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Abstract: Microstructural stability of IN939 superalloy with two different manufacturing routes was investigated during long-term
aging at elevated temperatures by light optical microscope (OM) and scanning electron microscope (SEM) equipped with an EDS
system. The results show that the coarsening behavior of ¥ particles is primarily impacted by the initial heat treatment conditions,
and the effect of the prior manufacturing route (casting or hot forming) is found to be insignificant, if any, on the Y particles
coarsening kinetics. In the temperature range of 790—827 °C, IN939 cast/wrought-HT2 alloys have more microstructural stability,
while in the temperature range of 827-910 °C, the initial heat treatment marked as HT1 provides more stable microstructure for the

cast or wrought IN939 superalloy.
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1 Introduction

Superalloys are frequently utilized in the industry as
high temperature materials in the form of cast or wrought
components. Some superalloys are used as cast
components with the same chemical composition as well
as wrought forms.

One of the major characteristics of superalloys is
their microstructural stability during exposure to high
temperatures for a long time. Although, so much research
has been performed on the effects of short-term or
long-term aging on the microstructural changes of
superalloys [1—6], but in all of these studies, either a cast
or a wrought superalloy has been studied solely. As far as
the authors know, no published data have evaluated and
compared the microstructural changes of a superalloy
with two different manufacturing routes (cast or wrought)
during long term aging at high temperatures.

The finer grains of wrought alloys denote that they
have more grain boundaries in a unit volume of the
material. Grain boundaries as well as subgrain
boundaries act as preferred sites for diffusion of alloying
elements in the microstructure, and consequently, they
can influence the coarsening rate of y' particles [6—8].

Furthermore, the density of twin boundaries and stacking
faults is much more in the microstructure of wrought
alloys. Hence, increasing of these lattice defects can lead
to more diffusivity of alloying elements, and this may in
turn increase the ' particles growth rate in the wrought
alloys.

Initial heat treatments have significant effects on the
' particles size and distribution, and hence can influence
the coarsening behavior of y precipitates to a great
extent. Scattered published data [2,5,6,9—12] showed that
various initial y’ particles size and distribution resulting
from various heat treatments may lead to different
coarsening behavior during long-time aging at different
temperatures. Moreover, there is no any published report
on the microstructural stability of IN939 superalloy with
different initial heat treatments.

Accordingly, the aim of this research was to study
the effect of primary manufacturing method (cast or
wrought alloy with different heat treatments) of a unique
superalloy on the microstructural stability during long-
time aging at high temperatures. Particularly, the effect
of prolonged aging at elevated temperatures was
investigated on the activation energy and coarsening rate
coefficient of y’ particles, as well as the MC carbides
stability for a fixed superalloy with two different
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manufacturing routes.

In this work, IN939 superalloy was studied. IN939
is a precipitation-hardened nickel-based superalloy,
which is now mainly used for manufacturing of high
temperature cast components such as gas turbine
blades/vanes, fuel nozzles and turbine casings [13,14]. It
has excellent mechanical properties and corrosion
resistance simultaneously. Recently, JAHANGIRI et al
[15,16] have developed wrought version of this alloy for
applications such as gas turbine disks, seals, rings and
casings, and fasteners.

2 Experimental

The materials used in this study were obtained via
casting or hot rolling, and the complete manufacturing
processes of these materials have been given in the
previous publications [15,17]. After casting or rolling,
various cast or wrought specimens with the same
chemical composition (Table 1) were cut from the initial
materials, and were heat treated in accordance with
Table 2.

Table 1 Chemical composition of IN939 superalloy used in the
present work (mass fraction, %)

C Co Cr Ti Al W Ta

0.144 19.25 2238  3.65 1.99 1.97 1.45

Nb Zr B P S Ni
0.99 0.09 0.011 0.002 0.001 Bal.

