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Abstract: The effect of different solution treatments on the microstructure and element segregation of AM3 nickel-based single
crystal superalloys with the carbon content of 0.045wt% was investigated. The optical microscope (OM) and scanning electron
microscope (SEM) were used to observe the microstructure and y' phase of AM3 superalloys, and the electron-probe microanalysis
(EPMA) was used to analyze the element segregation. The results show that the incipient melting temperature of the AM3 superalloys
is 1305 °C. After the solution treatment of 1305 °C/6 h following the homogenization treatment of 1300 °C/3 h, the incipient melting
structure is reduced, and the incipient melting temperature is increased by about 5 °C. With increasing the solution temperature and
prolonging the solution duration, the volume fraction and size of the precipitated y' phase are increased significantly, and the
segregation ratio of Cr, Co, Mo, W, and Al elements is closer to 1. The existence of incipient melting structure prevents the
segregation of Ti in AM3 superalloys with prolonging the solution duration after heat treatment. Thus, the optimum heat treatment
process is 1300 °C/3 h+1305 °C/6 h/air cooling (AC)+1080 °C/6 h+870 °C/20 h/AC. The dendrite structure of AM3 single crystal
superalloys completely disappear after heat treatment. The cubic degree of y' phase is improved, the size of y' phase reaches 454 nm,
the volume fraction of ' phase is 66.05vo0l%, and the segregation of Cr, Co, Mo, W, Al, and Ti elements is significantly reduced.

Key words: Ni-based single crystal superalloy; directional solidification; solution heat treatment; microstructure; element segregation

Nickel-based crystal
applications in gas-turbine engine due to their high-
temperature bearing capacity and superior mechanical

single superalloys have wide core and the interdendritic area of as-cast alloys, which causes
different morphologies and sizes of y' phase. The element

segregation and structure heterogeneity have a great influence

properties”. During the directional solidification, the solute
segregation at the solid-liquid interface causes element
segregation in the single crystal superalloy inevitably™. In
the dendrite growth, the W, Mo, Cr, and Co elements
accumulate at the dendritic core, whereas the Al, Ti, and Ta
elements accumulate in the interdendritic area and then
become solidified as the y' phase and eutectic. The y' phase is
an intermetallic compound based on Ni,Al with a face-
centered cubic (fcc)-like structure, and it is the most important
strengthening phase in the nickel-based single crystal
superalloys®. The element segregation occurs in the dendrite

Received date: March 08, 2021

on the mechanical properties of the alloys, especially the creep
properties at high temperatures™'”. It is obvious that the
dendrite and eutectic structures are significantly reduced, and
the difference of y' phase in the dendritic core and in the
interdendritic area is reduced after proper heat treatment.
Besides, the y' phase with uniform size and morphology can
be precipitated to achieve better high-temperature mechanical
properties'”. The solution heat treatment and aging treatment
are included in comprehensive heat treatment for single
crystal superalloys, which firstly dissolves the coarse y' phase
and y/y' eutectic structure into the matrix to reduce the element
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segregation, and then is held at or above the solidus
temperature, leading to the incipient melting. The existence of
the incipient melting structure can achieve the solid solution
strengthening and eliminate the residual stress of
superalloys"*"”. The purpose of aging treatment is to adjust
the size of the y' phase to obtain the optimum combination of
strength and plasticity™"'".

The effects of heat treatment process on the microstructure
of Ni-based superalloys have been investigated*”. Tang et
al® studied the solution heat treatment of GTDI111 alloy
C and 0.01wt% B at different
temperatures, and the results indicated that the coarse y' phase
can be effectively dissolved at 1180~1220 ° C after solution

