘as-received’ solution
treated and aged specimen. The thermally exposed head regions of the samples had lower
hardnesses than the gauges that had been exposed to both stress and temperature. All samples
showed an extensive network of precipitates in both the grain boundaries that were decorated with
contiguous precipitates that were mainly Cr-rich in nature, and the grains themselves. Precipitates
of different types were found to have varying morphology and there was no straight-forward
relationship between morphology of precipitates and composition. The rises in hardness observed
in the head and gauge of the specimens are attributed to secondary hardening effects from the
precipitates and the y” dispersed throughout the matrix [28]. It is possible that the drop in hardness
relative to the other samples for T154 which was exposed at “TWfor 32,000 hours may be owing
to coarsening of the y” although further work is required to confirm this point.

Creep failure occurred usually by an intergranular creep mechanism although for higher
temperature creep exposure there was some evidence of a transgranular contribution to the creep

failure mechanism.



5. Conclusions

The microstructure of IN617 has been studied after long-time exposure to temperatures of 650°C to
700°C. Optical microscopy, scanning electron microscopy and transmission electron microscopy have
been used to study the phase precipitation and microstructural evolution in IN617. The experimental
observations are summarized as follows:

i. The precipitates observed in the samples investigated here broadly agreed with Thermo-calc
predictions for temperatures of 650C and 700°C, but u —phase was only observed after long creep
exposures at 700°C.

ii. The grains were randomly oriented in ‘as received’ IN617 alloy. The average grain size of the ‘as
received’ IN617 was 115 pum, but for the creep exposed IN617 specimen the average grain size varies
from 150-200 um.

iii. The major precipitates at temperature below 700°C were Cr-enriched (M»;Cs) and Ti-enriched (TiN).
At 700°C the major precipitates includes Mo-enriched (u phase) with Cr-enriched (M»;C¢) and Ti-
enriched (TiN). At 700°C, the precipitates were found to precipitate in large proportions at twin and
grain boundaries, but otherwise, precipitates were randomly distributed throughout the matrix.

iv. The creep fracture mode at 650°C is predominantly intergranular in nature. The accumulation of high
stress concentration regions like cavities and wedge cracks, in materials under stress and high service
temperature, leads to permanent failure. At 700°C the fracture mode is not purely intergranular.
Extensive grain boundary cavitation was observed at high temperature. Creep cracks always initiated
at grain boundary triple points, grain boundary precipitates and polygrain junctions.
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