Table 2 Initial conditions of IN939 superalloy used in this work
and related samples codes

Manufacturing
Heat treatment Sample code
method
(1150 °C, 4 h)+(1000 °C, 6 h)+
Cast-HT1
Casting (900 °C, 24 h)+(700 °C, 16 h)
(1150 °C, 4 h)+(850 °C,24h)  Cast-HT2

(1150 °C, 4 h)*+(1000 °C, 6 h)+
Hot Wrought-HT1
(900 °C, 24 h)+(700 °C, 16 h)

rollin
g (1150 °C, 4 h)+(850 °C, 24 h) Wrought-HT2

These heat treated specimens were exposed to three
temperatures of 790, 850 and 910 °C for different
periods (from 250 to 1500 h). These aging temperatures
were selected as relatively low, medium and high
temperatures to bound service temperatures of the alloy
in power generation gas turbine applications. After aging,
the microstructures of specimens were studied by light
optical microscope (OM) and scanning electron
microscope (SEM). The SEM was equipped with an
energy dispersive X-ray spectrometer (EDS) system.

In this study, the Clemex software was used to

measure the average size of y' particles, as well as the
volume fraction of these precipitates. The reported y
particle sizes are the average values from the
measurements made on six SEM micrographs of each
sample. These micrographs were taken from the dendrite
cores as well as the interdendritic regions of the cast-HT
alloys microstructures.

3 Results and discussion

3.1 Overall microstructural changes and MC carbides
transformation

The chemical composition of the IN939 superalloy
used in this work is given in Table 1. Various
micrographs in Fig. 1 show typical microstructures of
IN939 alloy in the as-cast condition (Fig. 1(a)) and after
HT1 heat treatment (Figs. 1(b)—(d)). In the cast condition,
the alloy has a dendritic
microstructure of the cast specimens includes the matrix

microstructure. The

¥ together with the other phases such as J particles,
MC carbides, and some # phases [17,18]. It is found that
the elements Ti, Nb, Ta, and Zr are segregated to the
interdendritic regions, while Cr is segregated to the
dendrite cores [17]. Al element does not show significant
segregation.

After HT1 heat treatment (Fig. 1(b)), the degree of
segregation in the microstructure decreases to some
extent in comparison with the as-cast microstructure, but
there still exists relatively large heterogeneity between
the dendrite cores and the interdendritic regions. This
leads to various y' particles size in different regions of
the microstructure, and as mentioned in Section 2, the
average size and distribution of » particles were
measured on micrographs taken from the different
regions of the microstructure and these average values
were used in the analysis of the results.

Various MC carbides are observed within the grains
or on the grain boundaries of the cast or cast-HTI
specimens (Figs. 1(a)—(e)). These MC-type carbides are
enriched in Ti, Ta, and Nb elements. Some Cr-rich M,;Cq
carbides are also observed at the grain boundaries.

Figure 2 shows the microstructures of the cast
IN939 superalloy after different initial heat treatments.
Figures 2(a) and (b), which are related to cast-HT1
specimens, show that the alloy has coarse grains with
approximate dimensions of (2+1) mm. The dendritic
form of the microstructure is clear, and there is a
considerable amount of inhomogenity and segregation of
alloying elements in the microstructure. Quantitative
metallography showed that the volume fraction of y
precipitates is about 35% in these specimens, and the
average size of these particles is around 121 nm.
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The microstructures of the specimens marked as
cast-HT2 (Figs. 2(c) and (d)) indicate that these
specimens have coarse grains and microscopic
segregations as cast-HT1 specimens. The major
difference between the cast-HT1 and cast-HT2
specimens is the size of ) precipitates in the
microstructures. The average y' particle size is 66 nm for
cast-HT2 specimen.

