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software. It was found that the gamma-prime phase with different percentages (below 10%)
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1. Introduction environmental resistance, their low fracture toughness

. . . limits the use of these materials in structural
Superalloys are unique in terms of high temperature o o
] ] ] ) applications. Additionally, refractory metal alloys can
mechanical properties and environmental resistance, Lo . . . .
] maintain  their mechanical properties at high
which are generally used at temperatures above 540°C L .
] . Lo . temperatures due to their high melting temperature, but
and are the first choice for structural applications at high . o .
. . these materials have poor oxidation resistance.
temperatures. Although ceramics have very high . L .
Superalloys having a combination of environmental
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resistance and high mechanical properties at high
temperatures are superior to other alloy systems and
have attracted a considerable attention in recent years [1].

Based on the main alloying elements in their
composition, superalloys are classified into three
categories: nickel-based, cobalt-based, and iron-based.
The entire family of superalloys have a basic FCC
structure along with a number of secondary
strengthening phases. Nickel-based superalloys are
creep-resistant materials that are used in high
temperature conditions. Additionally, they are most
widely used in aviation and gas turbine industries due to
their high corrosion and oxidation resistance. To
improve the oxidation resistance, enough Al is added to
form the Al,Os oxide layer, and in order to increase the
oxidation resistance, Cr is added to form the outer
surface of the Cr,O; alloy. Accordingly, Ni-based
superalloys are used in the gas turbine combustion
chambers, channels and transmission lines for the
petrochemical process, heat treatment equipment and in
nitric acid production. Nickel-based superalloys have
reached the highest level of temperature/strength
combination, so they are ideal for tough applications
such as turbine blades. As mentioned, superalloys are
generally suitable for working at temperatures above
540°C and below the melting point, which is usually
1204°C [2-4].

Ni-based superalloys have the y phase as the matrix
with an austenitic FCC lattice and various secondary
phases also exist. These secondary phases are: 1-FCC
carbides of M7Cs, MeC, M»3Cs, MC type, 2-y' phase
with FCC crystal structure and Ni3(Ti, AL) composition,
3-y" phase with BCT crystal structure and NbsNi
composition, 4-n phase with HCP crystal structure and
Ni3Ti composition, 5-§ intermetallic phase with
orthorhombic crystal structure and NizNb composition.
Detrimental phases are also formed in superalloys.
Among these phases, o, ¢ and Laves phases can be
mentioned. These phases have a close-packed tetragonal
(TCP) structure which are ignored if they are minor, but
in larger amounts their harmful effect should be

considered [3].
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Considering the importance of the Inconel 617
superalloy in high temperature applications, a
considerable amount of research has been carried out in
recent years. In these studies, the effect of different heat
treatment  processes on  the  existence  of
beneficial/detrimental phases and the corresponding
mechanical properties were investigated [5-6].

Different computer software has been used to model
and simulate the materials properties such as
thermodynamic-based physical properties [7]. Some
researchers have used the software to estimate the final
properties of alloys by applying the properties of the
individual  constituents and interrelating  the
microstructure to the physical properties [8-9]. JMatPro
(Java Materials Properties) is a computer software
which has been widely used to model the
thermodynamic, mechanical and thermo-physical
properties of metals and alloys [10-11]. JMatPro is a
simulation software which calculates a wide range of the
materials properties for alloys and is particularly aimed
at multi-component alloys used in industrial practice.
This software emphasizes the calculation methods that
are based on sound physical principles rather than purely
statistical methods. In this way, many of the
shortcomings of methods such as regression analysis are
overcome. The inclusion of microstructurally sensitive
parameters means that it is possible to make the link with
material models that are currently being developed for
the prediction of microstructure [12].

