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Abstract A low-density single crystal (LDS) alloy with
the composition of high Mo content was designed. The
extra 1.5 wt% Mo was added in the Alloy A with the
composition of Ni—-6.5A1-8.0M0-2.4Cr—6.2Ta—4.9Co-
1.5Re—(0.01-0.05)Y (wt%) to study the influence of Mo on
the lattice parameter and partitioning behavior. Scanning
electron microscope (SEM) with energy-dispersive spec-
trometer (EDS), transmission electron microscopy (TEM)
and high-temperature X-ray diffraction (HT-XRD) were
used to observe the microstructure, analyze the elemental
content and measure the lattice parameter of the alloys. The
natural lattice misfit was calculated by lattice constants
which were measured by HT-XRD at the temperature from
25 to 1150 °C, and the results showed that the lattice misfit
would be more and more negative with temperature
increasing. It was found that 1.5 wt% addition of Mo will
increase the absolute value of the lattice misfit of y/y/
phases and the volume fraction of ¢/, and at the same time,
influence the elemental distribution in y and Yy’ phases,
especially Re and Cr. Re has a higher partitioning ratio
(k) after the addition of Mo.
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1 Introduction

Ni-based single crystal (SC) superalloys have been widely
used for the production of turbine blade due to their
excellent comprehensive service performance [1-3]. New
low-density single (LDS) crystal alloys have been devel-
oped for turbine blade applications, which have the
potential for significant improvements in the thrust-to-
weight ratio over current production alloys [4-6]. Mo,
instead of some other refractory elements such as W, Re
and Ru, has been used as the solid solution strengthener.
New low-density SC superalloys have been developed in
recent years [7—11]. The density of these two superalloys is
about 8.3 g-cm™ ' while the density of the third-generation
superalloy is about 9.0 g-cm ™.

Our research group has developed two kinds of super-
alloys. The additional 1.5 wt% Mo was added to a Ni-base
SC alloy with the composition of Ni—6.5A1-8.0Mo-2.4Cr—
6.2Ta—4.9Co—1.5Re—(0.01-0.05)Y (wt%). The base alloy
is Alloy A, and the one with higher Mo content is Alloy B.
To study the effect of Mo content on the microstructure and
stress-rupture properties, creep and stress-rupture tests
were conducted by former researchers [12]. Under the test
conditions of 850 °C/500 MPa and 1100 °C/130 MPa, it
has been found that the addition of 1.5 wt% Mo could
achieve lower creep rates and longer stress-rupture lives.
On the basis of the former research, the target of this paper
is to find out the changes in the microstructure, explain the
reason why the addition of Mo can achieve better
mechanical properties and try to offer guidance for the
next-generation superalloy design.
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2 Experimental

Two alloys were provided in the experiment. Alloy B has
1.5 wt% higher Mo content than the base Alloy A with the
major elements of Ni-~Al-Mo-Cr—Co-Ta—Re.

The master alloys were prepared by vacuum induction
melting, and then, the SC rods (®15 mm x 150 mm) were
prepared using a high-rate-solidification (HRS) apparatus
with the withdraw rate of 4 mm-min~". The heat treatment
for Alloy A is 1300 °C, 2 h + 1305 °C, 2 h + 1310 °C,
6 h + 1315 °C, 6 h, flow air cooling (FAC) + 1080 °C,
2 h, air cooling (AC) + 871 °C, 32 h, AC, and for Alloy B,
it is 1290 °C/2 h 4 1295 °C/2 h + 1300 °C/
6 h + 1305 °C/6 h, FAC + 1080 °C, 2 h, AC 4 871 °C,
32 h, AC. Laue back-reflection was adopted to find the
[001] direction of the single crystal alloy as the axial
direction, and the (100) surface were taken as the exposed
surface for the high-temperature X-ray diffraction (HT-
XRD) experiment [13-18]. The specimens were cut into
25 mm x 14 mm x 2 mm slice block with a 25 mm x
2 mm x 1 mm groove where the thermocouple probe can
be put into. The samples were measured using a Rigaku
SmartLab X-ray diffractometer (XRD) with a heating
device at the temperature of 25, 760, 850, 980, 1100 and
1150 °C, respectively. The measurements conditions were
40 kV, 200 mA, scanning rate of 0.6 (°)~min71, heating
rate of 20 °C-min~", holding time of 5 min, flowing rate of
argon of 0.1 L-min~" to prevent the oxidation of samples.
The holding time is to ensure that the temperature was
stable and the temperature error range was within 5 °C.
The separation of XRD peaks could be accomplished by
the peak fitting module (PFM) software for origin. Other
samples after heat treatment were held at the temperature
of 850, 980, 1100 and 1150 °C for 30 min, and water
quenching was taken to maintain the microstructure and
composition of the alloy at every certain temperature. The
microstructure was observed by scanning electron micro-
scope (SEM, APOLLO300). The composition of alloys
was determined using a transmission electron microscope
(TEM, JEM-2100) equipped with energy-dispersive spec-
trometer (EDS).

