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Abstract

Nickel-base superalloys are being used widely in the air and land-based gas turbines. The primary strengthening mechanism
of these alloys is the distribution of the y'(Ni; (Al Ti)) intermetallic phase. This phase is formed in two stages, including the
solutionizing and aging heat treatments. In order to create a structure with the desirable properties, the solutionizing heat
treatment is more important than aging. In this research, solutionizing heat treatment was conducted at different temperatures
and times, and aging heat treatment was carried out at a constant temperature of 850°C for 24 h. y’ precipitates characteriza-
tion was done by scanning electron microscopy and field emission scanning electron microscopy. The results showed that the
volume fraction and size of secondary y' precipitates decreases as the temperature and time of the solutionizing heat treat-
ment increases. Therefore, after the aging, size and volume fraction of y’ precipitates initially increased and then decreased.
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Introduction

Superalloys are advanced and strategic materials that can
maintain their engineering properties at temperatures above
their recrystallization temperature. Some of these alloys are
strengthened by the formation and distribution of coherent
y" (Ni3(Al, Ti)) precipitates, which prevent the movement
of dislocations via anti-phase boundaries [1, 2]. The micro-
structure and mechanical behavior of Ni-base superalloy
depends on the primary and secondary production processes
(solutionizing and aging). Hence, the heat treatment of these
alloys plays a significant role in their mechanical properties
(both at room temperature and at high temperatures) [3].
Secondary production processes such as heat treatment,
welding, and coating are applied on Ni-base superalloys to
improve their quality. The heat treatment of these alloys has
two main steps including solutionizing and aging, which
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depends on the desired properties and number of each step
that determined [4].

According to the phase diagram, through the placement
of alloy at a temperature of a single-phase region with suf-
ficient time, a single-phase or multiphase alloy with a low
percentage of secondary phases will form. Afterward, the
alloy is aged for a long time by placing it in the two-phase
zone. The supersaturated matrix in the solutionizing step
is a facilitator for nucleation and growth of y' precipitates
during the aging. Therefore, the higher quality solutionizing
increases the volume fraction of secondary y’ after aging [5].

The change in the Gibbs free energy due to y' precipita-
tion is obtainable from the below equation:

AG = -VAGy +A, + VAGq 1)

where y is the interface energy of precipitate per unit area, A
is surface of a new interface and matrix, AGy, is free energy
resulted from the formation of a precipitate and AGg is strain
energy. The interaction between free chemical energy and
energy of interface is effective for nucleation of y’ precipi-
tates. as a result, as the amount of solid supersaturated solu-
tion increases, the free chemical energy increases, and con-
sequently, the size of the critical nucleus will reduce [6-8].

The nucleation rate of y’ precipitates during the aging pro-
cess depends on the amount of supersaturation created in the
solutionizing heat treatment. Also, an appropriate structure
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after the aging is highly contingent on the proper solution-
izing heat treatment [9].

The solutionizing heat treatment of Ni-Base superalloys
depends on the diffusion parameters, which is an equilibrium
process between the solutionizing and precipitation. On the
one side of this equilibrium is the dissolution of small and
large y precipitates, and on the other side of this equilibrium
is y" agglomeration and precipitation [10, 11].

The aim of this study is choose of the most suitable solu-
tionizing condition for Ni-base superalloy along with inves-
tigating the effect of solutionizing parameters on microstruc-
ture, especially nano y’ precipitates.

Experimental Method

In this study, a part of the worked IN738LC in the riser of
a gas turbine blade was used. According to Fig. 1, cylindri-
cal samples were prepared in 10 mm diameter and 10 mm
length by electrical discharge machining. Table 1 shows
the chemical composition of the used superalloy by weight
percentage. Furthermore, the sample was heat-treated in a
tubular furnace under the protection of the argon gas. The
solutionizing heat treatment was carried out in a temperature
range of 1090-1200 °C at different times. After, the aging