Unlike other software, it is designed based on
physical principals, not merely statistical [7]. Regarding
the Ni-based superalloys, in several publications this
software was used to calculate the linear expansion of
this alloy at different temperatures and the results were
compared with experimental data [13]. Saunders et al.
have reported a brief review on the application of
JMatPro in multi-phase superalloys including Ni-based
ones [14]. According to this paper, JMatPro software is
capable of predicting the mechanical properties such as
the strengthening behavior of gamma and gamma-prime
phases in Ni-based superalloys [7]. Miodownik, et al.

simulated the secondary creep behavior of commercial
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and solid solution superalloys and compared the results
with experimental data [15]. Coarsening of gamma-
prime phase at high annealing temperatures is a
demanding feature in Ni-based superalloys. Li et al.
investigated the coarsening rate of y' in Ni-based and Ni-
Al superalloys and compared them with the calculated
results of CALPHAD software. They reported
interesting results for commercial Ni-Al based alloys.
In all temperature ranges excluding the low
temperatures, they showed superior agreement between
experimental and calculated results, which was
attributed to the lower lattice misfit in commercial
alloys [16].

Sani et al. studied the behavior of Co-based
superalloy prepared with the casting method. They
predicted the formation temperature of different phases
with JMatPro software and compared it with
experimental results. They concluded that the Ti and W-
rich matrix phase (gamma) was strengthened with
gamma-prime. In addition to the carbide and gamma-
prime phases, the thermodynamically stable u phase,
must exist in the alloy matrix. Finally, their comparison
showed that the software predicted the phases of the cast
alloy accurately and they were consistent with the
experimental data [17]. In  another study,
thermodynamic calculations were used to investigate the
effect of annealing treatment on the microstructure and
phase formation of IN738LC superalloy. It was found
that the equilibrium deposits of the gamma-prime phase
are formed at annealing temperatures of about 1130°C,
and at higher temperatures they are not stable.
Additionally, M13Cs carbides are thermodynamically
stable at temperatures below 1000°C. Their results
revealed that that JMatPro software is eligible to predict
the formation and dissolution of phases in IN738LC
nickel base superalloys [18].

In this paper, the commercial Ni-based superalloy,
Inconel 617, was heat treated at different temperatures
and the gamma-prime phase dissolution was studied by
microscopical examinations. Additionally, JMatPro
software was used to calculate the gamma-prime phase
at different annealing temperatures and the results were

compared with the laboratory investigations.

April 2023

2. Experimental Procedure

In this project, the Inconel 617 alloy with chemical
composition according to Table 1 was investigated.
Annealing treatments were carried out on the samples
with the dimensions of 10 mmx15 mm at temperatures
0f 650, 750 and 850°C for 30 min. The annealed samples
were then immediately quenched in water to the ambient
temperature.

Table 1. Chemical composition of Inconel 617 used in this
investigation (values in wt.%).

Chemical Composition (wt.%)

Ni C Si Mn P S
55.50 0.054 0.10 0.11 0.006  0.001
Cr Mo Fe w \% Al
20.96 8.02 1.35 0.20 0.02 1.22
Co Cu Nb Sn Ta Ti
11.97 0.043  0.027 0.0005 0.037 0.33

Zn As Zr Mg B

0.003 0.002  0.004 0.017 0.001

To reveal the initial microstructure, the surface of the
samples was prepared with the standard metallographic
techniques. After mechanical polishing using the
diamond paste, samples were etched in a reagent
composed of HCI:HNOs equal to 3:1, and then washed
out with ethanol. The microstructure was observed and
analyzed with an optical microscope (NeoPhot-32,
Germany). To investigate the phase structure and the
composition, X-ray diffraction (XRD) analysis was used
(D8-Advance machine, Bruker, Germany). To perform
EDS analyses, field emission scanning electron
microscope (FESEM) (model EM-8000, KYKY
company, China) was used and the atomic percentage of
elements in different phases were determined.

The microstructure simulation was carried out by the
JMatPro software (England, Version 7.0.0). Using the
software, the amount of the gamma-prime phase in the
temperature range of 650 to 850°C was calculated and
the approximate dissolution temperature of this phase
was predicted. The results of quantometer analysis
(percentage of alloy elements) were imported into the
JMatPro software and the appropriate temperature range

was selected. In the following, the value of the different
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phases was calculated and the corresponding graphs of
the weight percentage versus temperature are designed.
To better display the gamma-prime status in the
temperature range of 650 to 850°C, the three-
dimensional diagram of the constituent phases of Inconel
617 alloy including the gamma-prime phase was
designed and the values were predicted at different
temperatures. It should be noted that other strengthening
phases existing in the alloy are not considered in the

results of this study.