The main feature in the wrought and heat treated
specimens is their microstructures with fine grains in the
range of 100 pm containing numerous annealing twins
(Figs. 3(a) and (c)). The results show that the grain size
of the wrought and heat treated specimens is much finer
than that of the cast and heat treated specimens. This
indicates that the recrystallization has occurred during
hot working or heat treating cycles. Because IN939

MC carbide

Fig. 1 Microstructures of IN939 alloy in
as-cast condition (a), after HT1 heat
treatment (b—d), and EDS analysis (e) of
MC carbides in Fig. 1(d)

superalloy has high amounts of Co and Cr in its chemical
composition, it has low stacking fault energy (SFE) [19].
At high temperatures, alloys with low SFE can easily
undergo  dynamic  recrystallization  during  hot
deformation processes, and this can lead to fine
microstructures [20,21].

Depending on the applied heat treatment, wrought
samples have two kinds of ¥ precipitates with two sizes
and morphologies. Larger precipitates existing in
wrought-HT1 samples are mainly cubic (Fig. 3(b)), while
the smaller ones in the wrought-HT2 specimens are
rather spherical (Fig. 3(d)). Larger precipitates have
formed during high-temperature aging at 900—1000 °C,
while the finer ones have precipitated during lower-
temperature aging at 850 °C. The average size of the ¥
precipitates in the microstructure of wrought-HT1 and
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wrought-HT2 samples are 132 nm and 73 nm,
respectively.

Figure 4 shows the microstructures of cast-HT2
samples after exposure at 790 °C for 1500 h. The
significant point about the microstructural changes of ¥
precipitates for cast-HT2 samples at this temperature is
that the initial spherical shape of these particles remains
almost unchanged up to a long time. Only for samples

aged at this temperature for 1500 h, both spherical and
cubic morphologies are observed together (Fig. 4(c)).

For these samples, a platelet or blocky phase was
detected with a chemical composition like the # phase in
adjacent to MC carbides at some of the grain boundaries
(Figs. 4(d) and (e)). At first, it was not specified whether
this phase had been present in the initial microstructure,
or it was formed during aging at 790 °C. Other results in



M. R. JAHANGIRYI, et al/Trans. Nonferrous Met. Soc. China 24(2014) 1717-1729

1721

(¢) Phase A ENNTE W% A%
NiLsx

Al Ka 84.1 3.07 6.49
Ti Ka 287.9 | 13.41 | 1597
Cr Ka 76.2 4.66 5.11
Cola Co Ka 105.6 | 1198 |11.60
Ni Ka 417.2 | 58.67 | 57.01
Nb | La 81.5 4.12 2.53
Ta La 4.7 4.10 1.29
Tot 100.00 | 100.00

Talp2  Talyll
Talp , Talyl

() Phase B Elt Line Int W% A%
Crig, Ka 50.3 19.65 52.86
Ti |Ka |80.2 185 [1.24
Cr Ka 1819.3 | 58.05 36.07
Co |Ka 59.3 3.19 1.75
Ni | Ka | 2246 |13.47 |7.41
w La 123 | 379 0.67
Tot | 100.00 | 100.00
Cola
Cila
Tike WLl
Nib, W Lo,
Loy gy, TS P oy
Tk, ) w2 Wit
CMal NiKD wig  wig

10

ElkeV
Fig. 4 Microstructures of cast-HT2 specimens after aging at 790 °C for 1500 h: (a, b) Optical microstructures; (¢, d) SEM

microstructures showing ¥ precipitates distribution and MC carbides transformation; (e, f) EDS analysis of phases A and B in
Fig. 4(d)

this work showed that this # phase was formed during
the decomposition of MC carbides at 790 °C. In addition
to # phase, Cr-rich carbides were also observed around
the decomposed MC carbides, as well as along the grain
boundaries (Figs. 4(d) and (f)).

Figures 5(a)—(c) show the microstructural changes
of wrought-HT1 samples after aging for 1500 h at 790
°C. As shown, the changes in the size and morphology of
¥ particles are small. After holding for 1500 h at this
temperature, MC carbides within the grains show no
significant change, while MC carbides at the grain
boundaries undergo some degrees of microstructural
transformation (Figs. 5(b) and (d)). It seems that the
differences in the kinetics of MC carbides decomposition
within the grains or at the grain boundaries have been
arisen from the more diffusivity of the alloying elements

5 10
ElkeV

at the grain boundaries.

