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CMSX-4 is a second-generation single-crystal nickel-based superalloy.
Through aging heat treatments, the characteristics of y’ precipitates, including
their size, volume fraction, and morphology, can be controlled in this alloy.
Therefore, the main goal of this research is to investigate the effect of aging
temperatures (800-1140 °C) and times (1-24 h) on the kinetics of y’ precipitate
formation and growth. As the aging temperature increases, the morphology
changes from an irregular shape to a cubic one. The most regular cubic
morphology is observed at 900 °C. Due to the competition between diffusion
and matrix supersaturation, the volume fraction of precipitates initially
increases and then decreases with increasing temperature and time. Kinetic
studies of y’ precipitate growth and formation using the Johnson—-Mehl-Avrami
method show that the rate of transformation and growth of y’ precipitates
increases with increasing aging temperature. The average value for the Avrami
exponent (n) is approximately 4 in the range of 835-900 °C, which indicates
regular and cubic growth of y’ precipitates within this temperature range. Based
on this model, a TTP diagram was plotted for CMSX-4. The nose of the TTP
curve, indicating the optimal conditions for y’ phase formation, is obtained at
approximately 850 °C.
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1. Introduction

CMSX-4! is a second-generation single-crystal nickel-based superalloy. It is used for gas
turbine blade applications due to its desirable properties, including high creep and
mechanical/thermal fatigue strength, good phase stability, and high resistance to hot corrosion
and oxidation [1]. These properties result from its microstructure, which contains a
strengthening y’? phase uniformly distributed with a cubic morphology in the matrix. This alloy
is subjected to working conditions or heat treatments at temperatures close to the y’ solvus.
Therefore, evaluating the characteristics of the y’ phase and its formation and growth kinetics
is highly important to achieve the desired mechanical properties. Heat treatment of single-
crystal components typically includes a solution annealing stage followed by aging. The
purpose of aging is to achieve a uniform distribution of y’ precipitates in terms of size, volume
fraction, and morphology. As aging temperature and time increase, the size of y’ particles
increases [2-4]. The coarsening of y’ particles is due to the Gibbs-Thomson effect. According
to this phenomenon, solute atoms flow from the surface of secondary y’ particles to the matrix
and from the matrix towards primary 7y’ particles, due to the existing concentration gradient.
During this process, the average radius of y’ particles increases, while their number decreases,
thus reducing the surface free energy of the system. In other words, secondary y’ particles have
a higher interfacial curvature and thus a higher concentration of solute around them. Primary y’
particles have less excess energy due to lower curvature and have a lower concentration of
solute around them. This causes a concentration gradient from the secondary y’ to the primary
v’, leading to the dissolution of some larger (primary y’) precipitates. The Gibbs-Thomson
effect is especially important in precipitation systems; it is the driving force for coarsening and
coalescence of y’ precipitates at high temperatures [5, 6].

The kinetics of y’ precipitate formation and growth are estimated using the Johnson-Mehl-
Avrami (JMAK) model. According to this model, the change in volume fraction of a phase over
time, or in other words, the rate of transformation, is obtained from Equation (1) [7-10].
Equation 1: f=1 - exp(-kt*n)

In this equation, ‘f” represents the volume fraction of the phase and ‘t’ is time. ‘k’ is the rate
constant depending on the nucleation and growth rate. ‘n’ is the time exponent which indicates
the type of nucleation. Parameters ‘n’ and ‘k’ are material and temperature-dependent

parameters [11] which are used to determine the kinetics of isothermal reactions.
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Based on previous studies [11-14] and the average value of the Avrami exponent (n), the
morphology and growth pattern of the precipitates can be determined. This model has also been
used for superalloys to analyze the kinetic behavior of precipitates and to plot TTP? curves [7,
15]. For example, in the report by Masoumi et al. [13], the average value of the Avrami
exponent obtained (n) was between 1.5 and 2.3, which indicates irregular and spherical growth.
Lapin et al. [16] investigated the effect of aging time and temperature on the growth kinetics of
y> in CMSX-4 using the LSW* method. According to their study, the growth kinetics of y’
precipitates follows a third-power law, which is controlled by volume diffusion of alloying
elements in the y matrix.

Matan et al. [17] also investigated the rafting kinetics of the CMSX-4 superalloy under creep
conditions and heat treatment. According to their findings, for smaller values, thermal strain-
induced rafting occurs very slowly. The magnitude of the thermal strain reduces the y/y’
interfacial coherency and reduces surface stresses.

Due to the lack of investigation into the kinetics of transformation and growth of y’ in the
literature, the present study investigates the kinetics of transformation and growth of y’ in
CMSX-4 using the Johnson-Mehl-Avrami method. Furthermore, due to the importance of TTP

diagrams, this curve was plotted for 1%, 50%, and 99% volume fractions of y’ precipitates.

