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Abstract: The recrystallization behaviors of a nickel-based single crystal superalloy during heat treatment at
1,200 °C for 4 h with various cooling rates were studied. Results show that the thickness of recrystallization layer
decreases with the increase of cooling rate. In addition, the microstructures of y' phase in the recrystallization
region are different in various cooling rates. In the high cooling rates (70, 100 °C-min™"), small size and high volume
fraction of y’ phases are formed in the recrystallization region. It is also found that irregular fine secondary y' phases
are precipitated between matrix channels with an average size of 150 nm in the original matric (100 °C-min™).
The sizes of the secondary y' phase decrease with the increase of cooling rate. In contrast, large size and small
volume fraction of y' phases are formed in the recrystallization region, and a grain boundary layer is formed under
a low cooling rate (10 °C-min™). The evolution mechanism of recrystallization at various cooling rates during heat
treatment is analyzed.
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1 Introduction .found that the creep ru.ptur.e life was decreased with the
increase of recrystallization depth deformed by shot
Nickel-based single crystal (SX) superalloy is widely peening in the alloy. Ma et al. " found that the fatigue

used in aero-engine turbine blades due to its excellent life of SX superalloy was obviously decreased by local
high-temperature performance and comprehensive recrystallization. These fatigue cracks preferred to form
performance . It is well known that residual stresses initially from local recrystallized grains, and propagated
generated during the removal of shell and cores can along the recrystallized grains. Shi et al. " reported
casily cause the formation of recrystallization layer on that the recrystallized grain boundaries could act as the
the surface of SX superalloy during heat treatment . channels for the crack initiation and propagation during
Due to the introduction of new grain boundaries tensile test. It was also found that the decrease of tensile
(GBs) caused by the formation of recrystallization, the properties was attributed to the local stress concentration
mechanical properties of SX superalloy are significantly caused by recrystallized layers.

decreased ", Jo et al. " reported that the early initiation To understand the formation mechanism of
of surface cracks in recrystallized specimens at 982 °C recrystallization in the SX, researchers conducted a

and 240 MPa could reduce creep life. Meng et al. " lot of studies on recrystallization. Xiong et al. " and

Zambaldi et al. ' found that heat treatment temperature
*Wei-dong Xuan and soaking time were critical for the recrystallization
in the SX. The increase of heat treatment temperature
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microstructure analysis, high-temperature mechanical performance and and soaking time promoted the nucleation activation
casting process control of nickel-based single crystal superalloy, and ceramic energy of recrystallization. Xie et al. ¥ investigated
core technology development. the orientational dependence of recrystallization in
E-mail: wdxuan@shu.edu.cn SX superalloy, indicating that a large displacement
*Ge Song was generated along the <011> direction of the (100)
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studied the effect of carbides on the nucleation and growth
of recrystallization, and found that carbides could act as
the nucleation sites of recrystallized grains and inhibit the
migration of recrystallization grain boundaries by various
1. P reported that the deformation
temperature and annealing conditions significantly influenced

pinning mechanisms. Li et a

the recrystallization behavior in the SX superalloy. It was
also found that stacking faults promoted the formation of
recrystallization by thermal twinning nucleation. Cox et al.
also found that the plastic deformation was introduced using
an electrothermal mechanical test (ETMT) machine at high
temperatures for CMSX-4 superalloy, and the recrystallization
of samples easily occurred during annealing at 1,225 °C.
Instead, the equivalent strain was introduced at room
temperature for CMSX-4 superalloy to figure out its effect
for recrystallization, while no recrystallization was observed
at an annealing temperature of 1,260 °C or below. These
results were attributed to the high strength of y' particles.
This strength at room temperature was higher than that of
the matrix at elevated temperatures when the strain was
introduced, leading to the increase of dislocation density and
driving force for the nucleation of recrystallization. Recently,
some investigations indicated that the microstructure and

high temperature mechanical properties of SX superalloy were
obviously influenced by the cooling rate after heat treatment %,
while the investigation of recrystallization was mainly focused
on heat treatment temperature and soaking time, deformation
temperature and annealing condition, orientation dependence
121 An in-depth study
is necessary to understand the effect of cooling rate on the

and microstructure characteristics '

recrystallization of SX superalloy during heat treatment.

In this work, the evolution mechanism of recrystallization
of SX superalloy under various cooling rates during heat
treatment was studied. The distribution of recrystallization
elements was characterized using electron probe microanalysis
(EPMA), and the element migration process under various
cooling rates was discussed to reveal the microstructure
evolution of SX superalloy.

2 Experimental procedure

A second-generation SX superalloy was employed. The
element content is shown in Table 1. The cylindrical single
crystal bar with the size of @16 mmx200 mm was prepared in
a Bridgman furnace.

