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Abstract: After a standard heat treatment, the microstructural evolution with time during isothermal aging at 850 °C
and its effect on the creep rupture properties of the Ni-base superalloy M4706 at 870 °C and 370 MPa are investigated.
It is found that as the aging time increases from 0 to 5000 h, the average diameter of coarse y’ increases from 241 to 484
nm, and the distribution of the carbides at grain boundaries changes from discontinuous to continuous. Moreover,
experimental observations on the microstructures of all the crept specimens reveal that dislocation bypassing controls
the creep deformation. Thus, it is concluded that the transitions in the microstructures result in the degeneration of the
creep rupture properties of the experimental alloy with aging time.
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blades [3]. Tensile and tensile creep experiments on

1 Introduction

Supper alloys with high-temperature properties
are indispensable to fabricate aircraft engines or
industry gas turbines at high temperature [1, 2]. A
novel directionally solidified (DS) Ni-base
superalloy M4706 without any Re has been
developed in recent years, which owns unique
properties and has been considered an applicable
material for land-based gas turbine vanes and

M4706 have proved that this new alloy owns higher
tensile strength and creep rupture properties as
compared to the directionally solidified Ni-base
superalloy GTD-111 [4], DZ 951 [5] and
CM247LC [6] at high temperatures, as illustrated in
Figure 1.

It is well known that it is coherent that
Ll,-ordered y' precipitate (the intermetallic
compound Niz(Al, Ti, Ta)) renders the enhanced
creep-rupture strength of precipitation-hardened
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Table 1 Nominal chemical compositions of M4706
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Figure 1 Comparision of Larson-Miller parameter
diagram of GTD-111 [4], DZ951 [5], CM247LC [6] and
experimental alloy M4706 [3]

Ni-base superalloys [1, 2]. Thus, it is of particular
importance for these superalloys to form the p’
precipitates with the optimal size, volume fraction
and chemical composition [7—9]. Fortunately, this
can be accomplished by changing different
chemical composition or altering the heat treatment
schedules. Whereas, long-term isothermal aging not
only leads to the increase in the particle size of y'
precipitates but also induces the formation of some
undesirable topologically close packed (TCP)
phases and continuous grain boundary structures,
which usually leads to the decrease of mechanical
properties of these alloys [9—15]. Therefore, in
order to avoid this phenomenon, understanding the
relationship among the initial composition,
microstructures and  associated = mechanical
properties becomes essential to the alloy designers.
In this work, the impact of isothermal aging on
the microstructure and creep rupture properties of
M4706 as well as corresponding strengthening/
toughening mechanisms is investigated. This
investigation has an important
understanding the relationship between the initial
microstructure and the creep rupture properties.

effect on

2 Experimental procedures

The alloy M4706 was a novel DS Ni-base
superalloy [16]. Its normal chemical composition is
listed in Table 1 for reference. Samples of M4706
with a diameter of around 14 mm were directionally
solidified along the [001] direction using an ALD
vacuum technologies furnace. Before the creep tests,
a standard heat treatment (SHT) was exerted on

cooling (AC)). Subsequently, the specimens were
exposed at 1080 °C for 2 h followed by rapid AC.
Finally, the specimens were given an aging heat
treatment (850 °C for 24 h, AC). After SHT, the
as-heat- treated specimens were aged at 850 °C for
up to 5000 h followed by AC.

Threaded specimens were machined from the
samples for creep tests. The diameter and gauge
length of the specimens were 6.4 mm and 32 mm,
respectively. Constant load creep experiments were
performed on the specimens after SHT and the
specimens after SHT and isothermal aging at
850 °C for different durations using a RD2-3 testing
machine at 870 °C for 370 MPa in air (The blades
in advanced industry gas turbines usually work at
870 °C). Three R thermal couples were used to
control the test temperature and minimize the
temperature gradient. During the experiments, the
temperature fluctuation was controlled within £2 °C,
and more than two similar specimens were tested
for each microstructure.

