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Abstract The deformation and fracture mechanisms of a
single crystal nickel-based superalloy CMSX-4 have been
investigated during low cycle fatigue (LCF) tests at tem-
peratures of 750, 850, and 950 °C under strain-controlled
R = 0. It was found that LCF lives at 750 and 850 °C were
similar and longer than those at 950 °C. The specimens
tested at 750 and 850 °C showed fatigue crack initiation at
internal pores, and their failure occurred by cracking at
persistent {111} slip bands. On the other hand, at 950 °C
the crack initiated at the oxide-layered surface and propa-
gated along <100> y channel until fracture. At the two
lower temperatures, a/2<110> dislocations with low den-
sity was rarely present within y channels, and a/3<211>
partial dislocations were occasionally seen to shear )’
leaving superlattice stacking faults behind. At 950 °C,
homogeneous deformation was produced by perfect dislo-
cation movements of cross-slip and climb in the y channel
and a limited y’ shearing by superdislocation was observed.
At total strain range lower than 0.6%, well-developed
polygonal dislocation network formed at rafted ' interface.
Comparison of dislocation structures revealed that load-
controlled LCF tests lead to more severe deformation to
specimens than strain-controlled tests.

Introduction

Turbine blades and vanes in gas turbines and aeroengines
are subjected to very high temperatures and mechanical
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loads. Recently, these hot section components are made of
single crystal nickel-based superalloys in order to with-
stand the critical loadings resulted from the complex
combination of high thermal and high mechanical loadings.
Accordingly, the creep properties in the single crystal
nickel-based superalloys have been studied in great detail.
However, since the hot section components are also sub-
jected to cyclic thermal stresses resulting from start-up and
shut-down, low cycle fatigue (LCF) at high temperatures
has been an area of ever-growing interest for the past
several decades [1-8]. Most studies dealing with the LCF
of nickel-based superalloys focused on the macroscopic
properties under a strain ratio of R = —1. In order to
simulate more closely the operating condition of gas tur-
bines, repeated LCF tests with R = 0 have been recently
investigated [4-8].

There are relatively few articles investigating the
microstructural degradation of current second generation
single crystal superalloy CMSX-4 during LCF although the
prediction of the deformation mechanisms is an essential
part of the safe designing against fatigue. MacLachlan and
Knowles [6] studied high cycle fatigue (HCF) and LCF of
CMSX-4 at the temperatures of 750, 850, and 950 °C under
load-controlled R = 0. Tests at a single stress level at each
temperature were carried out. They reported that at low
temperatures and high frequencies, crystallographic crack
growth occurred rapidly along persistent slip bands (PSBs).
As temperature increased or frequency reduced, deforma-
tion became similar to creep, displaying dislocation net-
works spread homogeneously through the y channel. The
failure under these conditions occurred by planar stage 11
crack growth. However, the single stress test did not allow
to represent the whole deformation behaviors and to
compare with other data. Whan and Rae [7] considered the
deformation microstructures of CMSX-4 under R = 0 LCF
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tests with stresses both above and below yield stress. They
observed that cyclic deformation above yield stress at
750 °C developed extensive penetration of the y’ by dis-
location dipoles and by partial dislocations trailing stacking
faults (SFs). Charles et al. [8] gave a detailed observation
on the above dipoles, and identified them as dislocation
loops in the y trailing either antiphase boundary (APB) or
SFs. The microstructures of test cycled at stresses above
yield stress at 950 °C showed no evidence of rafting but
dislocation pairs shearing the 7" precipitates [7, 8]. All the
articles mentioned above concerned the deformation
behaviors of CMSX-4 during load-controlled LCF tests.
Little literature has been found related with the deforma-
tion behaviors of CMSX-4 during strain-controlled LCF
even though the strain-based approach to fatigue design has
found much appeal to understand more realistic material
behaviors [9]. Although Sakaguchi and Okazaki [10] car-
ried out strain-controlled thermo-mechanical fatigue
(TMF) and LCF tests of CMSX-4, they focused on the life
prediction model rather than on the detailed investigation
of deformation mechanisms.

In the present study, the deformation and fracture mech-
anisms of a single crystal nickel-based superalloy CMSX-4
were investigated during strain-controlled LCF tests at
temperatures of 750, 850, and 950 °C. This article also
discussed the comparison of deformation microstructures
between load-controlled and strain-controlled LCF tests.

