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1 | INTRODUCTION
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Abstract

Effects of rafted microstructure and its temperature dependency on fatigue
crack propagation (FCP) in a single-crystal Ni-base superalloy are experimen-
tally investigated. FCP tests are conducted at room temperature, 450°C, and
700°C for two types of pre-rafted specimens, and their FCP behaviors are com-
pared with that of a specimen with cuboidal y" precipitates. It is found in the
experiments that there is no significant influence of rafted microstructures on
FCP rate at room temperature, while a clear influence is pronounced at
450 and 700°C depending on the coarsening direction of rafted microstructures
and the level of stress intensity factor range. The temperature dependency in
the effect of rafted microstructure is discussed with special considerations on
the microscopic FCP behavior affected by the morphology of y' precipitates,
the coherency of the y/y’ interface, and temperature-dependent slip character-

istics of y and y’ phases.
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by the lattice misfit of the coherent y/y’ interface and the
strength of ' precipitates that increases with

Single-crystal Ni-base superalloys have been widely used
for high-temperature components in gas turbine and jet
engine applications, since they have superior high-
temperature strength as well as excellent corrosion and
oxidation resistance. Generally, the superalloys have a
composite microstructure consisting of cuboidal y’ pre-
cipitates surrounded by narrow channels of the y matrix.
Extensive studies have suggested that the superior
mechanical properties of single-crystal superalloys are
associated with the unique characteristics of the vy/y’
microstructure, including an internal stress field induced

temperature.' >

High-temperature components of a gas turbine sys-
tem experience severe thermal stress due to repeated
start-up and shut-down cycles in addition to centrifugal
forces at elevated temperature. Many studies have inves-
tigated to predict the remaining life of superalloy
components based on fracture mechanics focusing on
fatigue crack propagation (FCP) behavior in single-crystal
Ni-base superalloys.>*° ™ In particular, a lot of attention
has been paid to the effects of temperature,® > loading
condition,>*'**>! and crystal orientation®*''"**'7 on
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FCP behavior. In these studies, the unique characteristics
of the y/y’ microstructure also play an important role that
determines the microscopic and macroscopic FCP behav-
iors. The role of y' precipitates in FCP has been first
addressed by Telesman et al,'® who investigated FCP
behaviors in a single-crystal Ni-base superalloy,
PWA1480, at room temperature (RT). They revealed that
the y' precipitate plays a barrier role to dislocation
motion and affects the macroscopic FCP mode depending
on the level of stress intensity factor range, AK. Sengupta
et al.” prepared two types of single-crystal specimens with
different sizes of y’ precipitates by applying different heat
treatments and conducted FCP tests at RT. They found
that a smaller y' precipitate leads to a higher fatigue
threshold and lower FCP rate in the near-threshold
region. They also conducted similar FCP tests at 650°C>
and reported that the results are opposite to those at RT:
That is, a larger Yy’ precipitate causes a higher fatigue
threshold and lower FCP rate at 650°C. Suzuki et al.'’
conducted FCP tests at RT, 450°C, and 700°C using four
types of compact (C(T)) specimens with different combi-
nations of crystal orientations in loading and crack prop-
agation directions. They revealed that the fatigue crack
propagates in the crystallographic shearing mode at RT,
while the crack transitions its propagation mode from the
opening to the shearing mode at 450 and 700°C. They
suggested that such a temperature-dependent FCP behav-
ior is attributed to the changes of microscopic deforma-
tion depending on the distinctive temperature
dependency of the y' precipitate. Although these studies
have demonstrated that the y/y’ microstructure plays
some important roles in FCP behavior, several issues
have not been fully clarified yet, particularly regarding
the effects of the y’ morphology, coherent y/y’ interface,
and temperature-dependent slip characteristics of y and
Y phases. A rafting phenomenon, which is a unique
microstructural evolution in Ni-base superalloys, is suit-
able to examine these effects of the y/y’ microstructure.
The rafting phenomenon is a microstructural change
accompanied by severe directional coarsening of the ini-
tially cuboidal y’ precipitates to plate-like (normal to the
stress axis) or needle-like (parallel to the stress axis)
structure induced by creep stress.”*>* The direction and
the extent of coarsening are determined by the sign and
the magnitude of the y/y’ lattice misfit and those of the
externally applied stress.”” It has been proven that the
fundamental process of the rafting is associated with the
locally inhomogeneous creep deformation and the subse-
quent reaction of piled-up dislocation at the y/y’ inter-
face, which leads to an inhomogeneous misfit relaxation
and a potential energy gradient. Several studies have
investigated influences of rafted microstructures on high-
temperature fatigue properties.>**> ** Ott and Mughrabi®®