Microstructures were analyzed using a Zeiss
Axiovert 40 MAT optical microscope (OM) and a
Zeiss Sigma field emission scanning electron
microscope (SEM) equipped with an energy
dispersive X-ray (EDX) facility operating at 5 kV.
Firstly, specimens for SEM observations were cut
from both the thread and gauge section of the failed
specimens. Subsequently, the specimens were
mechanically ground using silicon carbide papers
and polished with 2.5 um diamond paste. Lastly, the
specimens were etched in a solution consisting of
20 mL hydrochloric acid, 20 mL nitric acid, 0.6 g
molybdic acid and 30 mL purified water to display
the y matrix and electrolyzed in a solution
consisting of 600 mL methyl alcohol and 300 mL
phosphoric acid to show the y' precipitates. The
sizes of the y' precipitates were measured using a
line intercept method on the SEM images and the y’
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volume fraction was statistically evaluated
according to Ref. [17]. Moreover, transmission
electron microscope (JEOL-2100 Plus) operated at
200 kV was used to characterize the deformation
microstructures. The specimens were sectioned
from cross-sections of the creep samples. After
being mechanically lapped to about 50 um, the
TEM  foils were prepared by twin-jet
electropolishing in a solution consisting of 40 mL
HCIO4 and 360 mL C,HsO at temperatures between
—40 °C and -35 °C.

3 Results and discussion

3.1 Microstructural evolution

The typical microstructure of M4706 after
SHT is shown in Figure 2(a) and the inset figure. It
can be seen that a bimodal distribution of y’
precipitates is obtained for the experimental alloy
after this heat treatment. The coarse ' precipitates
appear cuboidal, but the fine y’' precipitates are
spheroidal. The SEM images of M4706 after SHT
and isothermal aging at 850 °C for 1000, 3000 and
5000 h are separately shown in Figures 2(b)—(d).
Clearly, with the increase in the isothermal aging
time, the y’ precipitates become larger and larger.

.
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The particle sizes of coarse y’ precipitates were
measured. The result shows that their average
particle sizes are (241+2), (367+3), (454+7) and
(48444) nm, respectively. The y' volume fractions
of the specimens under the four different heat
treatments were measured as well. We found that
their ~ volume  fractions are  (49.8+1.1)%,
(50.2+1.5)%, (50.0+1.5)% and (50.3%=1.1)%,
respectively. This result consisted with earlier
studies in Refs. [18—22], where as for Ni-base
superalloys, the volume fraction of y' particles is
determined only by the isothermal aging
temperature, rather than the isothermal aging
duration. It is worth mentioning that although after
isothermal aging for 5000 h at 850 °C, few TCP
phases are visible. This indicates that the isothermal
stability of M4706 is excellent.

As stated before, the creep rupture properties
of Ni-base superalloy are associated with the
carbides, especially those at grain boundaries (GBs)
[10, 11]. Thus, the carbides within M4706 are also
investigated. As shown in Figure 3(a), considerable
amounts of carbides can be observed in M4706
after SHT. Most of these carbides exhibit a blocky
morphology. Through the EDX on SEM, it is found
that these carbides are rich in C, Ti and Ta and W,

Figure 2 SEM images showing microstructure of M4706 after SHT and isothermal aging at 850 °C for different
durations: (a) 0 h; (b) 1000 h; (c) 3000 h; (d) 5000 h (The inset figure in (a) shows fine, spherical y’ precipitates within
the matrix)
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suggesting that they are MC carbides [1, 10, 11].
After isothermal aging for 1000, 3000 and 5000 h at
850 °C, carbides were also observed in the
specimens. Detailed analysis of the microstructures
reveals that besides MC carbides, some carbides
have a smaller size compared to MC carbides
precipitate, and mainly distribute at GBs, as shown
in Figures 3(c)—(d). Moreover, from these figures,
one can also find that more and more carbides
precipitate at GBs so that more and more
continuous grain boundary structures (indicated by
the white arrowheads) form within the specimens
with increasing aging durations. As shown in
Figure 4(a), in order to show these structures more
clearly, a higher magnification is obtained.
Meanwhile, these structures were also observed
using SEM. Part of the continuous grain boundary
structures formed within the specimens is shown in
Figure 4(b). The chemical compositions of the
carbides labeled “17, “2”, “3” and “4” were also
measured. We found that the carbide labeled “1” is
rich in Ti and Ta elements, as illustrated in
Figure 4(c). Thus, the carbide should be MC
carbide. Whereas, the carbides labeled “2”, “3” and
“4” are rich in Cr element, as illustrated in
Figure 4(d). Then, the carbide should be M»Cs [1,
10, 23]. Close inspection of these carbides also
reveals that the M»3C¢ carbides at GBs are usually