Experimental procedures

The material investigated in the present work is a second
generation single crystal superalloy, CMSX-4. The nomi-
nal composition is Ni—6.5Cr-9Co-0.6Mo-6W-1.0Ti—
6.5Ta—3Re-0.1Hf-5.6Al (in weight percent). All castings
were made using master ingots (made by Cannon-Muske-
gon) from a single heat. Single crystals were cast with rods
of 13 mm diameter in a vacuum furnace (ALD model ISP
0.5) by Bridgman method. The cast rods were oriented near

[001] direction with a maximum deviation of 9°. For this
material, the heat treatments were given as follows: the
solution treatment at 1,320 °C for 2 h, and then the two
step aging treatments at 1,140 °C for 2 h and at 871 °C for
20 h in vacuum status of 1 x 107> torr. This heat treat-
ment produced a microstructure consisting of cuboidal
ordered L1,-structured 7 precipitates embedded coherently
in the y matrix of fcc structure, as shown in Fig. 1. As
previously reported [11], the volume fraction and the
size of cuboidal )’ precipitates were 60% and about
400-500 nm, respectively. Figure 1b displays the 7
cuboids aligned regularly along crystallographic directions,
and very low dislocation density. According to earlier
studies [12, 13], the constrained lattice misfit of y/y’
interface is negative and in the order of —10™> at room
temperature.

LCF specimens were machined from single crystal bars.
The cylindrical solid specimens had a gauge length of
16 mm and a diameter of 5S mm. The specimens were
mechanically polished before fatigue tests to prevent pre-
mature crack initiation at surface-machined scratches. The
strain-controlled LCF tests were carried out in air to failure
on a servo-hydraulic fatigue machine (Instron 8501) with a
capacity of +100 kN load cell. The LCF tests were con-
ducted at temperatures of 750, 850, and 950 °C under
strain ratio of R = 0. A trapezoidal waveform with a total
strain range (Agy,) of 0.6-1.2% was imposed consisting of
1 sramps and a 1 s dwell at maximum and zero strain (1-1-
1-1 waveshape). The life of LCF was defined as the number
of cycles at which the specimen was broken.

For the observation on the fractured surfaces and
deformed microstructures, scanning electron microscopy
(SEM) examination was performed on a JEOL JSM-5800
microscope with a tungsten filament operating at 20 keV.
To prepare thin foils for transmission electron microscope
(TEM) examination, the fatigued specimens were cut per-
pendicular to the stress axis using a low-speed diamond saw
to obtain thin sheets. Three-millimeter-diameter disks were
punched out from the thin sheets, and electropolished to

200 nm

Fig. 1 Initial microstructure of CMSX-4: a SEM and b TEM micrographs
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perforation with an 80% methanol and 20% perchloric acid
electrolyte at —25 °C and 20 V, using a double-jet elec-
tropolisher. The TEM characterization was performed on a
field emission type JEOL JEM-2100F operating at 200 keV.
Some of the TEM observations have been done with the foils
prepared by a focused ion beam (FIB) system to investigate
deformed microstructures near fatigue crack tips.

Results and discussion
Cyclic stress—strain behavior

Figure 2 shows the typical hysteresis loops at each strain
and temperature. The loops are given by those at the first
cycle (N = 1) and at the mid-life (N = N¢/2, where N¢is the
number of cycles to failure). With increasing the number of
cycles, the loop shifted downwards during LCF cycling
regardless of test conditions. The downward shift of hys-
teresis loop is characteristics of the LCF test with R = O,
where the decrease in the maximum tensile stress is fre-
quently observed [10, 11]. The degree of decrease in the
maximum tensile stress became larger with increasing
temperature even though there was little significant differ-
ence in plastic strain range regardless of total strange range
and temperature. The decrease in the maximum tensile
stress at each temperature results from stress relaxation
which occurs during 1 s dwell at maximum strain at each

Fig. 2 Typical hysteresis loops (a)
at a 750 °C, b 850 °C, W cele
€950 °C, and d cyclic stress— P
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cycle. The stress relaxation at elevated temperatures could
be caused by the weakened /)’ coherency (the formation of
interfacial dislocations associated with y/y’ rafting) and/or
plastic deformation by significant dislocation movements in
p/y" (climbing, 7" shearing, and mechanical twinning) [11,
14]. Tt should be noted that although the specimens were
cycled at the highest strain range, the maximum tensile
stresses at mid-life exhibited less than 900 MPa at 750 °C,
850 MPa at 850 °C, and 630 MPa at 950 °C, respectively.
These maximum stresses are much lower than those applied
to the specimens for load-controlled LCF tests in the pre-
vious studies [7, 8], which implies that the deformed
microstructures in the present study could be different. In
the following section, microstructural evolution will be
discussed with a consideration of cyclic stress—strain
behaviors.

Figure 2d shows the cyclic stress—strain behavior at
each temperature. The cyclic strain hardening behavior
appears to be almost similar at all temperatures, and its
exponent is about 0.885.