Table 1: Element content of alloys (wt.%)

Cr Co Mo w Ta

4.3 9.0 2.0 8.0 7.5

According to previous report, an uneven microstructure
was observed in the as-cast superalloy and some eutectics
were found, influencing the formation of recrystallization ™!,
In this work, heat treatment for all samples was conducted to
eliminate the influence of eutectics on recrystallization . The
heat treatment procedure was as follows *”: 1,290 °C/1 h +
1,300 °C/2 h + 1,315 °C/4 h/AC + 1,120 °C/4 h/AC + 870 °C/
32 h/AC. Then, the samples were cut into cylinders with a

height of 6 mm and a diameter of 6 mm by electro discharge

(a) (b)

Nb Al Hf (o3 Ni

0.5 5.6 0.1 0.006 Bal.

machining. Finally, they were mechanically ground and
polished to obtain a smooth surface. Brinell hardness tester
with a load of 98 MPa was applied to perform indentation
deformation treatment on the surface along the [001]
crystallographic plane [Fig. 1(a)]. To study the recrystallization
behavior of the indented cylinder sample, further heat treatments
with various cooling rates (10, 70, and 100 °C-min’1) were
conducted at 1,200 °C for 4 h, as shown in Fig. 1(b).

Fig. 1: Schematic of indented sample (a) and experimental procedure (b)

The samples were cut parallel to the [001] direction along
the center as shown in Fig. 1(a). Then, they were mechanically
ground, polished and etched. The microstructures of the
samples were observed with FEI-Quanta 450 scanning electron
microscopy, and the recrystallization was observed with
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electron backscatter diffraction (EBSD) technique. In addition,
the element distribution of the recrystallization region was
detected with an electron probe micro-analyzer (EPMA).
Finally, ImageJ software was used to measure and calculate
the average size and volume fraction of y’ phases.
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3 Results

3.1 Recrystallization microstructure under
various cooling rates

Figure 2 shows the macroscopic morphologies of
recrystallization under various cooling rates obtained by
EBSD. It is found that a continuous recrystallization layer
is formed on the surface of SX superalloy, and the average
thickness of the recrystallization layer decreases with the
increase of cooling rate.

(@)

3.1.1 Microstructure in recrystallization region

Figure 3 shows the microstructure and size distribution of y’
phase in recrystallization (RX) region under various cooling
rates. It can be found that the cooling rate has ovbious effect
on size and morphology of the y’ phase. At a cooling rate of
10 °C-min’, the y matrix phase between y’ phases is very
thin and has a tendency to merge into coarse y' phase with
an average size of 600 nm. As the cooling rate increases to
70 °C-min”', the morphology of y’ phase is cubic, and the
average size decreases to 150 nm. When the cooling rate

Fig. 2: EBSD diagrams of recrystallization under different cooling rates: (a) 10 °C:min™; (b) 70 °C:min™; (c) 100 °C-min”
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Fig. 3: Microstructure and size distribution of y’ phases in recrystallization region under various cooling
rates: (a) 10 °C-min™"; (b) 70 °C-min™; (c) 100 °C-min™

further increases to 100 °C-min”', the ' phase is still in cubic
shape, but the average size decreases to about 100 nm and
the number increases significantly. The volume fraction and
average size of y' phases calculated using ImageJ are shown in
Fig. 4. The results mentioned above indicate that the average
size of y' phase decreases and shows a logarithmic relationship

with the increase of cooling rate, which can be expressed as **:

gD =2.4128-0.3266x1g(dT/d¢); R*=0.99, where D, represents the
average size of y' phases, and d7/d¢ represents the cooling rate.

3.1.2 Microstructure in original matrix of SX superalloy

Figure 5 shows the microstructure of the original matrix in
front of recrystallization under various cooling rates. These
micrographs show that the primary y’ phase is coarse and

29




crina_rounoey IR TR

60
1600

& 58}
g —
2 £
S 56| 1490 €
© -
= (0]
o N
E 541 ®
= 4200
>

52

50 1 1 1 1 1 0

0 20 40 60 80 100

Cooling rate (°C-min™)

Fig. 4: Average size and volume fraction of y’ phases
inside recrystallization under various cooling rates

(a) (b)
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(d) (e)

500 um

irregular at a low cooling rate. The y matrix channels between
some primary y’ phases are narrow or disconnected, indicating
that primary y’ phases grow and coarsen by merging. When
the cooling rate is increased from 10 to 70 °C-min’', the
primary y’ phases are refined, many fine secondary y' phases
are precipitated with an average size of 150 nm, and the
morphologies are irregular. When the cooling rate reaches
100 °C-min™, the sizes of the primary and secondary y' phases
decrease. The average size of the secondary y’ phase is about
80 nm, the number increases, and their morphologies are
cuboidal or triangular. Therefore, the morphology and size of
the primary and secondary y’ phases of original matrix in front
of recrystallization are mainly controlled by cooling rate.