Electrical Discharge Machining

was done in constant temperature at 850 °C for 24 h. The
schematic image of various solutionizing conditions along
with stable conditions of aging has been shown in Fig. 2.
Also, the various conditions of heat treatment are brought
up in Table 2. Immediately after solutionizing and aging, the
microhardness of the samples was measured, according to
ASTM E82-16 under the load of 100 g for 15 s [12]. After
each step of heat treatment, the microstructural studies were
performed. After preparing, grinding, and polishing, sam-
ples were electro-etched by 170 ml H;PO,, 10 ml H,SO, and
16 mg CrO; under the potential differentiate of 4-6 V for 4 s
[13]. The samples were studied by SEM (VEGA/TESCAN)
after the solutionizing treatment and FESEM (MIRA3 made
by the Czech Republic) after the aging.

Results and Discussion

The OM image of the as-casted alloy is shown in Fig. 3. As
is clear, significant quantities of y’ precipitates are observ-
able in the form of stretched and compact masses. Large
amount of carbide with a size of about 13 pm indicates
the proper time of solidification and growth of MC car-
bide blocks. The phase that firstly solidifies is MC carbide
blocks that formed in the melt. Moreover, since this phase
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Fig.1 Sample preparation steps
Table 1 Chemical composition Element C Cr Mo
of the used IN738LC (wt.%)
wt.% 0.11 16.01 1.80

831 Base 201 300 340 323 0.05 001 015
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Fig.2 Schematic of the heat treatment cycle

Table 2 The heat treatment conditions

Samples Solution Aging

RF1 1090 °C-30 min 850°C-24h
RF2 1090 °C—60 min 850°C-24h
RF3 1090 °C-90 min 850°C-24h
RF4 1090 °C-120 min 850°C-24h
RF5 1120 °C-30 min 850 °C-24h
RF6 1120 °C-60 min 850 °C-24h
RF7 1120 °C-90 min 850°C-24h
RF8 1120 °C-120 min 850 °C-24h
RF9 1160 °C-30 min 850 °C-24h
RF10 1160 °C-60 min 850 °C-24h
RF11 1160 °C-90 min 850 °C-24h
RF12 1160 °C-120 min 850 °C-24h
RF13 1200 °C-30 min 850 °C-24 h
RF14 1200 °C-60 min 850 °C-24h
RF15 1200 °C-90 min 850°C-24h
RF16 1200 °C-120 min 850 °C-24h

is suspended in the melt, it can be observed in any form in
the y matrix [14].

In Fig. 4a, the SEM image shows the solution heat-treated
sample at 1090 °C for 30 min. As can be seen, the y—y'
eutectic phase is about to dissolve, which is the first phase
to solutionize in the IN738LC superalloy [15]. The SEM
image, Fig. 4b, shows the sample that solution heat-treated
at 1090 °C for 120 min. This image illustrates that as the
time of solutionizing increases at constant temperature, a
suitable condition for agglomeration of y' precipitates will

Time

Fig.3 OM image of as casted sample

be provided. In Fig. 4c, the SEM image depicts the sample,
which solutionized at 1200 °C for 120 min. In visual com-
parative, by increasing the temperature of solutionizing heat
treatment, the volume fraction of y’ decreases. Quantitative
information of residual precipitates is shown in Table 3. Fig-
ure 3 and Table 3 demonstrate that volume fraction and size
of y' precipitates decrease as the time and temperature of
solutionizing heat treatment increase. After solutionizing,
according to evidence and current mechanisms, y' precipi-
tates can be classified as follows:

a. Large y' precipitates formed by the agglomeration of
other precipitates.