LCF lives

The relationship between the total strain range and the
number of cycles to failure is plotted in Fig. 3. It was found
that LCF lives at 750 and 850 °C were similar, however,
those at 950 °C were much shorter. This implies that there
may be detrimental factors leading to a significant decrease
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Fig. 3 LCF lives of CMSX-4 at different temperatures

in fatigue life at 950 °C, and a similar fatigue failure
mechanism at the two lower temperatures could be
expected. In order to understand the fatigue failure mech-
anisms, metallographic analysis was employed and the
details will be discussed in the following section.

Deformation and failure mechanisms during LCF
cycling

The fractured surfaces and cross-sections after LCF tests are
presented in Fig. 4. It is evident that across the temperature
range of 850-950 °C, a transition of fatigue failure mode
occurred from internal pore-initiated fracture to surface-
initiated fracture. At 750 and 850 °C, the crack initiated at a
pore below surface, and its planar growth under vacuum left
traces of a circular region. After the internal crack grew over
a certain size, a large amount of stress field near the crack tip
caused the failure by cracking along persistent {111} slip
bands. At 950 °C, a change occurred: surface cracks formed
at the oxide scale during cycling and propagated into bulk
specimen, as shown in Fig. 4g—i. Thus, it can be suggested
that when the CMSX-4 is primarily exposed above 950 °C
the resistance to surface oxidation is crucial for enhance-
ment of LCF property, while casting process with minimal
defects is priority at and below 850 °C.

Figure 5 shows the deformed microstructures at 750 °C
under Ag,, = 1.0%. A very low density of dislocations was
inhomogeneously present within y channels. Oriented slip

Fig. 4 SEM images showing fractured surfaces, crack initiation
regions, and cross-sections: a, b, and ¢ at 750 °C/1.0%, d, e, and f at
850 °C/0.8%, g, h, and i at 950 °C/1.0%. In fractured surfaces ‘A’
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Fig. 5 Deformed microstructures showing a a very low dislocation density in y channels and b SFs in the y’ phase after LCF test at 750 °C/

Aey = 1.0%

was occasionally observed as a result of primary slip
operation with high Schmid factor and identified as
a/2<110> matrix dislocation, as shown in Fig. 5a. This
dislocation structure is similar to that after HCF interrup-
tion test at 2/3 of the full life under condition of 750 °C and
820 MPa [6]. However, no evidence of y’ shearing by this
oriented slip was observed in the present study. Instead,
partial dislocations were sparsely seen to shear )’ leaving
superlattice SFs behind. Many literature [5, 15-17] have
shown that these SFs form by the decomposition of an
interfacial a/2[110] matrix dislocation into a/3[211] and
al6[112] at intermediate temperature deformation regime:
the a/3<211> partial enters the 7' precipitate, creating an
SF, while the a/6<112> partial remains in the interface.
This deformation behavior is quite different from previous
studies [7, 8] describing that deformation above yield stress
at 750 °C developed a high dislocation density within )
channels, and extensive 7" shearing by dislocation loops
trailing either APB or SFs.

Figure 6 shows the deformed microstructures at 850 °C
under Ag, = 0.8%. The dislocation activity was essen-
tially same as that after LCF test at 750 °C. A low density
of dislocations within y channels and SFs after y’ shearing

by the passage of a/3<211> partial dislocations were
sporadically seen. However, the dislocation movement
became slightly more activated by cross-slip which is
necessary for spreading of the dislocations into the narrow
7 channels, resulting in the highly oriented or bowing
dislocation configuration. The recent works [7, 8] reported
a more heavily dislocated structures within y channels after
load-controlled LCF test at 850 °C than the present study.

No significant difference in deformed microstructures
was observed at both 750 and 850 °C except a slight
change of dislocation movement within 7y channels. Addi-
tionally, the fatigue failure mechanism was identical at the
two temperatures: the crack initiated at an internal pore
since surface oxidation was not detrimental enough in the
CMSX-4. Thus, a similar LCF life at 750 and 850 °C could
be understood. However, it is generally known that the
LCEF life is normally decreased with increasing temperature
[9]. Nevertheless, the similar LCF life could be associated
with the combination of similar failure mode and defor-
mation behavior at the two temperatures. It is also accepted
that the LCF life becomes longer with increasing ductility
of the material [9]. It is interesting that the elongation of
CMSX-4 after tensile test was higher at 850 °C (29.7%)

200 nm

Fig. 6 Deformed microstructures showing a a very low dislocation density in y channels and b SFs in the 7" phase after LCF test at 850 °C/

Ago = 0.8%
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Table 1 Tensile properties of CMSX-4 at 750, 850, and 950 C

Yield strength Tensile strength Elongation
(MPa) (MPa) (%)

750 °C 1,032 1,273 14.2

850 °C 966 986 29.7

950 °C 737 905 239

than at 750 °C (14.2%), as shown in Table 1. Therefore, it
appears that the higher ductility at 850 °C compensates
with the retardation of crack initiation and propagation at
internal pore.