The creep and stress-rupture tests for two alloys were
conducted under different test conditions, and the stress-
rupture lives are listed in Table 1 [12].

Table 1 Stress-rupture lives of two alloys under test condition (h)

Alloys 850 °C/500 MPa 980 °C/250 MPa 1100 °C/130 MPa
A 355 95 184
B 440 105 306
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3 Results and discussion

3.1 Effect of Mo content on microstructure
of superalloys

The microstructures of the two alloys after full heat treat-
ment were analyzed by former researchers. Water
quenching was done to reserve the microstructure and
composition of y and Yy’ phases. Firstly, the alloys were put
into the electric resistance furnace, respectively, at tem-
peratures of 850, 980, 1100 and 1150 °C. In the process of
experiment, the scanning time will take about 10 min from
48° to 54° as the scanning speed is 0.6 (°)-min~' and it
takes about 20 min to keep stable at each testing temper-
ature. The thermal exposure changes the microstructures of
the two Ni-based single crystal superalloys. If the duration
of the thermal exposure is short and the introduction of the
dislocations into the gamma channel is little, the corre-
sponding misfit refers to the constrained misfit. If the
duration of the thermal exposure is long enough and the
misfit stress is relieved by the introduction of the disloca-
tions, the corresponding misfit refers to the unconstrained
misfit. In practice, the durations of the thermal exposure are
different and the experimental results are deviated from the
exact values of the constrained misfit to some extent. The
experimental results in this study are also deviated from the
exact values of the constrained misfits, and the extent of the
deviation may be different from the conventional study.
But the differences of the deviation extents in these two
alloys are little and can be neglected when comparing the
two alloys in this study. As the specimen would be held at
each testing temperature for about 30 min in the HT-XRD
test, 30 min was chosen as the temperature holding time
before water quenching treatment. The specimens were cut
off at least 3 mm from the surface in order to avoid the
influence of oxidation layer. The microstructure after water
quenching is typically shown in Fig. 1.

Figure 1 shows that as the temperature rises, y channel
will change: Some thinner channel would dissolve and
disappear and other thick channels would be thicker;
alloying elements may diffuse from y’ to v, and as a result,
v' phase would be dissolved into y phase. As Fig. 1 shows,
the cubic degree is a little bit higher in Alloy B than Alloy
A. The distribution of " phase is more homogeneous and
stable in Alloy B, especially at high temperatures as
Fig. 1a—d shows. In this process, the partitioning behavior
was tested. In both alloys, EDS measurements in five dif-
ferent ' particles and five different positions in the vy
matrix were done. At the same time, the fraction of 7/
phase of each testing temperatures can be obtained.

The fraction of ¥’ phase has a significant effect on the
mechanical properties of the superalloys, and two methods
were adopted to calculate it. Five SEM images of Alloy A

@ Springer
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and Alloy B (partly shown in Fig. 2) in different positions
at each temperature were selected, and then, the average
area fraction of the alloys can be gotten by using the
Image-Pro software. The determined y'-area fractions (F,)
can be calculated as y' volume fractions (Vy) by: [19, 20]:

P3
vy = 1
Y PI43P2 43P+ 1 m

F,+\/F
p=_rVY (2)

1—Fy/

Volume fraction can be obtained by Egs. (1) and (2),
and the result is shown in Table 2. The other method was
using XRD peak separation result, and the peak area
integral of y and y' represents the volume fraction, as Fig. 2
shows.