As shown in Fig. 5(d), MC carbides at the grain
boundaries have been transformed at the interface of
MC/matrix to Cr-rich carbides such as Cr,;Cy and a new
phase (compared with Figs. 1(c) and (d)). The chemical
composition of the new phase (phase B in Fig. 5(d)) is
similar to that of the # phase with general formula Ni;Ti
(Fig. 5(f)). It should be pointed out that the # phase in
IN939 superalloy contains some additional elements
such as Ta, Nb and Al [18].

According to the published reports [22,23], the #
phase can be formed at low temperature in high-Ti
containing superalloys by the transformation of MC
carbides. The possible equation can be expressed as
follows:

MCHy—My;Cetry (1
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Fig. 5 Microstructures of wrought-HT1 specimens after aging at 790 °C for 1500 h: (a, b) Optical microstructures; (¢, d) SEM
microstructures showing y ' precipitates distribution and MC carbides transformation; (e, f) EDS analysis of phases A and B in
Fig. 5(d)

Figure 6 shows the microstructural changes of
cast-HT1 superalloy after aging at 910 °C for 1500 h. As
shown in Fig. 6(a), there is still relatively large
segregation between the dendrite cores and the
interdendritic regions. A notable point is that, despite the
existence of relatively large segregation between the
dendrite cores and the interdendritic regions, no rafting is
observed in the microstructures after aging for 1500 h
(Fig. 6(b)).

Figure 6(c) shows the MC carbides transformation
of these specimens after aging for 1500 h at 910 °C. This
figure shows that the MC carbides in their interface
regions with the matrix transform to Cr-rich carbides
(Figs. 6(d) and (e)) and  phases. Under this temperature

(N EETEEEEED Phase B
Nia (Al | Ka | 765 | 3.54 | 7.45
T |Ka | 367.8 1228 | 1458 |
"Cr | Ka | 1559 625 | 6.84 |
Co | Ka | 1567 991 | 956 |
cola  Ni | Ka | 8185 50.45 | 57.60 '"mu
Nb [la | 835 430 | 263 |
Ta |la |74 | 251 |079
W [la |44 [176 |055 |
ot | 100,00 100.00|

condition, no # phase is found around the MC carbides in
the transformed regions. MC carbides transformation to
Cr-rich carbides and » phases has been reported for
many of the superalloys [5,24,25] and is formulated as
follows:

MCHy—MyCety/ @)

Figures 7(a) and (b) show the microstructural
changes of wrought-HT1 samples after aging for 1500 h
at 910 °C. As shown in these figures, size and
morphology of ¥ particles have changed more than those
observed at 790 °C (compared with Fig. 5). This is due to
the higher diffusivity of y—former elements at 910 °C
with respect to 790 °C [26]. It is also observed that for
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the ¥ particles located at the grain boundaries, the
growth rates are much higher than those located within
the grains. The reason is more diffusivity of alloying
elements along the grain boundaries related to the grain
interiors.

In this condition, MC carbides transform to Cr-rich
carbides and Y phases according to Eq. (2) (Figs. 7(c)
and (e)). There is no evidence of # phase formation
during MC carbides transformation at this temperature.
The results at 850 °C also show that at this temperature,
MC carbides transform to Cr-rich carbides and y' phases.
At 850 °C similar to 910 °C, no # phase is formed during
the MC carbides transformation.

