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Inconel 625 Superalloy Aged at 550, 625 and 725 °C
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The 9 is an important stable phase that replaces the metastable y” in the microstructure of Inconel
625 superalloy. The present work aims to investigate the kinetic of §-phase precipitation in the
microstructure of Inconel 625 nickel-based superalloy aged at 550, 625 and 725 °Cup to 1000 h. Aging
temperatures were chosen based on the thermodynamic simulation using JMatPro software which
indicated that this phase is stable at temperatures below 905 °C. Microstructure of the heat-treated samples
was analyzed via SEM/EDS and microhardness evolution was performed by Vickers microhardness
tests. The results have shown that the samples aged at 550 °C (all times), 625 °C (all times) and
725 °C up to 200 h did not presented microstructural evidences of  precipitation. However, samples
aged at 725 °C for 500 and 1000 h clearly presented an acicular d-phase precipitated mainly at the
grain boundaries. It was noted changes in the microhardness at different aging time and temperatures
probably due to the presence of y”” and/or 6 phases. The sample aged at 625 °C for 1000 h presented

the highest microhardness value (333 = 10 HV).
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1. Introduction

Inconel 625 is a Ni-based superalloy widely used specially
in aerospace components, nuclear and maritime industries
due to its high corrosion, stress and fatigue resistance and
its excellent weldability in a wide range of temperature from
cryogenic (~150 °C) up to 982 °C™6.

The microstructure of Inconel 625 superalloy is
mainly composed by a y matrix (Ni solid solution with
addition of Cr, Mo, Nb and other elements) and hardener
phases such as carbides and y”. The MC, M,.C, and
M,C carbides formed during the solidification and/or
heat-treatments are stable even at high temperatures’. Both
v and & phases are known to form in the microstructure
of the Inconel 625 superalloy when it is exposed at high
temperatures for extended periods of time (i.e., hundreds to
thousands of hours)®. The body-centered tetragonal D0,y
(Ni,Nb) is a metastable phase which precipitates in the
early stages of aging heat treatments at low temperatures
(550 to 750 °C)%. The precipitation of the orthorhombic
and more stable DO, & (Ni,Nb) phase during aging heat-
treatments at high temperatures (650-900 °C8, >750 °C?,
700-760 °C'%) for long times is also possible in the
microstructure of Inconel 625 superalloy where precipitation
strengthening by v occurs®*¢. Other intermetallic phases
such as p, y* and Ni(Cr,Mo) were also been reported to
appear in the microstructure of this alloy'!2.

*e-mail: renatobaldan@gmail.com.

Mu et. al'® have studied the effects of Nb on & phase
precipitation and the tensile properties in cast alloy
Inconel 625 solutioned at 1200 °C for 1 h (air cooling) and
aged at 700 °C for up to 10000 h. They have shown that
volume fraction of the & precipitation increases with both
the aging time and Nb content. The effect of Nb content on
the fraction of the  phase corresponds to its effect on the Nb
segregation degree. Shaikh et al.'* have shown the influence
of precipitation of different phases in the microhardness of
Inconel 625 superalloy solutioned at 1200 °C for 1 h (water
quenching) and aged at 625, 700 and 760 °C for intervals of time
ranging from 1 to 335 h. They reported that peak hardening is
around 110 h at 760 °C and 170 h at 700 °C. Malej et.al” have
studied the effect of aging heat-treatments at 650 °C up to 2000 h
in the in hot-rolled Inconel 625 superalloy. Microstructural
analysis by light and scanning electron microscopes showed
the precipitation of intermetallic y” (Ni,Nb) phase in the y
matrix and 6 (Ni,Nb) phase with M,,C, secondary carbides
at the grain boundaries.

Based on the influence of phase transformation that can
occur in the microstructure of the Inconel 625 superalloy
at different conditions of heat-treatment and the scarce of
studies on the d phase precipitation in the microstructure of
Inconel 625 superalloy'?, the aim of this work is to evaluate
the microstructural changes in the solutioned and aged
samples of Inconel 625 superalloy at different conditions
of time and temperature with special focus on the analysis
of d-phase precipitation.
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2. Experimental Procedure

Inconel 625 bars were forged, annealed (800 °C/2 h/air
cooling) and cut by electrical discharge machining technique.
The chemical composition of the alloy was measured
with the aid of an atomic emission spectrometry with
inductively coupled plasma (ICP-AES). Thermodynamic
simulations were performed using the JMatPro software
(Ni-database) and the measured composition of the alloy.
Inconel 625 samples were solutioned in argon atmosphere
at 1150 °C for 2 h (water quench) and aged in argon atmosphere
at 550, 625 and 725 °C from 24, 48, 72, 200, 500 and 1000 h
(air cooling). The aging temperatures were chosen based on
the thermodynamic simulation which indicates that d phase
is stable at temperatures below 905 °C.
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Figure 1. Thermodynamic simulation of phase fraction (wt. %) as
a function of temperature for Inconel 625 superalloy.