25

T

Intensity/ (10° a.u.)

20

49 50 51 52
20/ )

Fig. 2 Peak separation after XRD of Alloy A at 980 °C
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Table 2 Content of ¥’ phase in different temperatures of Alloys A
and B by two methods (vol%)

Alloys Methods 25°C 850°C 980 °C 1100 °C 1150 °C

A SEM 646  62.6 59.3 55.6 483
XRD 69.1 68.5 64.2 60.3 542

B SEM 65.3 63.5 61.4 58.5 51.2
XRD 71.0  69.6 66.9 63.3 57.8

Obviously, the volume fraction of Yy phase gradually
decreases with the temperature increasing and the trend of
the decrease is more obvious when the temperature is
above 1100 °C, and it also shows that dissolution rate of v/
phase significantly accelerates above 1100 °C. v is a
strengthening phase in the superalloys, and it follows the
precipitation strengthening mechanism. While the absolute
values between the two methods differ significantly, the
order of volume fractions is equal. It is reported that pro-
portions of y'-forming elements such as Al, Ti and Ta
should be high, and the y’ fraction is about 70 vol% [1]. It
could be seen that Alloy B has higher fraction of ¥’ at every
temperature than Alloy A. Perhaps the reason is that with
the 1.5 wt% addition of Mo, the elemental distribution of y
and y' phases would change a little and some element
would diffuse from y phase to y' phase, resulting in the
increase in Y’ volume fraction.

3.2 Effect of Mo content on lattice parameter
and lattice misfit

Different Mo contents and different temperatures will
influence the elemental distribution and lattice parameter of

Rare Met. (2021) 40(4):920-927
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v and Y’ phases in nickel-based superalloys [21-23]. The
lattice parameter and lattice misfit of the two phases have a
significant effect on the high-temperature mechanical
properties. Separation of peaks was used by the Origin
PFM software. Two-peak fitting was used. The (200)
diffraction peak was fitted. The lattice parameter of y phase
is close to that of ¥y so the diffraction peak of the HT-XRD
can be separated into two peaks by Origin software. Lattice
parameters can be calculated using the Bragg’s Law [24].
As ' phase has a higher volume fraction, the left peak
represents v and the right one is y'. Figure 2 is the peak
separation result of Alloy A at 980 °C, which is an
example of the method [25].

From the pattern, the values of 20 for y and vy’ phases are
50.312° and 50.510°, and the calculation results for lattice
constants are 0.3624 and 0.3610 nm, respectively. Since
lattice parameters can be found from the peak separation
result as this example shows, the lattice misfits of Alloy A
and Alloy B at each testing temperatures can be obtained
and the result is shown in Fig. 3.

The results of XRD in Fig. 3 show that y phase has a
larger lattice parameter than Yy’ phase. Although they have
the same fcc structure, compared with the ordered ' phase,
the disordered y phase has a larger one. In the ordered
structure, the interatomic force is stronger so the thermal
capacity is smaller so that the displacement due to the
lattice vibration is smaller and the coefficient of thermal
expansion is also smaller [26]. In a similar way, the y phase
has a larger coefficient of thermal expansion. The lattice
parameters of Alloy B are both smaller than those of Alloy
A for the v and Y’ phases. Alloy A with a larger volume
fraction of Yy’ has the larger thermal expansion coefficient,
so it shows a slightly larger change as the temperature
rises.

0.366

I —a— Alloy A (7))
0.365 i
0.364 - —a-- Alloy B (")

v Alloy B (y)
0.363 -

0.362 -

Lattice parameter / nm

0.361

0.360 -

0 200 400 600 800 1000 1200
7/°C

Fig. 3 Temperature dependence of lattice parameter of y and v
phases of Alloys A and B
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Lattice misfit is the internal representation of the
strained condition and degree of stability of y/y’ coherent
interface, which will be influenced by the temperature,
composition of the alloying elements and the change of
strain state. The so-called natural lattice mismatch is
defined as Eq. (3):

0= 2(ay, - ay)/(aw + ay) (3)

where a,/ and a, are the free lattice parameters of y" and y
phase, respectively. Using this formula, lattice misfit of
Alloy A and Alloy B at different temperatures can be
calculated and the result is shown in Fig. 4.