conducted low cycle fatigue (LCF) tests at 950 and
1050°C for CMSX-4 specimens with three different
microstructures: initial y/y’ with cuboidal Y/, plate-like
rafted, and needle-like rafted microstructures. They
showed that the LCF life of the plate-like rafted micro-
structure is reduced, while that of the needle-like micro-
structure is extended. Sakaguchi and Okazaki*® proposed
an extended micromechanics model based on Eshelby's
equivalent inclusion theory and numerically indicated
that the plate-type rafted microstructure has a detrimen-
tal effect on the high-temperature LCF strength for nega-
tive misfit superalloys. Epishin et al.*’ performed the
LCF tests at 750 and 950°C for the plate-type rafted speci-
mens and revealed that the rafted microstructure leads to
a remarkable reduction of LCF life, particularly under a
smaller strain amplitude at 750°C. Most recently, Yang
et al.?® performed a stress-controlled LCF test at 980°C
for central-hole specimens with an inhomogeneous rafted
microstructure and indicated that pre-rafting treatment
significantly decreases the LCF life relating to a degrada-
tion of the resistance to plastic deformation. These stud-
ies have focused on the total fatigue lives under LCF
loading at higher temperatures beyond 750°C but have
not addressed the influences of rafted microstructure on
microscopic deformation near the crack tip and FCP
behavior. A comprehensive understanding on the effects
of rafting under wide-ranging temperatures, correlating
with temperature-dependent slip characteristics of y and
Y phases, is also required for the engineering application
of single-crystal Ni-base superalloys in advanced gas
turbines.

The objective of this study is to clarify the effect of
rafted microstructures and its temperature dependency
on FCP in a single-crystal Ni-base superalloy. Two types
of C(T) specimens with rafted microstructures were pre-
pared, and FCP tests were conducted at RT, 450°C, and
700°C. The FCP behaviors of pre-rafted specimens were
compared with that of the specimen consisting of the
cuboidal y' precipitates."® The roles of y' precipitates in
FCP behavior were discussed, by paying a special atten-
tion to the microscopic FCP behavior affected by the
morphology of y' precipitates, the coherency of the y/y'
interface, and temperature-dependent slip characteristics
of y and y’ phases.

2 | EXPERIMENTAL PROCEDURES

The material tested in this study is a single-crystal Ni-
base superalloy, CMSX-4. The chemical composition is
summarized in Table 1. Heat treatments were conducted
as follows: six-stage solution treatment of 1277°C for 2 h,
1288°C for 2 h, 1296°C for 3 h, 1304°C for 3 h, 1313°C for
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2 h, 1316°C for 2 h, and 1277°C for 2 h, followed by two-
stage aging treatment of 1140°C for 6 h and 871°C for
20 h. After the heat treatment, a regular y/y’ microstruc-
ture consisting of cuboidal y' precipitates embedded in a
narrow y matrix was observed, as shown in Figure 1A.