3.2 y' particles coarsening rate and activation energy
Theory of Lifshitz, Slyosov and Wagner, which is
briefly called LSW theory, states that if the growth of

Elt Line Int W% A%
Cro |€ | Ka [460 | 1843 |5163
Ti Ka [362 |0.50 0.63
ICr | Ka 1&6&.5]' 64.54 _41.76
(Co |Ka |S08 |2.94 | 168
INi |ka [7a6 |aB1 276
Ta |la |61 1.81 | 0.34
W |Lla [200 |658 |1.20

Phase A

Fig. 6 Microstructures of cast-HT1 specimens
after aging at 910 °C for 1500 h: (a) Optical
microstructure; (b, ¢) SEM microstructures
showing » precipitates distribution and MC
carbides transformation; (d, e) EDS analysis of
Cr-rich carbides A and B in Fig. 6(c)

precipitates is controlled by diffusion, the average
particle size increases according to the following
equation [2—6]. This type of growth is also identified as
Ostwald ripening.

@—dy=Kt or @—dy=kt (3)

In the above equation, a, d, and K=k> are the
average particle size at time 7, the average particle size at
time /=0, and the rate constant or rate factor, respectively.
Slope of the equation is equal to K=k’, and it can be
obtained from the following equation [2,3,6]:

K=(64yDCV*)/(9RT) 4)

In the above equation, y, D, C, V, R, and T are the
interface free energy between the precipitates and matrix,
the diffusion coefficient, the concentration of solute
elements in equilibrium with a precipitate having an
infinite radius, the molar volume of particles, the mole
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gas constant, and the thermodynamic temperature.
Equation (4) can be rewritten as follows:

In[£*(T/C)]=Constant—[(Q/RT)] (5)

Assuming that the parameter (7/C) has no
significant influence [3,9], the activation energy for the
growth of precipitates can be calculated by determining
the slope of In &* versus 1/T.

Figure 8 shows the results of changes in the size of
¥ particles for cast or wrought samples with increasing
aging time at 790, 850 and 910 °C, respectively. As can
be seen, the plot of the cube of the average ¥ precipitates
size against the aging time is almost a straight line. This
indicates that the growth of the ¥ precipitates in cast or
wrought IN939 superalloy with different heat treatments
and different initial microstructures follows LSW
equation at 790—-910 °C and aging times up to 1500 h.

2 pm
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Fig. 7 Microstructures of wrought-HT1 specimens
after aging at 910 °C for 1500 h: (a) Optical
(bc)
showing » precipitates distribution and MC

microstructure; SEM  microstructures
carbides transformation; (d, e) EDS analysis of
phases A and B in Fig. 7(c)

This demonstrates that the diffusion of alloying elements
in IN939 superalloy controls the coarsening behavior of
¥ particles.

Using the plots of In & versus 1/T (Figs. 9), the
activation energy values for growth of ¥ precipitates in
the cast or wrought IN939 superalloy were calculated.
These values as well as the ¥ particles growth rate
coefficients are given in Table 3.

The results show that in the cast or wrought IN939
superalloy, the activation energy of coarsening for the »’
particles is within the range of 266—290 kJ/mol. By
comparing the activation energy for the growth of y
precipitates in the IN939 superalloy with those values
reported for Ni—Al alloys and other superalloys
(240280 kJ/mol) [2—6,9—12,27], it can be seen that the
activation energy values obtained in this research are in
the upper range of similar alloys. Diffusion controlled



Y10° nm?

3
0

_a-

@

(@-a)/10° nm?