heat treatment. The size of y' phase is decreased with

containing  0.09wt%

increasing the solution temperature during subsequent cooling
process. However, the incipient melting of the alloy occurs at
1240 °C after solution heat treatment. Galizoni et al®” studied
the influence of heat treatment on the microstructure of
Inconel 713C nickel-based superalloy with 0.14wt% C,
0.01wt% B, and 0.1wt% Zr, and found that the microstructure
changes after the heat treatment. NbNi,-rich carbides are
formed, which increases the niobium content in the carbides.
Zhou et al® analyzed the solution heat treatment of IN718
alloy with 0.08wt% C and 0.006wt% B at different
temperatures, and found that Laves phases cannot be
completely dissolved after solution heat treatment at 980 °C,
and the ¢ phase is formed. However, the Laves phases can be
completely dissolved at 1065 ° C with the formation of
carbides. Kisasoz et al®” indicated that the chromium-rich
M,,C, carbides can be formed after the solution heat treatment
at 1040 °C for 1 h for G-NiCr28W alloys. The bulk W-rich
Fe,W,C carbides can be formed with increasing the solution
duration to 8 h. Park et al®™ extended the solution heat
treatment duration and found that the refractory elements (Re,
W) in the alloys are diffused from the topological close-
packed (TCP) phase to the y' phase, which reduces the
precipitation kinetics of TCP phase. Thus, TCP phase in the
alloys is decreased or even disappears with prolonging the
solution duration. However, Yin et al®" showed that TCP
phase is abnormally increased and more u phase appears after
long-term solution treatment at 900 °C for the nickel-based
single crystal superalloys with 0.05wt% C. Cui et al*” studied
the effect of solution heat treatment on the microstructure of
DD5 alloys with 3.0wt% Re, 0.15wt% Hf, and 0.05wt% C,
and presented that the solution treatment at 1290~1310 °C for
2~6 h has no obvious influence on the microstructure.

Kubin et al®® studied the effect of standard heat treatment
on the mechanical properties of carbon-free AM3 single
crystal superalloys, but the heat treatment for carbon-
containing nickel-based single crystal AM3 superalloys is
investigated. ~Although the
solidification structure, and high temperature mechanical

rarely solidification  path,
properties of carbon-containing single crystal AM3 superalloy
have been studied™ ", the optimum heat treatment process is
still unclear. It is necessary to study the solution treatment
because it is the premise that the alloy can precipitate more

suitable y' phase during aging treatment.

Therefore, the effect of different heat treatments on the
microstructure and element segregation was studied in this
research, and it provided a theoretical basis for the
development and application of the single crystal superalloys.

1 Experiment

The chemical composition of the nickel-based AM3
superalloys is shown in Table 1. The VDS-1 directional
solidification furnace with seed method was used in this
research. The preferred [001] direction was within 5° from the
longitudinal axis. The cylindrical specimens of 5 mm in height
were cut from the single crystal rods for subsequent heat
treatment experiments. The solidification was performed at a
holding temperature of 1650 °C and a constant withdrawal
rate of 50 pum/s.

The heat treatments were performed in SX2-9-17TP type
high temperature furnace with the temperature fluctuation of
+1 °C. The y' phase has the solvus temperature, liquidus tem-
perature, and solidus temperature of 1293.5, 1329.2, and
1361.0 °C, respectively™'. In this experiment, seven different
solution heat treatment processes were designed, as shown in
Table 2. All specimens were finally treated by aging process
of 1080 °C/6 h+870 °C/20 h/air cooling (AC) to precipitate
the y' phase.

In order to observe the dendrite structure and y' phase of the
alloys, the as-cast alloy and the specimens after heat treatment
were ground, polished, and etched by 10 mL HNO,+20 mL
HF+30 mL C,H,0,.

The dendrite structure of AM3 superalloys was observed by
an OLYMPUS-GX71 optical microscope (OM). The dendrite
arm spacings were measured by Image J software. The '
phase was observed by a S-4800 scanning electron

Table 1 Chemical composition of nickel-based AM3 superalloys
(Wt(yo)

C Cr Co Mo W Al Ti Ta Ni

0.045 7.82 534 225 488 6.02 194 349 Bal

Table 2 Heat treatment processes of nickel-based AM3 super-

alloys
Specimen Solution heat treatment Aging heat treatment
HT1 1305 °C/6 h/AC
HT2 1305 °C/3 h/AC
HT3 1310 °C/3 h/AC
1295°C/3 h
HT4
+1300 °C/6 h/AC
1080 °C/6 h
1300 °C/3 h
HT5 +870 °C/20 h/AC
+1305 °C/6 h/AC
1305°C/3 h
HT6

+1310 °C/6 h/AC
1285 °C/3h+1290 °C/6 h
+1295 °C/9 h/AC

HT7
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microscope (SEM). The mean size and the volume fraction of
y' phase were measured by Image J software.