2. Materials and Methods

CMSX-4, with the chemical composition shown in Table 1, was melted and cast in a VIM
furnace and then grown as a single crystal in a laboratory Bridgman furnace. The chemical
composition was determined using the quantometry method (Spectro2004) and inductively
coupled plasma mass spectroscopy (ICP-MS). The alloy underwent a four-stage solution
annealing heat treatment cycle, according to the standard method which was published by
Cannon Muskegon Corp., as follows:

1277°C/1h/(0.33°C/min) +  1287°C/1h/(0.33°C/min) + 1297°C/1h/(0.33°C/min) +
1307°C/2h/AC

Then, the samples were aged at temperatures of 800-1000°C for times of 1, 3, 9, and 25 hours.
After sanding and polishing, the surfaces of the samples were etched using a solution of HCI
and HNOs in a 1:1 ratio [18]. The microstructure was examined using a scanning electron

microscope (MIRA3 TESCAN), and images were analyzed using ImageJ analysis software.

3 Time Temperature Transformation
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Table 1. Chemical Composition of the CMSX-4 Superalloy (wt%).
Element Ni Al Ti Cr Co Mo Ta \%4 Re Hf

Results Bal 65 0098 56 959 7.0 6.6 66 3.05 0.01

3. Results and Discussion

Figure 1 shows the microstructure of y’ precipitates in the CMSX-4 superalloy after aging. The
volume fraction and size of the y’ were calculated, and the results are plotted in the graph of
Figure 2. As can be seen in Figure 1, below 870 °C, with increasing time, the morphology of y’
changes from an irregular and shapeless state to a regular cubic morphology. The morphology
becomes a significantly regular cubic shape at 835 °C/25 hr aging. According to Figure 2, the
size of y* at 800 °C and 835 °C initially increases slowly with increasing aging time, which is
due to the low diffusion rate of solute atoms in the matrix. After 20 hours, a significant increase
in the size of v’ is observed. At 870 °C, the y’ precipitates grow significantly with increasing
time above 3 hours, and they maintain their cubic morphology up to 25 hours of aging. Figure
1 also shows that at 900 °C/3hr, some of the y’ precipitates with irregular morphology take on
a regular cubic shape with increasing time to 10 hr, but their size does not change up to 25 hr.
Also, according to Figure 1, it can be stated that at 1000 °C, with increasing time, the size of
the y’ increases, and their morphology changes from a regular cubic to an irregular, shapeless
morphology. The y’ size increase is due to the coalescence of the y’ precipitates at longer times,
in order to reduce the surface energy and the increasing diffusion rate of solute atoms. So, it is
necessary to also examine the y’ precipitates of the alloy to determine the optimal heat treatment
conditions. As is evident in Figure 1, the complete cubic morphology corresponds to 900 °C,
which is more regular than at other temperatures. Therefore, by calculating the average size of
v’ precipitates at this temperature, it can be argued that the appropriate morphology for the
CMSX-4 alloy is a cubic morphology with an average size of 478 nm. Considering that the
morphology and regularity are suitable for this temperature compared to others, the optimum
range of aging is expected to be around 900 °C. Also, temperatures above 900 °C are close to
the v’ solvus temperature, so, in addition to growth, these precipitates also dissolve into the
matrix. The size of the y’ precipitates increases as the fine precipitates coalesce. Then, given
that the structure is cubic, the precipitates gradually begin to change morphology from cubic to

spherical in order to reduce their surface energy.
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Figure 1. SEM micrograph of CMSX4 Microstructure after aging at 870°C, 900°C and 1000°C for 3, 9 and 25

hours.
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Figure 2. Size of y' precipitates based on aging time at different aging temperatures.

Figure 3 also illustrates the y' volume fraction versus aging temperatures and times. As seen in
the graphs, the volume fraction of the precipitates increases with a relatively low slope up to 20
hours at 800°C and 835°C, and after that, the volume fraction remains approximately constant.
However, at 870°C, the volume fraction increases steeply, with the value rising suddenly from
about 40% at 1 hr to around 55%, and again, at 9 hours, the volume fraction reaches about 67%.
After that, the volume fraction remains nearly constant with further increases in time. Increasing
time only leads to the growth and formation of the cubic morphology of y'. At 900°C, the v'
volume fraction increases with a relatively low slope until 25 hr, such that the volume fraction
rises from about 52% after 3 hr to approximately 67 percent after 25 hr. At 1000°C, the volume
fraction initially increases with aging, but at longer aging times, the volume fraction decreases;
in other words, the increase in aging time leads to the growth and dissolution of the v'

precipitates in the matrix.
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Figure 3. Graph of the effect of aging temperatures and times on volume fraction of y' precipitates in the CMSX-

4 superalloy.