From the casting ingot with cuboidal y’ precipitates, a
plate-shaped creep specimen was extracted by wire elec-
tric discharge machining (EDM) techniques. The geome-
try of the creep specimen is shown in Figure 2A. Crystal
orientations in the loading and specimen's width direc-
tion are [001] and [010], respectively. The creep specimen
was subjected to a constant tensile stress of 120 MPa at
1080°C for 38 h. This creep loading induced a 0.3% ten-
sile creep strain in the creep specimen. After unloading,
the creep specimen was further heat treated at 1080°C for
30 h, which is a subsequent heat treatment to complete a
kinetic process of the directional coarsening.”*** As a
result, a rafted microstructure was completely developed
as shown in Figure 1B, which indicates that the direc-
tional coarsening occurs in the direction perpendicular to
the creep loading axis. From the plate-shaped creep speci-
men with a rafted microstructure, two types of compact
(C(T)) specimens were extracted by EDM techniques, P-
type and V-type, as shown in Figure 2B. Here, the crack
propagation direction of the P-type specimen is parallel
to the coarsening direction, while that of the V-type spec-
imen is perpendicular to the coarsening direction. It
should be noted here that the coarsened y’ precipitate in
the V-type specimen is not the so-called “needle-like”
shape, but the “plate-like” shape whose normal vector is
directed to crack propagation direction in the C(T) speci-
men. The loading directions of P-type and V-type C(T)
specimens are [001] and [010] crystallographic orienta-
tions, respectively.

TABLE 1 Chemical composition of CMSX-4 employed in this
study (in wt.%)
Co Cr w Al Ti Ta Mo Re Ni

9.7 6.5 6.4 5.7 1.0 6.6 0.6 3.0 Bal.

FIGURE 1
(SEM) images of Ni-base superalloy

Scanning electron microscope

microstructures with (A) cuboidal and (B) plate-
like precipitates
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Stress-strain relationships of P-type and V-type speci-
mens at RT are shown in Figure 3, which were measured
in tensile tests using miniature tensile specimens
extracted from the C(T) specimens. The geometry of a
miniature specimen is shown in Figure 2C. It is found in
Figure 3 that both P-type and V-type specimens reveal
lower yield strength compared with the normal speci-
men, which consists of the cuboidal y' precipitates,
although Young's moduli are almost comparable in three
types of specimens. It has been also reported by Epishin
et al.*” that the rafted microstructure (similar to the P-
type specimen in this study) leads to a lower yield
strength at RT and 950°C, although Young's modulus is
not affected. A detailed physical basis of the yield
strength reduction in the rafted microstructure is still
unclear, but it can be related to a misfit relaxation of the
coherent y/y’ interface induced by the dislocation reac-
tion associated with the rafting phenomenon.

FCP tests were conducted at RT, 450°C, and 700°C
using an electro-hydraulic machine coupled with an
induction heating system. A constant amplitude sinusoi-
dal wave form was applied under a loading ratio of
R =04 with a loading frequency of 10 Hz. The stress
intensity factor range, AKj, was calculated, conforming to
ASTM E647°:

AP
AKIZWF(@« (1)
a
Here, §:W’ (2)
F(&) _(124;3/2 (0.886+4.645 —13.328% +14.728° — 5.6£*).
3)

AP, B, W, and a are load range, specimen thickness,
width, and projected crack length, respectively. The AK;
values at the beginning of FCP tests were 13 to
18 MPam'?, which depends on the microstructure and
testing temperature. Before the FCP tests, the specimens
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FIGURE 2
(A) creep specimen, (B) C(T) specimen,

Geometries of the

©)

and (C) miniature tensile specimen
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FIGURE 3 Stress-strain relationship of three types of

specimen at room temperature

were initially pre-cracked at RT to avoid an influence of
initial EDM notch. The load amplitude “AP” at the begin-
ning of pre-cracking was 195 N, and the lengths of pre-
cracking were about 0.3 mm. The temperature on the
specimen surface was monitored and controlled using a
type K thermocouple that was connected to a thermome-
ter and induction heating system. Temperature distribu-
tion in the gauge section was arranged within +5°C.
Crack lengths on both sides of the C(T) specimens were
monitored with digital microscopes. The magnification of
the digital microscopes was 1.3 pm/pixel, and an approxi-
mate measurement error was less than 5 pm. The average
value of the crack lengths on both surfaces was used for

the calculations of AK; and FCP rate, da/dN. After the
tests, the crack path and fracture surface were observed
with a scanning electron microscope (SEM).