Element segregation was analyzed by JXA8100 electron
probe microanalysis (EPMA). It was difficult to specify the
dendrite core (DC) and the interdendritic area (IA) due to the
elimination of dendrite structure after heat treatment. Thus, In
order to study the element segregation of AM3 superalloys
after heat treatment, the point scanning matrix technique™”
was used to uniformly distribute 8x8=64 points in an area of
800 pm=800 um (Fig.1), and the dwelling time was 30 s per
point. The EPMA accelerating voltage used for the point
scanning matrix technique was 15 kV, and the accelerating
current was 21 pA.

The residual segregation ratio k£ was defined as follows:

(S k<) im
k= (M
(2 k) ()
where m is the total number of points in DC area; n is the total
number of measured points; k¢ and k/* are the components of
each point in DC and IA, respectively. The content at each

point and the average content were used to divide the dataset
into DC and IA parts, respectively. The points with greater
contents of positive segregation elements (Al, Ti, and Ta) than
the average content were considered as IA part, whereas those
with smaller contents of positive segregation elements were
considered as DC part. The points with greater contents of
negative segregation elements (Co and W) than the average
content were considered as DC part, while the points with
smaller contents of negative segregation elements than the

200 pm |

Fig.1 Microscope image for element segregation determination by

point scanning matrix technique

Dendritic/

Eutectic Dendrite core

Interdendrite,

100 pm

average content were considered as IA part™!. The measured
64 points were all used to calculate the residual segregation
ratio k for accuracy.

2 Results and Discussion

2.1 Microstructure
2.1.1 As-cast AM3 superalloy

Fig.2 shows the morphologies of as-cast single crystal AM3
superalloys along the transverse and longitudinal directions. It
can be observed that the as-cast AM3 superalloy exhibits a
regularly arranged dendritic structure. DC exhibits cross
pattern, and there are many white y/y' eutectic structures in
IAs. A single-phase solid solution is formed in DC during the
solidification process, and Al, Ti, and Ta elements are
enriched in IAs. Thus, the solute concentration in the
remaining liquid phase reaches the eutectic point, forming y/y'
eutectic structures. The average primary dendrite arm spacing
is 194 um. Fig.2b shows the quenched morphology of AM3
superalloy with a dendritic growth interface under a
withdrawal rate of 50 pm/s. When the alloy solidifies at the
dendritic interface, the dendrite substructures are formed in
the single crystal structure due to the segregation of solute
elements. The average secondary dendrite arm spacing of
AM3 superalloy is 482 pm.

2.1.2 Heat-treated AM3 superalloy

Fig.3 shows OM microstructures of AM3 superalloys after
different heat treatments. Obviously, the dendritic and the
eutectic structures are reduced significantly. According to
Fig.3a~3c, it is found that prolongation of solution duration by
3 h causes the incipient melting. The structure of incipient
melting consists of re-solidified y/y' eutectics and micropores
(Fig.3a). With increasing the solution temperature by 5 °C, the
incipient melting occurs, and the incipient melting structures
are connected (Fig.3c). No incipient melting can be observed
in HT2 specimen after heat treatment at solution temperature
of 1305 °C for 3 h (Fig.3b). Therefore, the effect of increasing
the solution temperature by 5 °C on the microstructure is more
serious than that of prolonging the solution time by 3 h. It can
be seen that the dendrite structure completely disappears in
HT5 specimen without incipient melting (Fig. 3e). The
elements are not sufficiently diffused in HT4 specimen, and
there is still an ambiguous dendritic structure after the heat

200 pm

100 pm

Fig.2 Transverse (a) and longitudinal (b, c) interface morphologies of as-cast AM3 superalloys
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Fig.3 OM microstructures of AM3 superalloy specimens after different heat treatments: (a) HT1, (b) HT2, (c) HT3, (d) HT4, (e) HTS, (f) HT6,