Table 1. Simulation of the phases (wt. %) as a function of aging
temperature for Inconel 625 superalloy.

Temperature (°C) —

Phases | 550 625 725
. 74.6% 78.6% 85.5%

u 12.9% 10.2% 5.8%

5 9.5% 9.2% 7.7%

v 2.0% 1.0% 0.0%

M, C 1.0% 1.0% 1.0%

10 pm* EHT =15.00 kV
WD = 9.0 mm

Signal A =NTS BSD
Mag= 200KX
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For microstructural characterization, the as-cast and
heat-treated samples were hot mounted in resin, grounded
with SiC paper up to #2400 and polished with colloidal silica
suspension (OP-S). The microstructural characterization was
performed in a conventional scanning electron microscopy
(SEM) model EVO MA15 from Carl Zeiss with EDS model
X Flash 610 from Bruker. The Vickers microhardness tests
were performed in the equipment from TIME with loading
0f 1,961 N for 20 seconds. At least 15 random measurements
were performed in each sample and the mean value with
standard deviation were calculated.

3. Results and Discussion

3.1 Chemical analysis and thermodynamic
simulation

The simulations were made according to the measured
composition of Inconel 625 superalloy (wt.%): 21.5Cr,
9.0Mo, 3.6Nb, 2.5Fe, 0.25Mn, 0.2Ti. 0.2Al, 0.05C, Ni
(balance). Figure 1 shows the thermodynamic simulation
of phase fraction (wt. %) as a function of temperature.
It should be noted that y” phase is metastable and then
is not present in the results of the simulation. The chosen
solution temperature of 1150 °C is lower than the melting
range of the alloy (T, = 1250 °C and T i = 1350 °C)
and with only v (99.7 wt.%) and MC carbides (0.3 wt.%) as
stable phases. Table 1 shows the stable phases at the aging
temperatures of this work. It can be highlighted that the
M,,C, carbide is the only carbide stable and the amount of
vy increases whilst the amount of i, 8 and y’ decreases with
the rising of temperature. Finally, the v’ solvus temperature
of Inconel 625 alloy is 680 °C and consequently this phase
is not stable at aging temperature of 725 °C.

3.2 Microstructural characterization of the alloys

Figure 2a shows the micrograph of Inconel 625 superalloy
forged + annealed + solutioned at 1150 °C for 2 h. It can be
seen the equiaxial polycrystalline grains, carbides mainly
at the grain boundaries and pores. The EDS analysis in the
carbide region of this sample (Figure 2b) shows that it is
rich in Mo and Nb, which agrees with the literature®'® and
also with the thermodynamic simulation, which gives the
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Figure 2. Inconel 625 superalloy forged, annealed (800 °C/2 h/air cooling) and solutioned at 1150 °C for 2 h: (a) Microstructure (SEM/BSE)
and (b) Compositional profile of the carbide at the grain boundary region.
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equilibrium composition of MC carbides at this temperature
as (Wt.%): 85.5Nb, 10.4C, 2.3Mo, 1.6Ti, 0.2Cr.

The SEM/BSE micrographs of the samples aged
at 550 °C (all times), 625 °C (all times) and 725 °C up
to 200 h presented no microstructural evidences related
with &-phase precipitation. However, the samples aged
at 725 °C for 500 h (Figure 3a) and 1000 h (Figure 3b)
clearly presented a new phase in the microstructure.
Literature shows that the precipitation of y”” and & phases
occurs between 550 °C to 750 °C and 750 °C to 980 °C,
respectively®>*¢ and the & particles have needle, plate, as
well as globular morphologies'”?°, but the first one in the
more common. Based on this, the acicular-morphology
phase present in the microstructure of the alloys suggests
the 8-phase precipitation, initially in grain boundaries and
then in all microstructure. At sufficiently long exposure
to high temperatures, the metastable y”* phase dissolves,
which result in an increase of local concentration of Nb in
the matrix, contributing to the nucleation and growing of
stable & (Ni,Nb) particles mainly at {111} planes, which
are the primary slip planes in the FCC metals?'. Finally,
increasing the Nb concentration is found to increase the
driving force to form the o phase, so it is excepted the
fraction of the & phase can be controlled by changing the
Nb content!>?2.

Due to the low amounts of Al and Ti, the volume
fraction of y’ phase is either low (at 550 °C and 625 °C) or
none (at 725 °C), as shown in Table 1. In this sense, the y’
phase can also be present in the microstructure (at 550 °C
and 625 °C) but has only minor effect on the properties
of Inconel 625 superalloy and it was not observed in the
micrographs of the present work.

EHT =15.00 kv
WD = 8.0mm

Signal A= NTS BSD

Mag= 1000KX
LCE - UNIFEL

3.3 Vickers microhardness tests

Table 2 shows values of Vickers microhardness for
Inconel 625 superalloy aged at 550, 625 and 725 °C and
Figure 4 shows the graphics (same scale) of the results
obtained in this work compared to those obtained by
Shaikh et al*. Additionally, the dashed and dotted lines
represent the microhardness of the Inconel 625 superalloy
before (320.4+30 HV) and after (215.7 =4 HV) the solution
heat-treatment at 1150 °C for 2 h, respectively. In the
first 24 hours all aged samples present lower microhardness
values than the alloy only solutioned which indicates
that 2 hours at 1150 °C was not enough for the complete
process of tension relief of the alloy.