It can be seen that the lattice misfit of Alloy A and Alloy
B at room temperature is negative, which coincides with
the result reported [27], and the values are — 0.202% and
— 0.238%, and it becomes more and more negative as the
temperature rises, especially when it comes to high tem-
perature of above 800 °C. What should be noted is that the
volume fraction increasing rate of 7y is larger than y', so that
the absolute value of the mismatch would increase with the
temperature rising. Alloy B has a more negative lattice
misfit than Alloy A at every temperature tested.

3.3 Partitioning behavior of alloying elements

The chemical compositions of the two phases were mea-
sured by TEM equipped with an EDS system. The TEM
samples were taken from the samples held for 30 min at
certain temperatures and then water quenching. TEM
image of Alloy A at 980 °C was taken as an example, as
shown in Fig. 5. It is found that Cr, Co, Re and Mo are
partitioned partially to the y matrix and other elements
partitioned approximately equally between vy and ' phases.
The results of EDS agree with measurements from litera-
tures [28].

-0.1

= Alloy A

02 = —e— Alloy B

-0.3

-0.4

Lattice misfit / %

-0.5F

—-0.6 L 1 1 1 1 1
0 200 400 600 800 1000 1200

7/°C

Fig. 4 Temperature dependence of misfit of v and ' phases of Alloys
A and B
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Fig. 5 TEM image of Alloy A at 980 °C

In order to do more quantitative analysis, detailed ele-
mental content should be tested. As mentioned above, in
both alloys, EDS measurements in five different ' particles
and five different positions in the y matrix were done.
Figure 6 shows the concentration of the different alloying
elements plotted over the different annealing temperatures
in Alloy A and Alloy B for the y and v’ phases.

The concentration of Ta and Mo in the y' phase, as
shown in Fig. 6, remains rather constant with temperature,

12~ a Alloy A(y)
10 - ’ -
e -
s 8+ T i
= s
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while Co content increases a little. Alloy A is the base
alloy, and according to Fig. 6, in y matrix, the concentra-
tion of Re, Cr, Co and Mo decreases with temperature
increasing in the investigated alloys. This is easily under-
standable because at higher temperatures, the Yy phase
dissolves and the volume fraction of the y matrix increases.
So, these elements which are mainly enriched in the matrix
(see also in Ref. [29]) are distributed in a matrix with larger
volume. The amount of Ta in the matrix increases with
temperature increasing. As Ta is an element which is
enriched in the ¥’ precipitate phase, an increasing amount is
set free into the matrix at higher temperature when the '
precipitates dissolve. As very lower Al content is observed
in specimens annealed at higher temperatures, evaporation
of Al during annealing most probably plays a role.

When 1.5 wt% Mo is added, the elemental composition
of v and v’ phases changes as visible in Fig. 6. The content
of Mo is obviously higher in the y matrix, and the disso-
lution of Y’ phase also contributes to the decrease in the
concentration of elements initially enriched in the matrix
which was mentioned above. Higher Al contents are
observed at high temperatures despite the evaporation so it
may be inferred that the addition of Mo may lead to the
segregation of Al in Y’ phase.
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41+ ¥ L 3 e ——Co
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Fig. 6 Concentration of alloying elements in y matrix and v precipitate phase of Alloys A and B: a y in Alloy A, b ¥ in Alloy A, ¢ v in Alloy B

and d v' in Alloy B
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For Re, as visible in Fig. 6, a little increasing concen-
tration is found in the y phase when 1.5 wt% Mo is added.
Under the condition that chemical equilibrium was reached
in the specimens, one can deduce that the addition of Mo
would cause a higher solubility of Re in the y phase. At the
same time, as the volume fraction of the matrix phase
increases at higher temperatures, Re tends to be redis-
tributed from 7y matrix to the Yy’ precipitates. This causes a
change in the partitioning ratio of Re in the presence of
higher Mo content. Nevertheless, the Re concentration in
the ' precipitates is rather unchanged due to the limitation
of the machine’s accuracy. And one has to keep in mind
that the alloys under investigation here do not precipitate
TCP-phases even after prolonged annealing, or in other
words they are phase stable as already mentioned above.
The addition of Mo changes the solubility of Re in y matrix
and Al in y' phase.