3. Results and Discussion

The optical micrograph of the cross-sectional surface
of the as-received sample after polishing and before
etching has been shown in Fig. 1. As revealed, some
nitride inclusions can be observed as a result of previous
deformation processes, also reported in previous studies
[19]. To better clarify the nature of cuboid phases, EDS
analysis was performed and the results are discussed in
the next sections. The microstructure of the as-received
specimen is illustrated in Fig. 2. The matrix shown in
Fig. 2(a) evidently consisted of equiaxed gamma grains,
which mostly contain annealing twin bands. A large
number of inclusions, observed in Fig. 1, were also
detected in the grains and grain boundaries in Figs. 2(a),
2(b) and 2(c). The magnified image in Fig. 2(d) showed
that the as-received microstructure contains very
small gamma-prime particles formed inside the gamma

grains.

Fig. 1. Optical microscope image from the polished surface of
the initial sample, the cuboid inclusions are marked by
arrows.
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Fig. 2. Optical microscopy micrographs of the as-received
Inconel 617 superalloy sample: (a) the equiaxed gamma
grains, (b) TiN inclusions, (c¢) twin bands inside the grains,
and (d) magnified image showing the distribution of gamma
prime particles.

In order to further study the constituent phases of the
initial sample, XRD analysis was carried out and the
pattern, shown in Fig. 3, was investigated with the Xpert
High Score software. The XRD pattern is matched with
Ni base metal that have FCC crystal structure and
JPCPDS No. 96-901-3034. The sharpest peak at
20=43.74° is labeled with gamma matrix, gamma-prime
and nitride/carbide phases. The FCC crystal structure of
gamma-prime phase, Ti4Nij2 with JPCPDS No. 96-101-
0453 is similar to the matrix with a slight difference in
its lattice parameters. The smallest peak at 20=50.92° is

attributed to gamma matrix and gamma-prime

«*+  * Base metal (gamma)
+ gamma prime
» carbide/nitride phase

Intensity (a.u.)

2-theta (degree)
Fig. 3. XRD pattern of the as-received Inconel 617 sample.
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strengthening phase. It should be noted that, although at
20=43.74° the main peak of Ni is overlapped with a
small peak of tetragonal TisNs (96-110-0030); the
amount of nitride/carbide phases would be negligible.
These results are in good agreement with previous
studies [20].

To study the microstructure with further details, the
as-received sample was examined by FESEM, as shown
in Fig. 4. In agreement with the observations in

Fig. 2, the FESEM micrographs confirm that the

microstructure includes gamma matrix with gamma-
prime interior particles and some nearly cuboidal
inclusions. Based on the chemical composition given in
Table 1, their shape proposes that they may be Ti(C,N).
As mentioned in the literature, the carbonitride
phase does not deteriorate the mechanical properties of
Ni-based super alloys [18-19]. According to Fig. 4(b),
the size of gamma-prime particles appears to be
below 50 nm, while the inclusions are as large as 5-7

microns.

cps/eV

o | ((-)v 1.00° $CRI0013)-1-1812-1 873

cps/eV

] T—— A=

1 2 3 4 5 6 7 8 9 10
Energy [keV)

30 pm

Fig. 4. FESEM image and the corresponding map showing the microstructure and elemental analysis of as-received Inconel 617
with two points marked as B and C for EDS analysis, (c) and (d) EDS spectra of points B and C in (a), (¢)-(j) the elemental analysis
of map of Fig. 4(b).
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EDS analysis performed on the matrix and inclusions
have been presented in Fig. 4. According to the results,
point B that is the grain insider region is mainly
composed of the basic alloying elements, i.e. Ni, Cr, Co,
and Al, while other alloying elements, i.e. Ti, W, and Mo
are absent (Table 2). As these elements are more active
than others, it appears that we should find them in some
compounds, like carbides or inclusions. According to
Fig. 4(c) and the elemental analysis in Table 2, point C
is rich in titanium, but the density of chromium atoms is
not significant in these regions. Considering that there is
no tendency for the formation of intermetallic phase
between Ti and Cr in the Ni-based superalloys, it is
possible to say that the device has recognized chromium
by mistake. Additionally, due to the proximity of
nitrogen and chromium peaks, the phase can be
distinguished as titanium nitride (TiN). Nitrides have a
high melting point and generally remain in the structure
of superalloys and do not undergo dissolution even in the
molten alloy [22]. The cuboidal morphology of TiN,
which has been also reported in the literature [21], shows
that it forms nearly coherent interfaces with the gamma
matrix of the alloy.