In /4

Ink3

M. R. JAHANGIRI, et al/Trans. Nonferrous Met. Soc. China 24(2014) 1717-1729

1725

16 90
(a) (b)
14+ -
12+ ?
10} £ oor
S
8 s 45t
'E‘
or = 30t
4 4 — Cast-HT1 4+ — Cast-HT1
= — Cast-HT2 = — (Cast-HT2
? * — Wrought-HT1 15 * — Wrought-HT1
¢ — Wrought-HT2 ¢ — Wrought-HT2
0 0.5 1.0 1.5 2.0 0 0.5 1.0 1.5 2.0
Time/kh Time/kh
350
(c)
300
250
2001
150+
Fig. 8 Plots of @°—d,’ parameter vs aging time
100 - _ 8::::E¥é for cast or wrought IN939 superalloy at 790
50 * — Wrought-HT1 °C (a), 850 °C (b), 910 °C (¢)
* — Wrought-HT2
0 0.5 1.0 1.5 2.0
Time/kh
10
@ ;0]
ol 10+
() -
8r %
y=-32026x+36.82 = gl
- y="34773x+39.25
7+
? -
61 6L
4+ — (Cast-HT1 = — (Cast-HT2
5 1 1 5 1 1
80 85 90 95 80 85 90 95
T-1/107K™! T-1/10K™!
1) "
10 10+
9r 9}
8r —-32152x+36.95 = 8r
Y= : - y=—34889x+39.36
7r 7r
6 6L
* — Wrought-HT1 + — Wrought-HT2
5 1 I 5 L L
80 85 90 95 80 85 90 95
T-1/107K™! T-107°K™!

Fig. 9 Plots of In &> vs 1/T for IN939 superalloy with different manufacturing routes



1726 M. R. JAHANGIRI, et al/Trans. Nonferrous Met. Soc. China 24(2014) 1717-1729

Table 3 Calculated ¥ particle growth rate coefficients and
activation energy values for IN939 superalloy with different

manufacturing routes

Aging Aging Ygrowth growth
Alloy code temperature/ time/ ratf? activation
oC coeff;melﬁt/ energyﬁ/1
(mm™h) (kJ-mol )
Cast-HT1 790 0-1500 812.6
Cast-HT1 850 0-1500 4017 266.28
Cast-HT1 910 0-1500 17271
Cast-HT2 790 0-1500  647.2
Cast-HT2 850 0-1500 4566 289.11
Cast-HT2 910 0-1500 17737
Wrought-HT1 790 0-1500 820.1
Wrought-HT1 850 0—-1500 4069 267.32
Wrought-HT1 910 0-1500 17642
Wrought-HT2 790 0-1500  653.4
Wrought-HT2 850 0-1500 4604 290.1
Wrought-HT2 910 0-1500 18110

models typically consider the diffusion of Al and Ti
elements as the limiting factors for the growth of y
particles in the superalloys. It has been shown that the
presence of Ta, W, and Nb elements in superalloys can
decrease the coarsening rate of y” particles due to their
low diffusivity in the y matrix [3,28,29]. Because IN939
superalloy has relatively high amounts of slow diffusing
elements, the activation energy for coarsening of y
particles in this alloy is in the upper range of the
published data. Moreover, it has been reported that the
coarsening (ripening) rate of y particles in superalloys
decreases as the Cr and Co contents of the alloy
increased [23,30]. Consequently, these elements, which
have high concentration in IN939 superalloy, reduce the
solubility of Al and Ti in matrix, and hence decrease the
y' particles growth rate. The activation energy values
obtained in this research are to some extent greater than
those for diffusion of Ti in Ni (257 kJ/mol [6,27]) and
diffusion of Al in Ni (269 kJ/mol [6,27]). Because the ¥
phase composition in IN939 superalloy is mainly based
on Ni, Co, Al, and Ti with the lower levels of Ta, Nb, and
W [31], it can be concluded that the # particles
coarsening in this alloy is mainly controlled by the
reduced diffusion of Al and Ti atoms in the presence of
the other alloying elements.

By comparing the coefficients of the coarsening rate
of ¥’ precipitates in the cast or wrought IN939 superalloy
at different temperatures, it can be found that the growth
rate of the particles is very sensitive to the aging
temperature of samples. An increase of 120 °C in aging
temperature also increases the growth rate factor by
21-27 times. Based on Egs. (4) and (5), one can say that

such high increases in parameter K with temperature are
related to the exponential dependency of the alloying
elements diffusion on temperature.