connected with the MC carbide, as shown in
Figure 4(b) and the inset figure. Such a
microstructure feature has also been observed in
Refs. [10, 23, 24], which suggests that the M»;Cs is
the product of the decomposition of MC carbide
during isothermal aging at 850 °C. Various
mechanisms for the transform from MC carbide to
M,3Cs carbide have been proposed in Ref. [10, 23,
24]. Whereas, considering the fact that the MC
carbides are usually surrounded by the M»3Cs
carbide as well as pores which might be 9’
precipitates that are etched out during preparing the
specimens in this study, it is tempting to conclude
that the formation of M23Cs carbide is via following
reaction [10, 23]:

MC+y - MGty (D

Figure 5 reveals the creep rupture properties of
M4706 after various heat treatments at 870 °C and
370 MPa. One can see that with increasing aging
time, the stress rupture life decreases, namely the
longer the aging time, the shorter the stress rupture
life. It is worth mentioning that the stress rupture
life decreases dramatically after isothermal aging
for 1000 h, while the reduction in the stress rupture
life decreases slowly as the aging time increases
further. This phenomenon might be associated with
the changes in the microstructures. This will be

Figure 3 Distribution of carbides at grain boundaries of M4706 after SHT and isothermal aging at 850 °C for different
durations: (a) 0 h; (b) 1000 h; (c) 3000 h; (d) 5000 h (The white arrowheads indicate the continuous structures formed

by carbides)
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Figure 4 Optical image showing distribution of carbides at grain boundaries, after SHT and 850 °C for 5000 h (a), SEM
after SHT and 850 °C for 3000 h, inset figure showing the
carbides which are connected with the carbide labeled “1” (b), EDS map showing the carbide labeled “1” (c¢) and EDS
map showing the carbide labeled “4” (d)
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Figure 5 Effect of isothermal aging at 850 °C on creep

rupture properties of M4706 tested at 870 °C with an

engineering stress of 370 MPa

discussed in Section 3.4. With regard to the
elongation to fracture, small fluctuations are
observed. Nevertheless, the elongation to fracture
for all specimens is above 8.5%, suggesting that
M4706 possesses good creep-rupture ductility.

1 2 3 4 5 6 7 8 9
Energy/keV

3.2 Deformed microstructures

Figure 6 shows the typical dislocation
microstructures of M4706 after different heat
treatments and creep deformation at 870 °C and
370 MPa. Although the initial particle sizes of y'
precipitates are not the same, all specimens show
similar deformation substructures. After creep
deformation, there are few dislocations within the y’
precipitates. However, we can observe many
individual bowed dislocations and zigzag
dislocations within the y channel, as shown in
Figures 6(a)—(d). Most of these dislocations lie at
the p/' interface and the directions of theses
dislocations are parallel to the cube edges of y'
precipitates, suggesting that the creep deformation
is mainly accomplished by dislocation climb [25,
26]. Further observations of the deformed
specimens reveal that many dislocations tangled
each other to form the dislocation network, which
has been marked up with the white triangles in
Figures 6(a)—(d). These deformation patterns
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Figure 6 Dislocation structure of M4706 after fracture at 870 °C and 370 MPa: (a) SHT; (b) SHT+(850 °C, 1000 h);
(c) SHT+ (850 °C, 3000 h); (d) SHT+ (850 °C, 5000 h) (The white triangles indicate the dislocation networks)

indicate that the y/y’ interface can strongly impede
the movement of matrix dislocation, similar to
previous results reported in Refs. [25, 27, 28].