At 950 °C, the deformed microstructures were distin-
guishable depending on whether the raft was developed or
not. Figure 7 shows the y/y’ microstructures near fractured
surfaces. Only at the total strain range of 0.6%, significant
7' rafts were observed perpendicular to the stress axis. This
result implies that the development of rafts is largely
dependent on time rather than applied strain. Whan and
Rae [7] also found that the 7' rafts were developed at
950 °C under the lower applied stress (480 MPa). Matan
et al. [18] studied the kinetics of rafting during creep of
CMSX-4. They suggested that )’ rafting was independent
of the applied stress if a threshold strain of 0.10 &+ 0.03%
was achieved, and the incubation time should be provided

()

crackgrowth direction

= Tpm

crack growth direction

to generate sufficient diffusion and dislocation density to
initiate rafting during creep. Thus, it is suggested from the
present study that a threshold length of test enabling a
considerable rafting to occur may exist in the range
between 12 h (Agey = 0.8%) and 76 h (Ag = 0.6%)
during LCF with R = 0. Figure 8 shows the deformed
microstructures at 950 °C under Ag,; = 0.6 and 1.0%. At
the total strain range of 1.0% (Fig. 8b), dislocations were
more homogeneously spread throughout the y channels
compared with Figs. 5 and 6. The superdislocations with
{111}<011> slip system were occasionally observed to
shear the )’ precipitates. At the total strain range of 0.6%
where significant rafts occurred, almost all the dislocations
were associated with the formation of interfacial network
at the rafted 7/’ interface and they generated a well-devel-
oped polygonal network. Each dislocation line was com-
posed of a few sets of dislocations with Burgers vectors of a/
2<110>. This dislocation structure is identical to that taken
from a crack tip [11], which reflects that LCF tests produce
homogeneous deformation throughout a specimen unlike
TMF tests. No SFs were seen at any strain range.

Based on the series of observations, the deformation
mechanisms of CMSX-4 during strain-controlled LCF with
R =0 can be schematically summarized, as shown in
Fig. 9.

crack growth digéction
- - .

T pm

Fig. 7 SEM images showing y/y/ microstructures near fractured surfaces after LCF test at 950 °C: a Age, = 0.6%, b Ag, = 0.8%, and

¢ Agoy = 1.0%

Fig. 8 Deformed microstructures after LCF test at 950 °C: a Ag,,, = 0.6% and b Ag, = 1.0%

@ Springer



J Mater Sci (2011) 46:5245-5251

5251

¥ Rafting R ratio=0
= Crack initiation site: oxidized surface
* Homogencous deformation
950 -~ * Regular dislocation movement in y channel
6 =y shearing: Single super dislocation
-
Fd
-
£
= BS0 -
M
o
=
£
]
F
750 |-
1 1 1 1
0.6 0.8 1.0 1.2

Total strain range (%)

Fig. 9 Schematic illustration of the deformation mechanisms of
CMSX-4 during strain-controlled LCF cycling with R = 0

Conclusions

The deformation and fracture mechanisms of CMSX-4
have been characterized during strain-controlled LCF tests
with R = 0 at temperatures of 750, 850, and 950 °C. The
main conclusions can be drawn as follows:

1. It was found that LCF lives at 750 and 850 °C were
similar and longer than those at 950 °C. Across the
temperature range of 850-950 °C, a transition of
fatigue failure mode occurred from internal pore-
initiated fracture to surface-initiated fracture.

2. At 750 and 850 °C, no significant difference in
deformed microstructures was observed except a slight
change of dislocation movement within y channels: a
very low density of dislocations with a/2<110> was
inhomogeneously present within y channels, and a/
3<211> partial dislocations were occasionally seen to
shear 7" leaving SFs behind.

3. At 950 °C, homogeneous deformation was produced
by perfect dislocation movements of cross-slip and
climb in the 7 channel and a limited )’ shearing by
superdislocation was observed. At total strain range

lower than 0.6%, well-developed polygonal disloca-
tion network formed at rafted 7" interface.

4. Comparison of dislocation structures revealed that
load-controlled LCF tests lead to more severe defor-
mation to specimens than strain-controlled tests.

5. When the CMSX-4 is primarily exposed at 950 °C the
resistance to surface oxidation is crucial for enhance-
ment of LCF property, while casting process with
minimal defects is priority at and below 850 °C.
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