At 550 °C (Figure 4a) the microhardness decreased
between 24 and 48 h probably due that the processes of
tension relief were not finished during the step of solution
heat-treatment. From 48 up to 500 h the increasing of the
microhardness was observed probably due to the precipitation
of metastable and nanometric y*’ phase in the microstructure

Table 2. Vickers microhardness of Inconel 625 superalloy as function
of aging time and temperature.

Temperature (°C) —

Time (h) | 550 625 725
24 204 £ 20 192+5 187+7
48 184+8 188+ 6 206+ 7
72 193+ 10 199+5 193 £8
200 207+ 6 207 +7 253 +8
500 243 +8 264 +22 224+ 14
1000 2417 333+ 10 268 + 14

EHT =15.00 kV.
WD = 9.0 mm

Signal A= NTS BSD
Mag= 1000KX

LCE - UNIFEL

Figure 3. SEM/BSE micrographs of Inconel 625 superalloy aged at 725 °C for (a) 500 h and (b) 1000 h.

350 350 350
F L RO B PAANY e T e L Y
.
.

S 300 s 300 4 S 300 4 i
z z z
8 25 8 275 { 8 275 5
8 8 / 8 A
£ £ A £ /|
-] -] / S /1
5 250 T S 2504 s 250 = A
£ A1 ] 5 N
S P P157HY, S P57 HY / S B P15THY i T
2 : v o B
S P 1 2 £ 204 " P £ 204 "w'”“l’ 13
S 1 11 S % S i ]

175 4 1754 » 1754

() . (b) (c)
150 T T 150 T T 150 T T
10 100 1000 10 100 1000 10 100 1000

Time (h)

Time (h) Time (h)

Figure 4. Vickers microhardness values of Inconel 625 superalloy as function of aging time at (a) 550, (b) 625, and (c) 725 °C. The triangles
are the values found in the present work while the squares are from Shaikh et al.'®.
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of the alloy. The values found at 1000 h did not change
significantly when compared with the alloy aged at 500 h.
At 625 °C (Figure 4b) it can also be noted that an increasing
of the microhardness with the aging time up to 1000 h
(333+ 10 HV) is probably due to the nanometric precipitation
of y”” metastable phase. The values at 625 °C are in good
agreement with the values obtained by Shaikh et al.'.

Figure 4c shows the microhardness values for
Inconel 625 superalloy obtained by Shaikh (heat-treated
at 700 °C)™ and in this work (heat-treated at 725 °C).
At 700 °C the results obtained by Shaikh et al.'* showed an
important increasing in the microhardness for times close
to 200 h of heat treatment followed by a decreasing at 500 h.
However, the values found by Shaikh et al.'* for the peak of
microhardness and the subsequent decreasing are substantially
high compared with the values found in this work. For times
above 500 h in this work the microhardness starts to increase
again probably because the metastable phase y” transforms
into & phase as observed in the microstructure of the alloy
at 725 °C for 500 h (Figure 3a).

It is well known that the increasing of the amount of
brittle 5-phase was found to have undesirable effects on the
mechanical behavior of the Inconel 625 superalloy, especially in
the high-temperature ductility and fracture toughness®**1%3-25,
However, fine acicular § phase precipitated at the grain
boundaries prevents the grain growth and restricts grain
boundaries sliding, contributing to the mechanical properties
of the alloy, specially fracture ductility and microhardness®*.

4. Conclusion

In the present work the microstructural evolution of the
Inconel 625 superalloy forged, annealed at 800 °C/2 h/air
cooling, solutioned at 1150 °C for 2 h and aged at 550,
625 and 725 °C up to 1000 h was performed with focus on
the analysis of 6 (Ni,Nb) phase formation. The main results
of this work are:

*  According to the thermodynamic simulation, only
vy and MC carbides are the stable phases at the
solution temperature of 1150 °C;

* The SEM/BSE micrographs of the Inconel
625 superalloy forged + annealed + solutioned at
1150 °C for 2h showed equiaxial polycrystalline
grains, carbides rich in Nb and Mo mainly in the
grain boundaries and pores;

*  No microstructural evidences related with d-phase
precipitation were found in the micrographs of
the samples aged at 550 °C (all times), 625 °C
(all times) and 725 °C up to 200 h. However, the
microstructure of the samples aged at 725 °C for
500 and 1000 h clearly presented this phase;

*  The microhardness of the Inconel 625 alloy
forged + annealed + solutioned at 1150 °C for
2h were 216 + 4 HV. The sample aged at 625 °C
for 1000 h presented the highest microhardness
value (333 = 10 HV). It was noted changes in
the microhardness at different aging time and
temperature of the heat treatment probably due to
the precipitation of y* and/or d phases.
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