and (g) HT7

treatment at solution temperature of 1300 °C (Fig.3d). The
heat treatment of 1305 °C/3 h+1310 ° C/6 h/AC does not
significantly increase the incipient melting temperature
through homogenization, and the essential element diffusion
rate is slower than the element diffusion rate caused by the
increasing temperature during the solution treatment process,
which results in the incipient melting of AM3 superalloys
(Fig. 3f). This is because the peak solution temperature is
higher than the incipient melting temperature of AM3
superalloys, and the solution treatment duration is shorter.
Comparing Fig. 3a with 3e, it can be found that the
homogenization treatment at 1300 °C/3 h before solution heat
treatment at 1305 °C/6 h leads to more complete diffusion of
refractory metal elements. Therefore, the incipient melting
temperature of y substrate is increased but within 5 °C due to
the shorter homogenization duration. It is also noted that the
homogenization treatment reduces the volume fraction of the
incipient melting structure. The comparison between Fig.3b
with 3f shows that increasing the solution temperature and
prolonging the solution duration result in significant incipient
melting for AM3 superalloys still with dendrites. By
comparing Fig.3d with 3g, it can be found that with further
prolonging the solution duration and decreasing the solution
temperature, AM3 superalloy does not undergo the initial melt-
ing, and the dendrite structure completely disappears. Accord-
ing to the microstructure analysis of AM3 superalloy after
different heat treatments, it is concluded that the HTS5 and
HT7 specimens have improved microstructures, i.e., the heat
treatments of 1300 °C/3 h+1305 °C/6 h/AC and 1285 °C/3 h+
1290 ° C/6 h+1295 °C/9 W/AC are better in comprehensive
consideration.

2.2 ' phase

It is well known that the y matrix has fcc structure and the y'
phase has fcc-like structure. Their lattice mismatch is very
small and the solute supersaturation is high, which is
conducive to the nucleation of the j' phase from vy

supersaturated solid solution™. Fig. 4 shows the changed
morphologies of y' phase after casting and different heat
treatments. The y matrix of white grid is separated by the large
black y' phase. It can be seen from Fig.4a that the as-cast y'
phase is butterfly-shaped and irregular. The arrangement and
distribution of y' phase are not uniform. Fig. 4b~4h indicate
that the y' phase has the cube and strip shape after heat
treatment. The arrangement and distribution of y' phase are
more uniform due to the solution treatment through element
diffusion. With increasing the solution temperature and
prolonging the solution duration, the element diffusion is
more sufficient. The y/y' eutectic structure and the coarse §'
phase formed during the solidification process can be fully
solid-dissolved in the y matrix, which achieves the
homogenization structure. Therefore, the y' phase with a more
uniform size and distribution is precipitated in the subsequent
cooling process. As shown in Fig.4b~4g, the morphologies of
regularly arranged cube of ¢ phase do not change in
HT1~HT6 specimens. However, there is a tiny radian at the
apex angles of the y' phase in Fig.4h.

Fig.5 shows the size of ' phase of AM3 superalloys after
casting and different heat treatments. It can be seen that the
size of y' phase in AM3 superalloys after heat treatment is
obviously larger than that in as-cast AM3 superalloys. The
size of y' phase of HT1 and HT3 specimens is larger than that
in HT2 specimen, because the increased solution temperature
accelerates the decrease in interfacial energy and promotes the
element diffusion caused by the y' phase, which results in
increasing annexation and growth of y' phases. Similarly,
prolonging the solution duration also causes the y' phase
occurrence and growth. Eventually, the size of y' phase is
increased. The size of y' phase in HT3 specimen is larger than
that in HT1 specimen, indicating that the effect of increasing
the solution temperature on the y' phase size is more obvious
than that of prolonging the solution duration. For HT4, HTS,
and HT6 specimens, it can be seen that with increasing the
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Fig.4 Microstructures of y' phase after casting (a) and different heat treatments (b~h): (b) HT1, (c) HT2, (d) HT3, (e) HT4, (f) HTS, (g) HT6,
and (h) HT7
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Fig.5 Size of y' phase in AM3 superalloys after casting and different

heat treatments

solution temperature, the size of the ' phase is gradually
increased. The size of y' phase in HT5 and HT6 specimens is
454 and 494 nm, respectively. For HT7 specimen, the effect of
solution temperature is partially offset due to the longer
solution duration. When the peak temperature is 1295 °C, the
size of the 9" phase in HT7 specimen reaches 481 nm.