@ Springer



444

Metallography, Microstructure, and Analysis (2021) 10:441-447

SEMMV 3000k WD 55708 mm
SEMMAG 500k« Det SE
Viewfield 2889um  PC: 13

VEOAN TESCAN SEM HY v WD.58476mm
£ GEM MA l  Det SE
Peﬁomuu-ﬂmmsmun View fi gm PC 16

Fig.4 SEM images of solutionized samples: (a) RF1, (b) RF4, (c) RF16
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Table 3 Characteristics of y’

s 6 lutionizi Samples Total volume frac- Volume fraction of Volume FRACTION Size of small  Size of
precipitates after solutionizing tion of 7° (%) nano 7’ (%) of big 7’ (%) 7 (um) large 7°
heat treatment

(um)
As casted 87.64 0.095 2.03
RF1 76.44 23.06 53.38 0.07568 1.98
RF4 72.75 22.11 50.64 0.07142 1.90
RF16 64.97 37.77 27.77 0.05950 1.40

b. Nano or submicron precipitates, which resulted from
large precipitates.

c. Nano y’ precipitate, which nucleated during solution-
izing heat treatment.

d. Nano y’ precipitates formed during the quench, known
as cooling precipitates.

Table 3 shows characteristics of y° precipitates after solu-
tionizing heat treatment.

Increasing the time and temperature of solutionizing
heat treatment leads to a decrease in the volume fraction of
precipitates of the first type while it can result in increase
in the volume fraction of nano precipitates and precipi-
tates’ size. At the beginning of solutionizing heat treat-
ment, y' precipitates dissolve from their corners, leading to
arise of stabilizing elements around the matrix which then
becomes enriched with y'. As time increases, precipitates
join each other through diffusion in Al and Ti rich direc-
tions. Although this phenomenon causes the formation of
large precipitates, these precipitates are smaller in com-
parison to coarse y' precipitates in the as-casted sample.
As the supersaturation increases in the matrix, movement
of the atoms toward each other becomes hard due to the
formation of large precipitates and the nucleation of y’
precipitates during solutionizing [16]. Therefore, in high
temperatures, the rate of agglomeration decreases. Hence,
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it can be said that y" precipitates are affected by changes
in the temperature and the time of the solutionizing heat
treatment.

Figure 5a shows the SEM image of the RF1 sample after
the solutionizing heat treatment. In this image, nano y' pre-
cipitates are well distinguishable. As mentioned before,
around the coarse precipitates, nucleation of nano y' pre-
cipitates is more probable. Supersaturation and lack of
energy brings these precipitates closer together and prompt
them to grow. In Fig. 5b, the SEM image shows nano y’
precipitates after solutionizing heat treatment in the RF16
sample where the precipitates have agglomerated; this is due
to the suitability of the diffusion path and the amount of
supersaturation.

Figure 6a shows the FESEM image of the RF1 sample
after the aging. This image demonstrates the primary and
large y' precipitates with an irregular shape along with sec-
ondary nano y' precipitates with a relatively high-volume
fraction. Figure 6b demonstrates the FESEM image of the
RF4 sample after the aging where the primary y’ precipitates
are in cubic shape. The FESEM image of the RF16 sample
after aging is shown in Fig. 6¢. In this sample, the high tem-
perature of solutionizing heat treatment leads to a low vol-
ume fraction of precipitates, where precipitates with small
size increase the number of nano precipitates and produce
more secondary precipitates [6].
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Fig.5 SEM images of nano pre-
cipitates remained in solution-
ized samples: (a) RF1, (b) RF16
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Fig.6 FESEM images of samples after aging: (a) RF1, (b) RF4, (¢) RF16

Primary y' precipitates’ size is visible in Fig. 6a, where
the solutionizing conditions were not suitable in the RF1
sample. After the solutionizing, residual y’ precipitates
grow during the aging and as the time passes secondary
nano y' precipitates agglomerate and join where eventually
form large precipitates. In Fig. 6b, cubic y’ with appropriate
size indicates the suitable condition of the solutionizing and
the formation of a superior microstructure in comparison
with the RF1 sample. Increasing the time of solutionizing
heat treatment leads to an increase in the volume fraction of
soluble y' precipitates and supersaturation of the solution.
Accordingly, this will create more suitable places for nuclea-
tion and growth of secondary nano y’ precipitates, which

leads to the reduction in the size of primary and secondary
!