Table 2. EDS analysis results of points B and C in Fig. 4(a)
(values are in at.%)

Point  Ni Cr Co S Al Fe Ti
B 55.12 23.17 11.70 5.45 290 1.66 -
C - 2.44 - - - - 97.56

Fig. 5 shows the microstructural/chemical simulation
of the studied alloy via the JMatPro software. The
simulation results revealed that in the desired
temperature range (650 to 850°C), the weight fraction of
gamma phase gradually increases from about 85% to
100%. On the other hand, the initial amount of gamma-
prime phase, that is about 5 wt.% at 650°C, gradually
decreases by increasing the temperature and it
completely dissolves at about 804°C.

Fig. 6 displays the variation in the contents of sub-
phases, i.e. gamma-prime, carbides and sigma, in the
temperature range of 650 to 850°C. According to the
results summarized in Table 3, all the sub-phases are
dissolved into the matrix and a single-phase gamma

microstructure is obtained at temperatures over 800°C.

IJMF, Iranian Journal of Materials Forming, Volume 10, Number 2

Hence, annealing at 850°C can be an appropriate
solution of heat treatment for Inconel 617 and any
temperature range higher than 850°C can be used as the
optimal hot working temperature range for the alloy.

In order to verify the simulation results, the samples
were heat treated at different annealing temperatures of
650, 750 and 850°C for 30 min. The microstructure of
the annealed samples was examined with an optical

microscopy and the results are demonstrated in Fig. 7.

50 Gamma
~ —@— Gamma-prime

T T T T T T T T T T
640 660 680 700 720 740 760 780 800 820 840 860
Temperature (°C)

Fig. 5. Variation in the weight percent of gamma and gamma-
prime phases in the temperature range of 650 to 850°C,
predicted by JMatPro software.

6
\ —=— GAMMA-PRIME
"\ —e— SIGMA
5 ' —A— CARBIDE

Phase (Wt %)
P
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Temperature (°C)
Fig. 6. Variation in the content of sub-phases, gamma-prime,
carbides and sigma in the as-received sample of Inconel 617

superalloy at different temperatures, predicted by JMatPro
software.

Table 3. Weight percentage of sub-phases in Inconel 617 at
different temperatures

Temperature (°C) 650 700 750 778 800 804

Gamma-prime
(Wt.%)
Sigma (wt.%) 57 294 - - - -
Carbide (wt.%) 1.06 1.06 1.06 1.06 1.12 1.13

578 4.00 225 1.15 019 0

April 2023



50 E. Asghari, R. Hayati, A. Momeni, N. Setoudeh & A. Mohassel

Fig. 7. Optical microscopy photographs showing the
microstructure of Inconel 617 superalloy samples annealed at
(a) 650°C, (b) 750°C, and (c) 800°C.

While after annealing at 650 °C (Fig. 7(a)), a large
number of fine gamma-prime particles could be
observed, after annealing at 750°C (Fig. 7(b)), the
amount of gamma-primes considerably decreased. In
agreement with the predictions made by the JMatPro
software in Figs. 5 and 6, Fig. 7(c) confirms that after
annealing at 850°C, the gamma-prime phase has been
totally dissolved in the matrix. This is also the case for

other sub-phases such as carbides and sigma.

April 2023

The sample annealed at 650°C was further analyzed
by FESEM and the results are demonstrated in Fig. 8.
It’s the magnified view of which clearly shows the
distribution of fine gamma-prime particles inside the
gamma grains. The EDS analyses of points marked by A
and B in Fig. 8(b) have been presented in Figs. 8(b) and
8(c). The chemical analyses summarized in Table 4
clearly indicates that the gamma-prime phase exists at
this temperature and is mainly concentrated at grain
boundaries (point B), which complies with Ni3(Al,Ti).
Additionally, the region marked as A seems to be the
solid solution of the alloying elements of Ni matrix, rich
in iron and cobalt. Based on the JMatPro predictions and
the results of EDS analysis at points A and B, it is
concluded that a sigma phase with chemical composition
(Cr,Mo0)x(Ni,Co)y (x and y:1-7) may also exist in the
gamma matrix [23].