(c)

2 um 2 um

(f)

500 um 500 ym

Fig. 5: Microstructures in original matrix under various cooling rates: (a, d) 10 °C-min™; (b, €) 70 °C-min™;

(c, f) 100 °C-min"

3.2 Evolution of recrystallization grain
boundary under various cooling rates
Figure 6 shows the microstructure of the recrystallization GBs
under various cooling rates. The recrystallization GB layers
with a thickness of 400 nm are found at a low cooling rate of
10 °C'min”', while they are not observed at cooling rates of 70

and 100 °C-min™.
To clarify the mechanism of recrystallization and

(a) (b)

2 um

microstructure evolution under various cooling rates, EPMA
mapping scanning was used to analyze the composition
distribution of the alloys, as shown in Fig. 7. Results show that
Cr, Co, W, Mo and Re are enriched in the y matrix phase, and
v' phase mainly contains Al, Ta and Ni. GBs can be clearly
distinguished by different composition distributions on both
sides. Of particular note, a continuous GB layer that mainly
contains Cr, Co, Mo, Re is formed at a low cooling rate, Al,

(c)

2 um 2 um

Fig. 6: Microstructures of recrystallization GBs under different cooling rates: (a) 10 °C-min™; (b) 70 °C-min™; (c) 100 °C-min”
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(a)

(b)

(c)

Fig. 7: Results of EPMA map scanning under various cooling rates: (a) 10 °C-min™; (b) 70 °C-min™;
(c) 100 °C-min™

Ta, and Ni elements are depleted, and W remains unchanged. The element distribution on both sides of GB also changes
This is similar to the matrix phase, but the contents of Cr and  with cooling rate. Table 2 shows the element contents

Co in matrix phase are vast which is different from the results calculated under different cooling rates through EPMA point
obtained at the high cooling rates. scanning. It is found that the contents of y’ phase forming

Table 2: Element contents in recrystallization, GB and original matrix (OM)

Element content (wt.%)

Cooling rate

(°C-min"') Location

Recrystallization 4.38 8.14 3.95 8.66
10 GB layer 2.71 6.71 6.04 10.97
Original matrix 4.69 8.48 3.07 8.03
Recrystallization 4.74 8.66 3.81 8.49

70 GB layer - - - -
Original matrix 4.18 8.01 3.28 8.28
Recrystallization 5.12 9.23 3.65 8.38

100 GB layer - = - -
Original matrix 3.92 7.92 3.31 8.22
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elements such as Al and Ta increase with the increase of
cooling rate in the recrystallization region, while the contents
of Cr and Co decrease (Table 2), and the results are different in
the original matrix.

4 Discussion

4.1 Nucleation and growth of recrystallization

Nucleation is the initial stage of the recrystallization process
and critical to the subsequent growth of recrystallization.
For plastically deformed superalloy, the load applied to
the superalloy contains a part of deformation energy in the
form of dislocations, which is also the driving force for
recrystallization during heating ™. Recrystallization is formed
only when the driving force is higher than the critical value

which can be expressed as ™"

e 10’ &,

P 22¢, +1.1 Vtagt M
where ¢, is the critical plastic strain (6% in this study "), and
Yugb 18 the low angle grain boundary energy, which is 0.6 J -m” BY,
Then, the critical driving force for recrystallization is
calculated according to Eq. (1), which is about 0.29 MPa.
Humphreys et al. ®* found that most of the work consumed in
deforming a superalloy was released as heat and only a very
small amount (~1%) remained as energy (driving force for
recrystallization) in the material. For the present experiment,
the applied stress is 98 MPa, the corresponding recrystallization
driving force is about 0.98 MPa according to the report of
Humphreys et al., which is higher than the critical driving force
for recrystallization (0.29 MPa). As a result, recrystallization is
formed during heat treatment.

After the nucleation of recrystallization, GB migrates into
the original matrix to promote the recrystallization. The
recrystallization growing process is mainly controlled by the
GB mobility, M, which is generally expressed by the Arrhenius

relation **:

M=M, exp(—&) 2
RT

where M, is the recrystallization GB mobility constant, Q, is
the activation energy for GB motion, R is the universal gas
constant, and T is the temperature. According to Eq. (2), the
recrystallization GB mobility is increased with the increase of
temperature, 7. The heat treatment temperature and holding
time are constant in this study (1,200 °C, 4 h), while the
cooling rate is variable. Therefore, the different thickness of
recrystallization layer should be attributed to cooling rate.