3.3 Correlation between microstructure and

creep rupture properties

Now that the dominant deformation
mechanism is similar, why the creep rupture life of
M4706 shortens with the increasing aging time? In
fact, considering the changes in the microstructures,
this can be easily explained as below. For DS
Ni-base superalloys, most of the creep life is spent
on the steady-state creep [5, 11, 29]. Therefore, the
steady-state creep rate &, usually determines the
creep rupture life, which can be represented by the
formula [29]:

ém=A(c—0,)" exp(-Q [(kT)) (2)

where 7 is temperature; ¢ is the applied stress; Q is
the activation energy; A is a constant; o is friction
stress; k is the Boltzmann constant; » is a constant
stress exponent. During creep deformation, if the
applied stress is higher than the Orowan stress ao, 7,
is usually set equal to the Orowan stress. Whereas,
when the former is lower than the Orowan stress, o;
is usually set equal to the stress needed for
dislocations to climb over the strengthening particle
oc [29]. According to previous researches [29, 30],
0, and o, can be separately calculated using the
following equations:

0.81Gb d
Oy =M ———1In| — 3
2nL N1-v (2}3} ®
o.=MR. Z° (4)
2L

L=(83n7)"*d )
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Lg=1235L—d (6)

where b is the Burgers vector; M is the Taylor factor;
R. is an unified parameter; G is the shear modulus;
d is the mean planar diameter of y' precipitates; 7; is
the inner cut-off distance that is the dislocation core
radius with values between b and 4b; L is the mean
planar center-to-center spacing of the y’ precipitates;
v is the Poisson ratio and Ls is the surface-
to-surface distance between precipitates. Taking
Egs. (3), (5) and (6) or Egs. (4) and (5) into Eq. (2),
one can easily obtain that when the applied stress
keeps constant, the steady-state creep rate would
increase with increasing the surface-to-surface
distance between precipitates. As shown in
Figure 2(a), after SHT, fine spherical y’ precipitates
in the matrix channel of the experimental alloy.
These precipitates can prevent the motion of
dislocations within the matrix channel and therefore
result in a low creep rate and long-rupture life.
However, after long-term isothermal aging at
850 °C, these spherical y’ dissolves and the average
size of coarse y’ increases from 241 to 484 nm. As
the particle size increases, the surface-to-surface
distance between precipitates enlarges as well, since
the y' volume fraction remains unchanged (see
Egs. (5) and (6)). Thus, the stress needed for
dislocation to bypass the y' precipitate via Orowan
process or climb decreases significantly during
creep deformation. As a consequent, the creep-
rupture life shortens significantly after isothermal
aging for 1000 h, and the longer the aging time, the
shorter the creep rupture life.

On the other hand, from Figure 7(a), we can
see that for specimens only subjected to SHT and
creep deformation at 870 °C and 370 MPa, most of
the carbides still distribute discontinuously at grain
boundaries, and creep cracks are rarely visible at
these sites after creep deformation. In contrast, after
SHT and 850 °C for 5000 h, continuous distribution
of carbides formed at grain boundaries and many
creep cracks started at the interfaces between grain
boundaries and carbides after creep deformation, as
indicated by the arrowheads in Figure 7(b). This is
consistent with the reported result that the
continuous grain boundary structures can promote
the initiation and propagation of creep cracks,
which usually causes the premature fracture of the
specimens [10, 11]. As mentioned above, more and
more carbides distribute continuously at grain
boundaries within the experimental alloy with the

Figure 7 Microstructural changes occurring at grain
boundaries of specimens after creep deformation at
870 °C and 370 MPa: (a) SHT; (b) SHT+(850 °C,
5000 h) (The arrowheads indicate the cracks between

carbides and matrix)

increase in the isothermal durations. Therefore, as
the aging time increases, a shorter creep rupture life
and lower creep-rupture ductility can be expected.

4 Conclusions

1) After isothermal aging for 5000 h at 850 °C,
the average size of coarse y’ precipitates increases
from 241 to 484 nm and the y’ volume fraction
remains  unchanged, suggesting that the
experimental alloy possesses excellent
microstructural stability.

2) Many M23Cs carbides precipitate at GBs
during isothermal aging so that the distribution of
carbides at GBs changes from discontinuous to
continuous with increasing time.

3) As the aging time increases, the creep
rupture life of M4706 at 870 °C and 370 MPa
decreases, which is due to the coarsening of y’
precipitates and the formation of continuous
distribution of carbides at GBs.
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