On the basis of the results presented in Fig. 8 and
Table 3, significant points can be drawn. An important
point in this research is that the coefficients of the
growth rate and activation energies for the coarsening of
¥ precipitates for wrought and heat treated samples are
almost similar to those obtained for cast and equivalent
heat treated samples. In other words, the effect of the
prior manufacturing route (casting or hot forming) is
found to be insignificant on the overall coarsening
behavior of the ¥ particles.

Although the wrought samples have a finer grain
microstructure with numerous twins, and a high density
of stacking faults, but the coarsening rate coefficients of
the y particles for wrought specimens are not
significantly different from those of the cast specimens
with the same heat treatment. This implies that the y
particles coarsening in the cast or wrought IN939
superalloy is a continuous coarsening process which is
controlled by volume diffusion of alloying elements.
Therefore, grain boundaries, twins, and stacking faults
have no significant effect on the particles coarsening
behavior.

On the other hand, the initial heat treatment has a
major influence on the coarsening kinetics of the y
particles. At 790 °C, the coarsening rate factor for HT1
specimen is larger compared to that obtained for HT2
specimens. A reversed trend is observed at 850 °C, and at
910 °C, the coarsening rate constants are almost the same
for all the specimens.

The variations of K vs temperature lead to distinct
changes in the activation energy values, so that one may
be able to explain some unexpected published results
about the relationship between K and Q parameters
[9—12]. In some of these references, the higher activation
energy values have been associated with higher
coarsening rate factors in a temperature range, while in
the other references, the situation has been reversed.

To better clarify this subject, the results presented in
Fig. 8 and Table 3 are replotted in Fig. 10. In this figure,
the results are shown in two different temperature ranges
of 790-850 °C (Figs. 10(a) and (b)) and 850-910 °C
(Figs. 10(c) and (d)). By measuring the slopes of the
lines, the activation energy values for growth of »
particles are calculated and given in Table 4.

Figures 10(a) and (b) show that despite the constant
values of the activation energy for specimens HT1 or
HT2 in the temperature range of 790—850 °C, the
coarsening rate coefficients have been changed. For
example, although cast-HT2 alloy has lower coarsening
rate coefficients in the temperature range 790—827 °C, it
has higher coarsening rate constants in the temperature
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Table 4 y particles growth rate coefficients and activation

energy values for IN939 superalloys in two separate
temperature ranges
Aging ¥ growth rate ;: tg1£f(;‘gz)1:1
Alloy code temperature/  coefficient/
°oC (nm3 h 1 ) energy/
(kJmol ™)
Cast-HT1 790 812.6
264.35
Cast-HT1 850 4017
Cast-HT2 790 647.2
323.19
Cast-HT2 850 4566
Wrought-HT1 790 820.1
264.96
Wrought-HT1 850 4069
Wrought-HT2 790 653.4
322.98
Wrought-HT2 850 4604
Cast-HT1 850 4017
268.5
Cast-HT1 910 17271
Cast-HT2 850 4566
249.82
Cast-HT2 910 17737
Wrought-HT1 850 4069
270.05
Wrought-HT1 910 17642
Wrought-HT2 850 4604
252.12
Wrought-HT2 910 18110
9
(a)
4+ — Cast-HT1
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2
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? .
6 L
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= — (Cast-HT2
y=-30047x+35.18
= 9r
1=-32294x+37.05
8 L
84 87 90

710K
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range 827-850 °C compared to cast-HT1 alloy. It is
reiterated that the cast-HT2 alloy has higher activation
energy (which is related to slope of the Arrhenius plot)
for the ¥ particles coarsening in the entire temperature
range 790—850 °C.

In the temperature range 850—910 °C, the activation
energy of y' particles growth for HT'1 specimens is more
than that of HT2 specimens (Figs. 10(c) and (d), and
Table 4). Also, the coarsening rate coefficients are lower
for samples HT1, although the K parameters of two heat
treatments come closer together as the temperature
increases.