Elemental partitioning ratios (k) were used to show the
partitioning behavior of different alloys which are defined
as the concentration of an alloying element in the ¥ phase
(C,) divided by the concentration of the element in the y
matrix (C,), as shown in Eq. (4):

k= Cv/ Cy (4)

The partitioning of the alloying elements between the
matrix and the vy’ precipitates can be illustrated by plotting
the partitioning ratio (k) over temperature as done in Fig. 7.

Smaller values of (k) indicate elements enriched in the v/
phase while greater k values are found for elements enri-
ched in the matrix phase. For Al, Ta (k < 1) and Cr, Co and
Mo (k > 1), the overall behavior is indicated. With tem-
perature increasing, the partitioning of the elements to the
respective phase is less pronounced. The k value of Re
changes mostly, while the k value for Re is larger in Alloy
B than in Alloy A. Therefore, partitioning, i.e., a change in
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Fig. 7 k factor of a Alloy A and b Alloy B
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the partitioning behavior of Re in the presence of 1.5 at%
Mo addition, is observed here. This partitioning behavior is
now found both in the lower temperature range and at
higher temperatures. The k factor of Cr is also bigger in
Alloy B than Alloy A, which means that Cr tends to be
aggregated from y' phase to y matrix as the temperature
rises. Mo mainly exists in the y matrix, and an increased
solubility of Re in the y phase in the presence of more Mo
may be the reason why k factor is larger in the presence of
1.5 wt% Mo addition, which is found at all temperatures.

Although the differences between the two alloys are not
significant, it may be inferred that the addition of Mo will
influence the partitioning behavior of Re and Cr in y and v
phases. In consideration of the accuracy of the experiment,
the addition of Mo may also have tiny effect on the par-
titioning behavior of other alloying elements.

Mo is a solution strengthening element, and the higher
Mo contents would decrease the density and cost and
obtain proper mechanical properties. In Ni-base SC
superalloys, the composition of y and 7y’ phases will
determine the elemental partitioning ratio, which means the
k factor; the k factor will influence whether the mismatch is
plus or minus and the absolute value, and thus the
microstructure of ¥ will also be affected [13]. Under dif-
ferent temperatures and stresses, the value of the mismatch
would have different effects on coarsening, bonding and
rafting of y' phase, etc., which will finally affect the
properties on active service of the superalloys. The addition
of Mo and the distribution changes of Re and Cr content
may lead to the more negative value of the lattice misfit
[30, 31].

Obviously, with Mo addition, the whole distribution of
the alloying elements would be more or less influenced and
the mechanical properties. The stress-rupture lives of Alloy
B are remarkably longer than those of Alloy A, especially

0'1800 850 900 950 1000 1050 1100 1150 1200 1250
T/°C
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under the test conditions of 850 °C/500 MPa and 1100 °C/
130 MPa, as shown in Table 1. Mo itself plays a role of
solution strengthening. The addition of Mo leads to a more
negative lattice misfit, and this can be an interfacial
strengthening factor. The increasing y' phase and the high
content 7’ phase in high temperatures can be a precipitated-
phase strengthening factor, and it could be another reason
for the increase in the stress-rupture lives. The 1.5 wt% Mo
addition has a positive effect on the stress-rupture proper-
ties in this work.

4 Conclusion

High-temperature X-ray was used to analyze the lattice
parameters of two alloys. The alloy with 1.5 wt% higher
Mo content, Alloy B, has a larger absolute value of lattice
mismatch in the temperature range of 25-1150 °C and the
larger ¢ volume fraction than Alloy A at each temperature
tested. The chemical composition of y and y' phases and
the partitioning behavior of alloying elements were deter-
mined at high temperatures from 850 °C up to 1150 °C in
the two alloys. Owing to the solution strengthening of
alloying element, precipitation strengthening of y’ phases
and interfacial strengthening effect of y/y’ phases, the
mechanical properties of the alloy would increase. While
the addition of 1.5 wt% Mo does not alter the partitioning
behavior of most alloying elements significantly, it causes
partitioning of Al and Re in the alloys investigated here.
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