7.
In Fig. 7a—c, the FESEM images show secondary nano y’

precipitates in RF1, RF4, and RF16 samples, respectively.
As the time and temperature of the solutionizing stage

increase, the size of secondary nano y’ precipitates reduces
by increasing the nucleation areas. As a result, the number
of precipitates increases. This increase leads to a decrease
in the amount of Al and Ti in y matrix. Due to the decrease
in the chemical concentration of Al and Ti elements, the
growth of y' precipitates is limited [17]. Table 4 shows the
size and volume fraction of y’ precipitates after the aging.
Dislocation interactions with precipitates and other defects
lead to an increase in the hardness of Ni-base superalloy.
Shearing of y’ precipitates by 1/2<110> dislocation forms an
anti-phase boundary that removes by the passing of the second
dislocation with a similar burgers vector. Thus, the size of y’
precipitates has a significant effect on the dislocation interac-
tion and, consequently, hardness, and it must be controlled.
It seems that the importance of the anti-phase boundary in
the hardness of the IN738LC Ni-base superalloy is greater
than the Orowan mechanism and stacking fault [2, 18-20]. If
the size of these precipitates increases more than the required
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Fig.7 FESEM images of nano secondary y’ in the aged samples: (a) RF1, (b) RF4, (c¢) RF16

Table 4 Characteristics of y’

o 6 ne b Samples Total volume frac-  Volume fraction of  Volume fraction of Size of small  Size of
precipitates after aging heat tion of 7° (%) nano y’ (%) big 7’ (%) 7 (nm) large 7°
treatment

(pm)
RF1 70.31 29.65 40.66 67.55 0.723
RF4 77.54 33.19 44.35 65.66 0.4912
RF16 84.16 37.95 56.21 59.22 1.1223

amount, dislocations either will cut the large precipitates by
strong pairing or pass through the precipitates by the Orowan
lope mechanism. Both mechanisms reduce hardness. However,
if the y’ precipitates become smaller than the limited amount,
they cannot be cut off, and dislocations go around them with
the Orowan mechanism [21]. In solutionizing treatment, due
to the decrease in size and volume fraction of y’ precipitates,
the hardness reduces to half. The rate of hardness reduction
increases as the time and temperature of solutionizing heat
treatment increase [6, 18]. In the aging process, as the volume
fraction of nano y’ precipitates increases, due to the increase in
collisions between dislocations and precipitates, the hardness
rises [20, 22]. In Fig. 8, the hardness changes in the samples
after the solutionizing and aging heat treatments have been
shown. As is clear, by increasing the time and temperature of
solutionizing heat treatment, the hardness has decreased while
after the aging, the hardness has increased. The formation and
structural characteristics of nano y’ precipitates in both stages
of precipitation-hardening according to the stated mechanisms
are effective in changing the hardness.

Conclusion
The results of this study showed that time and temper-

ature of the solutionizing heat treatment play a crucial
role in the microstructure and mechanical properties of

@ Springer

IN738LC superalloy. According to the results, increasing
the temperature is more effective than increasing the time
in the solutionizing stage. Besides, the increase in these
parameters leads to a reduction in the size and volume
fraction of y’ precipitates. In constant time, as the solu-
tionizing temperature increases to 1200 °C, the volume
fraction of y’ precipitates reduces. This reduction results
in an increase in supersaturation in the gamma matrix,
which is very useful in the aging stage. The y’ precipi-
tates can be divided into four categories according to their
characteristics: Large y' precipitates formed by addition
and agglomeration of other precipitates, nano or submi-
cron precipitates which appeared from large precipitates,
nano y' precipitates nucleated during the solutionizing
heat treatment, and nano y’ precipitates formed during the
quenching which is known as cooling precipitates. Solu-
tionizing at low temperatures and short times activates
the agglomeration mechanism of y’ precipitates, while in
high temperatures and long time, the formation of cool-
ing precipitates increases. In the solutionizing stage, the
hardness decreases due to the reduction in the size and
volume fraction of the y’ phase. However, with increasing
the supersaturation in the solutionizing stage, the size of
secondary nano y' decreased, whereas after aging, the vol-
ume fraction of nano y' increased, which led to an increase
in hardness.
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