Figure 11 shows a schematic summary of the results
obtained in this study. This figure shows that in the
temperature range of 7,—7,, cast/wrought alloys HT2,
which have higher activation energy values for J
particles coarsening, also have lower coarsening rate
coefficients. In the temperature range of 7,—T73, where the
alloys HT1 have lower activation energies, these alloys
have also lower growth rate constants. In the temperature
range of 75—7,, alloys HT1, which have higher activation
energy values for y' particles coarsening, also have lower
coarsening rate coefficients. This implies that there is
no expected relationship between the parameters K and

(b) * — Wrought-HT1
* — Wrought-HT2
y=—38846x+43.02

y==31868x+36.68

%
S
? -
6 1
88.0 91.5 95.0
T-1/107K™!
10
@ * — Wrought-HT1
+ — Wrought-HT2
y=—30324x+35.43
=9
y=-32480x+37.23
8 .
84 87 90

T-1/107°K!

Fig. 10 Plots of In &> vs 1/T for IN939 superalloy with different manufacturing routes in two separate temperature ranges: (a, b)

790-850 °C; (c, d) 850—910 °C
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L

Fig. 11 Schematic summary of results obtained in present work
about relationship between K and Q parameters, i.c., In &* vs
77!, for different HT alloys

Q in the temperature range of 7,—75.

On the basis of the above results, it can be
concluded that in the temperature range of 790—827 °C,
IN939  cast/wrought-HT2  alloys have  more
microstructural stability, while in the temperature range
of 827-910 °C, the initial heat treatment marked as HT'1
provides lower growth rate constants and more stable
microstructures for cast or wrought IN939 superalloy.

To explain the above results, it is necessary to look
again at the aging cycles during initial heat treatments of
these alloys (Table 2). The last aging step for specimens
HT1 was carried out at 700 °C. The result of this aging
process is the formation of very fine particles in the
space between the coarser ¥ particles formed during the
previous aging cycles [15,31]. These very fine particles
have no sufficient stability during aging at high
temperatures. They are dissolved at relatively low
temperatures, and participate in the coarsening process of
the larger ¥ particles. In contrast, the aging cycle for
specimens HT2 was performed at 850 °C. Hence, the ¥
particles in these specimens are more stable at lower
temperatures.

The above results show that during the long-term
aging of the samples at relatively low temperatures
(790-827 °C), the microstructural stability of the
specimens HT2 is higher than that of the specimens HT'1.
On the other hand, because of the use of higher
temperatures during the early stages of aging heat
treatments for specimens HT1 (1000 °C and 900 °C)
relative to the lower ones (850 °C) used for specimens
HT2, the microstructural stability of samples HT1 is
higher during long-term aging at temperatures greater
than 827 °C.

4 Conclusions

1) The effect of the prior manufacturing route

(casting or hot forming) is found to be insignificant on
the overall coarsening behavior of the ¥ particles.

2) The initial heat treatment has a major influence
on the coarsening kinetics of the ¥ particles.

3) In the temperature range of 790—827 °C, IN939
cast/wrought-HT2 alloys have more microstructural
stability, while in the temperature range of 827-910 °C,
the initial heat treatment marked as HT1 provides more
stable microstructure for the cast or wrought IN939
superalloy.

4) The growth of ¥ particles in the cast or wrought
IN939 superalloy follows the LSW equation in the
temperature range of 790-910 °C up to 1500 h. This
shows that the volume diffusion of alloying elements
controls particles growth rate.

5) An increase of 120 °C in aging temperature
increases the growth rate factor by 21-27 times.

6) Primary MC carbides in the microstructure of
cast or wrought IN939 superalloy transform to # phase
and M,;C, carbides after prolonged aging at 790 °C. On
the contrary, these primary carbides transform to y' phase
and M,;Cg phases after long-term aging at 850—910 °C.
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