Based on the results obtained for the volume fraction of y' precipitates at different conditions,
according to relation 1, the curve of Inln(1/(1-f)) versus In t, based on the Johnson-Mehl-Avrami
model [19, 20] for the CMSX-4 alloy aged at 800-1000 °C, is plotted in Figure 4. (t is time and
f is the volume fraction of the y' phase). From the slopes of the lines, the value of n (Avrami
exponent) can be determined, and from their intercepts, k (time coefficient in the mentioned
equation) can be obtained. As seen in Figure 4, with increasing temperature, n initially
decreases and then shows a slight increase. This is because, with increasing temperature, the
conditions for phase transformation become more favorable due to enhanced diffusion, leading
to an increased fraction of transformed material and consequently an increase in n. The values
of n and k are presented in Table 2. The exponent n (Avrami exponent) indicates the type and
manner of growth of y'. An n value between 3 and 4 indicates regular and cubic growth of the
v', while values less than 3 indicate irregular and spherical growth of the y' [11, 12]. As the
difference of n from these values increases, the y' grows irregularly. As shown in Figure 1, the
growth of the y' at 835, 870, and 900 °C is cubic, while at 800 and 1000 °C, it is irregular and
lacks a specific shape. The average value of n obtained in the present study is approximately 4,

indicating cubic growth of the y' precipitates in the CMSX-4 alloy.
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Figure 4. Curve of In(In(1/(1-f))) versus In(t) for the CMSX-4 alloy aged at different temperatures.
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Table 2. Values of n and k for the CMSX-4 alloy aged at different temperatures.

n K Temperatures (°C)
4.66 0.0216 800
4.88 0.0955 835
3.45 0.1179 870
3.94 0.0870 900
3.46 0.0731 1000

0.40

The negative slope at 1140°C, as seen in Figure 4, indicates that with an increase in aging time

at this temperature, the y' begins to dissolve in the matrix. The changes in the creep strength are

due to kinetics that are significantly influenced by aging temperatures, and according to the

studies by Kormir and colleagues [11], the Johnson-Mehl-Avrami model should be considered

of a qualitative nature for the aging behavior of CMSX-4.

The equation for the formation rate of the y' phase at different temperatures is presented in Table

3 and plotted in Figure 5. As observed in Figure 5, with increasing temperature, the formation

rate and the fraction of y' precipitates increase and the amount of the y' phase reaches its

maximum value in shorter times. This trend is observed up to 835 °C, but at 870 °C and 900

°C, the formation rate decreases compared to other temperatures.
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Additionally, at 1140 °C, given that the slope of the graph is negative, it can be stated that with
increasing aging time at 1140 °C, the y' begins to dissolve. It is confirmed in [21].

Furthermore, the TTP curve for the initiation, 50%, and the completion of y' phase formation
in CMSX-4, derived from the formation rate equations, is plotted in Figure 6. These curves are
drawn by substituting values of 0.01, 0.5, and 0.99 for f in the formation rate equations. As seen
in Figure 6, it can be stated that based on the formation and transformation rate equation
obtained from the Johnson-Mehl-Avrami method which is presented in Table 3, the shortest
time required for the formation of 1% y' corresponds to 870 °C over a duration of 32 minutes
of aging. Additionally, after aging for 94 minutes at 870 °C, approximately 50% of the y' phase
precipitate is formed. The tip of the TTP curve, which represents the optimal thermal and
temporal conditions for the formation of the y' in terms of diffusion and supersaturation of the
matrix, is achieved at around 850 °C. Above the tip temperature, supersaturation decreases, and
below it, the conditions for diffusion are not optimal [22]. Therefore, it can be stated that the
formation rate equations obtained from the Johnson-Mehl-Avrami method are suitable for the
CMSX-4 alloy, and through these equations, the formation times for different volume fractions
of y' can be predicted. It is also evident from the TTP diagram that at 1140 °C, the y' precipitates

begin to dissolve in the y matrix phase.

Table 3. Rate equation for the formation of the y' phase for the CMSX-4 alloy aged at different temperatures.

equation of formation rate Temperatures (°C)

F=1-exp(-0.0216t*%) 800
F=1-exp(-0.0955t*%%) 835
F=1-exp0.1179t>%) 870
F=1-exp(-0.0870t>°%) 900
F=1-exp(-0.0371t34%) 1000
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Figure 5. Curve of the volume fraction of y' precipitate formation versus time for the CMSX-4 alloy aged at

different temperatures.
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Figure 6. TTP diagram plotted for the y' phase based on the Johnson-Mellor model.
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4. Conclusion

1- Based on microstructural studies and kinetic equations, the TTP curve for the precipitation
of y' in the CMSX-4 alloy was plotted.

2- The average value for the Avrami exponent (n) in the range of 835-900 °C is approximately
4, indicating the regular and cubic growth of y' precipitates within this temperature range.

3- According to the microstructural and kinetic studies based on the Johnson-Mehl-Avrami
method, the time required for the formation of y' at 870 °C is 32 minutes, which is the
minimum time needed for the formation of 1% of the y' phase precipitates. The subsequent
shortest time relates to aging at 900 °C; therefore, conducting the aging process at these
two temperatures is favorable from a kinetic perspective.

4- The tip of the TTP curve, which indicates the optimal temperature and time conditions for

the formation of the y' phase, was obtained at approximately 850 °C.
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