Fig. 6 shows the volume fraction of y' phase of AM3
superalloys after casting and different heat treatments. It can
be seen that the volume fraction of j' phase in AM3
superalloys after heat treatment is obviously larger than that in
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Fig.6 Volume fraction of y' phase in AM3 superalloys after casting

and different heat treatments

as-cast AM3 superalloys. The volume fraction of y' phase in
HT1 and HT3 specimens is significantly larger than that in
HT2 specimen. For HT4, HTS, and HT6 specimens, it can be
seen that the volume fraction of ' phase is increased
significantly with increasing the solution temperature. The
volume fraction of »' phase in HT5 and HT6 specimens
reaches 66.05vol% and 67.09vol% , respectively, which is
larger than that in HT7 specimen. There is sufficient time for
y' phase to grow in HT7 specimen due to the further prolonged
solution duration by 9 h, and therefore the volume fraction of
y' phase in HT7 specimen (65.14vo0l%) is larger than that in
HT4 specimen. The coarse y' phase in the as-cast specimen
can be completely dissolved in the matrix with increasing the
solution temperature and prolonging the solution duration.
During the subsequent cooling process, the volume fraction of
the precipitated y' phase is increased significantly.

The high temperature rupture property of nickel-based
single crystal AM3 superalloys is related to the shape, volume
fraction, and size of the y' phase. The good cubic degree and
large volume fraction of j' phase both contribute to the
improvement in alloy properties. The effect of y' phase size on
the properties is particularly important due to the interaction
between the j' phase and dislocations. Under the high
temperature and low stress, the dislocations bypass the '
phase. When the y' phase size is large, the path of the
dislocations to bypass the y' phase will be extended. Besides,
the regular y' phase is conducive to the rapid formation of raft
structure. These are all enhancement mechanisms for the high
temperature rupture property of alloys. However, when the
heat treatment temperature is too high, the raft thickness of y'
phase is overly increased, which is disadvantageous for the
high temperature rupture property of alloys. Therefore, it is
extremely important to form a y' phase with an appropriate
size. Ref.[45-47] reported that the high temperature rupture
creep property achieves the optimum state for the first
generation of superalloys, when the ' phase is cubic and
regularly arranged with a phase size of 450 nm and a volume
fraction of about 65%. After the comprehensive analysis, it
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can be concluded that the heat treatment of 1300 °C/3 h+
1305 °C/6 h/AC can optimally improve the mechanical proper-
ties of AM3 superalloys.

2.3 Element segregation

The degree of element segregation under different heat
treatments is shown in Fig.7 and Fig.8. It can be seen that the
degree of Mo segregation is the most serious, and that of Cr
segregation is the least serious. The degree of segregation for
Cr, Co, Mo, and W elements becomes more serious in HT4
and HT2 specimens due to the presence of residual dendrite
structure. The degree of segregation of Mo and W in HT4
specimen is more serious than that in HT2 specimen, and
there is no significant difference in the degree of segregation
of Cr and Co. Thus, the increase in solution temperature is
more conducive to the reduced degree of segregation for Mo
and W. The segregation of Cr, Co, Mo, and W is reduced in
HT7 specimen, compared with that in HT2 specimen.
Therefore, the peak solution temperature of 1305 °C and the
improved element diffusion both lead to the fact that the
segregation ratio of Cr, Co, Mo, and W elements is larger but
closer to 1 with prolonging the solution duration.

Fig. 8 shows the positive segregation ratio of AM3
superalloys after different heat treatments. Similarly, the
segregation of Al and Ti is more severe due to the presence of
residual dendrite structure in HT4 and HT2 specimens, and
the segregation of Ti is more serious than that of Al. In
addition, the degree of segregation of Al and Ti in HT7
specimen is smaller than that in HT2 specimen, because the
dendrite structure is completely eliminated in HT7 specimen,
presenting a more uniform element distribution. Thus, at the
solution temperature of 1305 °C, the segregation ratio of Al
and Ti is smaller but closer to 1 with prolonging the solution
duration. However, it is notable that the degree of segregation
of Ti in HT1 specimen is more serious, because the incipient
melting occurs in HT1 specimen, and the main element of the
incipient melting structure is Ti"™, which causes the
enrichment of Ti element. In conclusion, the element
segregation is optimally ameliorated in HT5 specimen. The
existence of incipient melting structure prevents the
segregation ratio of Ti in the alloy from changing regularly
with prolonging the solution duration.
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The solution temperature is the most important factor for
the element diffusion rate. The higher the solution
temperature, the larger the thermal activation energy of the
atoms and the faster the atom migration. Eq. (2) shows the
Arrhenius equation™®, as follows:

D=Doexp(*%) 2)
where D is the diffusion coefficient, D, is the diffusion
constant, Q is the diffusion activation energy per mole atom, R
is a gas constant of 8.314 J-mol™'-K™', and T is the solution
temperature. The values of D, and Q are independent of
temperature, which are only related to the diffusion
mechanism and material. According to the Arrhenius equation,
the larger the solution temperature 7, the larger the value of D,
i. e., with increasing the solution temperature, the diffusion
coefficient is larger, the diffusion rate is faster, the diffusion is
more sufficient, and element segregation is less.

In addition, the solution duration is also an important
influence factor. The degree of element segregation is
analyzed by the homogenization kinetic equation or the
residual segregation coefficient (6)”, as follows:

Cy—C:
f=——n 3)

Cu-Ca
where Cy, and C}, are the highest and lowest concentrations of
elements after the solution for ¢ h, respectively; Cy; and C? are
the highest and lowest concentrations in the initial state,
respectively. Ref.[51] reported that Eq.(4) is commonly used
to represent the change of segregation element concentration
with time and location at a certain temperature in the element
homogenization process, as follows:

C(x)—CJr/;ACOcoszT;xexp( ——Dt) 4)
where C(x) represents the element concentration at the
position of x (x=0~1); C is the average concentration; 1 is the
dendrite arm spacing; AC, is the difference between the
highest/lowest concentration and the average concentration; ¢
is the solution duration. Therefore, the residual segregation
coefficient d can be obtained by Eq.(5), as follows:

0 = exp

- 4T’§2Dt) ®)

It can be seen that the diffusion coefficient and the distance
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in [As are constant. Thus, the longer the solution duration, the
smaller the residual segregation ¢ and the better the solution
effect of the alloys.

3 Conclusions

1) The dendrite structures of single crystal AM3 superalloys
with 0.045wt% carbon are significantly reduced or even
disappear after heat treatment, and the eutectic structures are
significantly reduced. The AM3 superalloys undergo three
processes with increasing the solution temperature: the
are not completely eliminated—the
are completely eliminated without

dendritic  structures
dendritic  structures
incipient melting—the incipient melting occurs. The incipient
melting temperature of the alloy is 1305 °C. The homogeni-
zation treatment of 1300 °C/3 h before the heat treatment of
1305 °C/6 h reduces the volume fraction of the incipient mel-
ting structure, and the incipient melting temperature is
increased by 5 °C.

2) The y' phase shows an irregular butterfly shape with
uneven arrangement and distribution in the as-cast AM3
superalloys, whereas that shows the cubic and stripe shape
with more uniform arrangement and distribution in AM3
superalloys after heat treatment. The size and volume fraction
of »' phase in alloys after heat treatment are significantly
increased. With increasing the solution temperature and
prolonging the solution duration, the coarse )' phase is fully
dissolved in the matrix, and the volume fraction and size of
the precipitated y' phase are increased significantly during the
subsequent cooling process.

3) The segregation ratio of Cr, Co, Mo, and W is greater
than 1, and that of Al and Ti is less than 1 of AM3 superalloys
after heat treatment. With increasing the solution temperature
and prolonging the solution duration, the segregation ratio of
Cr, Co, Mo, W, and Al is closer to 1, and the element diffusion
becomes more sufficient. The existence of incipient melting
structure prevents the segregation ratio of Ti in the alloy from
changing regularly with prolonging the solution duration.

4) The optimum heat treatment for AM3 superalloy is
1300 °C/3 h+1305 °C/6 h/air cooling (AC)+1080 °C/6 h+
870 °C/20 h/AC. The dendrite structures are completely elimi-
nated, and no incipient melting occurs. The y' phase of 454 nm
in size and 66.05vol% in volume fraction has a better cubic
degree with a uniform arrangement and distribution. The
degree of segregation of Al, Ti, Cr, Co, Mo, and W is
significantly reduced.
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