As it is known, the recrystallization GB has a relatively loose
structure, and the bonds between atoms are severed or severely
distorted, resulting in high energies at the interface. Therefore,
the elements tend to spontaneously segregate to the GB. The
elements enriched in the recrystallization GB produce a drag
force on the migration of the GB, and the drag force mainly
depends on the concentration of elements on the GB P¥. At a
low cooling rate (10 °C-min™"), the temperature drops slowly,
and the recrystallization GB still has a fast migration speed,
promoting the rapid growth of recrystallization. In addition,
elements have sufficient time to diffuse, and the diffusion
rate along the GB is faster than the rate of intragranular
diffusion, thereby promoting the diffusion of the elements on
GB Y. Finally, the recrystallization GB segregation effect
is weakened, and the element concentration in the GB is
decreased, resulting in the decrease of the drag force of the
elements on GB. It further promotes the rapid migration of
the recrystallization GB to the original matrix, forming a thick
recrystallization layer [Fig. 8(a-c)]. At high cooling rates (70
and 100 °C'min™), the temperature drops rapidly, leading to
a decrease in the migration speed of the recrystallization GB,
and inhibits the growth of recrystallization. Moreover, the
diffusion of the elements is inhibited due to the insufficient

[35]

element diffusion time ~, resulting in the element enrichment

in the recrystallization GB. The element segregation in the

(c) RX
GB migration
Unnucleated area AlTa
c‘oo\\(\g Co,Cr
(a) (b) R
RX Y’ phase completely dissolved Original matrix
GB .
Original GB Cooling
(d) RX
, A,
hase 9, L
ve Original matrix &’oo GB migration
O//b G Co,Cr
9 B
Heating AlTa

Original matrix

Fig. 8: Schematic diagram of recrystallization evolution under various cooling rates: (a-b) heating

process; (c) slow cooling; (d) fast cooling
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recrystallization GB is severe, and the drag force of the
elements on GB is enhanced, thereby hindering the migration
of the recrystallization GB to the original matrix and forming a
thin recrystallization layer, as shown in Fig. 8(a, b, d).

4.2 y' phase evolution of recrystallization

It can be seen from Fig. 6 that the size and morphology of y' phase
in the recrystallization region are different under various cooling
rates. Mao et al. ®* reported that the acceleration of cooling rate
would increase the undercooling degree, thereby reducing the
nucleation energy barrier and promoting the nucleation of Y’ phase.
In this work, at a low cooling rate (10 °C-min™"), the energy barrier
for the nucleation of ¥’ phase is high, and it is not easy to nucleate,
resulting in a small amount of y’ phases in the recrystallization
region [Fig. 8(c)]. The elements in the recrystallization region
have sufficient time to diffuse to promote the growth of y' phase.
Therefore, the size of y' phase is large in the recrystallization
region. At high cooling rates (70 and 100 °C'min™), the energy
barrier for nucleation of y' phase is low, and it is easy to nucleate ",
but the elements do not have enough time to diffuse ", resulting
in a large amount of small y' phases in the recrystallization region
[Fig. 8(d)].

According to the analyses in Section 4.1, it is shown that
the y" phase forming elements such as Al and Ta are enriched
on the GB, and the element concentration decreases with the
decrease of cooling rate. At a low cooling rate (10 °C-min™),
Al and Ta elements on the GB preferably diffuse into the
existing primary y' phases at the front of GB. Finally, the y'
phase at the front of GB grows into the original matrix, and
is perpendicular to GB. At the recrystallization GB, y' phase
cannot nucleate due to insufficient forming elements. Thus, a
recrystallization GB layer is formed, as shown in Fig. 8(c).

5 Conclusions

The evolution mechanism of recrystallization in a nickel-based
single crystal superalloy after heat treatment at 1,200 °C for
4 h with various cooling rates was studied, and the following
conclusions are drawn:

(1) A continuous recrystallization layer is formed on the
surface of a single crystal superalloy, and the average thickness
of the recrystallization layer decreases with the increasing
cooling rate.

(2) At a low cooling rate (10 °C-min™), large size and small
volume fractionof y’ phases are obtained in the recrystallization
region. In contrast, small size and high volume fraction of y’
phases are formed in the recrystallization region under high
cooling rates (70, 100 °C-min™).

(3) A grain boundary layer with a thickness of 400 nm is
observed at a low cooling rate (10 °C-min™).

(4) The morphologies of the secondary y’ phase are cuboidal
or triangular. Under the cooling rate of 70 °C-min’', many
irregular fine secondary y' phases are precipitated between
v matrix channels with an average size of 150 nm. With the
increase of cooling rate up to 100 °C-min™', the size of the
secondary y’ phases is decreased to 80 nm.
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