The FESEM examinations of the samples heat
treated at 750 and 800°C are illustrated in Figs. 9 and 10.
Fig. 9(a) clearly indicates that gamma-prime still exists
in the sample annealed at 750°C; but its percentage has
remarkably decreased compared to the temperature of
650°C. The chemical analysis of points marked as A and
B in Fig. 9(b), summarized in Table 5, indicates that
point B is richer in Al and Ti than point A. Hence, it is
confirmed that the particles in Fig. 9(b) are in the
gamma-prime phase.

The FESEM images shown in Figs. 10(a)-10(k)
clearly revealed that the gamma-prime phase has been
completely dissolved after annealing at 850°C. It should
be noted that quenching has been able to effectively
suppress the formation of gamma-prime after annealing
and therefore formation of new gamma-prime inside the
gamma matrix needs a new cycle of aging at
temperatures below 800°C. These results are also
consistent with the predictions made by the
JMatPro software. The chemical analysis of points
A and B summarized in Table 6 indicate that
there is no remarkable difference between the
chemical compositions inside the grains and
grain boundaries, therefore, annealing at 850°C leads to
a homogeneous distribution of all alloying elements in

the alloy.

IJMF, Iranian Journal of Materials Forming, Volume 10, Number 2



Using JMatPro Simulation to Study the Effect of Heat Treatment Temperature on the...

x0.001 cps/eV.
of

007 SCR0I75009121 685 (B)

x
804l o |

J‘}‘[i\\”
L0 ol )11

) 7

601, |
mm
20 Mo
ol

|
Bl
i l‘-’u("‘“‘ .

=-Co.

51

Fig. 8. (a) FESEM micrographs and (b) and (c) the corresponding EDS spectra from the regions marked as A and B in (a), (d) to (k)

EDS mapping of (a). All the analysis has been performed on the sample annealed at 650°C.
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Fig. 9. (a)FESEM micrographs and (b) and (c) EDS spectra of points marked as A and B in (a) and (d) to (k) EDS mapping from

(a). All the analysis has been performed on the sample annealed at 750°C.
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Fig. 10. (a) FESEM micrographs and (b) and (c) EDS spectra of points marked as A and B in (a) and (d) to (k) EDS mapping from
(a). All the analysis has been performed on the sample annealed at 850°C.

Table 4. Chemical composition of points marked as A and B in Fig. 8 (EDS analysis of Inconel 617 superalloy samples annealed at
650, values are in at.%)

Point Ni Cr Co Mo Fe Al Ti
A 57.08 21.09 12.17 443 2.75 2.20 0.31
B 44.03 27.11 8.74 4.55 0.67 7.31 0.29

Table 5. Chemical composition of points marked as A and B in Fig. 9 (values are in at.%)

Point Ni Cr Co Mo Fe Al Ti
A 51.28 27.87 10.94 5.91 1.76 2.14 0.10
B 54.64 23.57 6.44 8.84 0.73 4.59 1.18

Table 6. Chemical composition of points marked as A and B in Fig. 10 (values are in at.%)

Point Ni Cr Co Mo Fe Al Ti C
A 43.63 25.54 8.46 4.35 1.00 1.78 - 16.24
B 45.82 24.34 9.53 3.54 0.89 1.59 - 14.3

4. Conclusion microstructural changes and the contents of gamma

and gamma-prime at different annealing

In this study the effect of heat treatment at temperatures. The accuracy of the predictions of the

temperatures in a range of 650-850°C on the software were verified by the experimental heat

microstructure and phases in Inconel 617 superalloy treatments

were studied and the results were compared with the 2. In the temperature range of 650 to 850°C, the

predictions by the JMatPro software. The major results amount of gamma-prime phase is reduced by

of this research can be drawn as follows: increasing temperature. The weight percentage of

1. The JMatPro software satisfactorily predicts the gamma-prime does not proceed 6 Wt.% in this
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temperature range.

3. The dissolution temperature of the gamma-prime
phase is estimated to be approximately 805°C and
at temperatures in the range of 805-850°C the
gamma-prime phase is completely dissolved in the

gamma matrix.
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