3 | EXPERIMENTAL RESULTS

3.1 | Results of FCP tests at RT

Figure 4 shows the FCP test result at RT. The FCP rate is
plotted as a function of Mode I stress intensity factor
range, AK;, computed based on the projected crack
length. Figure 5 shows SEM images of the fracture sur-
face at RT. In Figure 4, red symbols represent the FCP
rate of the P-type specimen, while blue symbols represent
that of the V-type. These plots are compared with the
FCP rate of the normal specimen with the cuboidal y’
precipitates,’® which are plotted as black symbols. Trian-
gle symbols mean that the crack propagates in a crystallo-
graphic shearing mode along octahedral slip planes,
while circle symbols represent the FCP rates when the
crack propagates in Mode I opening mode perpendicular
to the loading direction. These rules for plotting will be
also adopted for the results at 450°C (Figure 8) and 700°C
(Figure 11) described later. Some of the data at higher
AK; condition in normal and V-type specimens are
removed from Figure 4, because they are invalid accord-
ing to the out-of-plane cracking limits required in
ASTM.? These invalid data are attributed to the crack
plane inclination associated with the crystallographic
cracking. The invalid data are not included in the
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consideration of this study; however, overall trends are
not so different between the valid and invalid data when
the FCP rates are evaluated based on AK). Test results
including the invalid FCP rates are shown in the Support-
ing Information.

As can be seen in Figure 4, there are no significant
differences in FCP rates between three types of speci-
mens. However, there is a clear difference in FCP mode

10° T T
—v— RT Normal®
—O— RT P-type
106k —V— RT V-type ]

da/dN [m/cycle]
S

108 £ vgyv .
/ ]
vV V : Shearing mode
K O : Opening mode
10-9 v I 1
10 20 30 40

AK; [MPam'?]

FIGURE 4 Fatigue crack propagation rate at room
temperature (RT)
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as shown in Figure 5. Normal and V-type specimens
show the crystallographic shearing mode cracking, which
leads to macroscopically inclined crack paths along {111}
slip planes as can be seen later in Figure 7. Contrarily,
the P-type specimen reveals the opening mode cracking
except for the near-surface region. A SEM image of this
opening mode fracture surface in the P-type specimen is
shown in Figure 6, which is corresponding to the area
surrounded by a red square in Figure 5. The fracture sur-
face as seen in Figure 6 is mainly composed of the flat
plane (dark gray region) perpendicular to the loading
direction but also includes small slip planes (white
arrows in Figure 6), which indicates that the shearing
mode cracking also takes place microscopically in the P-
type specimen.

Figure 7 shows crack paths in three types of speci-
mens observed with SEM. Corresponding positions of
Figure 7A-C are indicated as red lines in Figure 5A-C,
respectively. For the P-type specimen, the near-surface
region was polished to observe the mid-thickness area
where the opening mode cracking mainly takes place. It
can be seen in Figure 7 that the cracks in normal
(Figure 7A) and V-type (Figure 7C) specimens propagate
in the crystallographic shearing mode, which penetrates
both y and y’ phases along {111} octahedral slip planes.
On the other hand, the crack in the P-type specimen
(Figure 7B) propagates in the y’ phase and along the y/y’
interface, not in the y phase. In the y' phase, the crack

FIGURE 5
temperature (RT) after failure

Fracture surface at room

7

AK; [MPam'?] ~
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propagates in the shearing mode with a periodic change
of the slip planes. According to the SEM images of the
fracture surface (Figure 6) and the crack path
(Figure 7B), the small fracture surfaces along slip planes
in Figure 6 correspond to the crack path within the v/
phase in Figure 7B, while the opening mode cracking in
Figure 6 corresponds to the crack path along the y/y’
interface in Figure 7B.

3.2 | Results of FCP tests at 450°C

FCP rates in the three types of specimens at 450°C are
shown in Figure 8. The symbols are used in the same
way as in Figure 4. In contrast to the result at RT, the
FCP rates are strongly affected by the rafted microstruc-
ture at 450°C. In low-AK condition where all the three
specimens showed the opening mode cracking (plotted
by circle symbols), the FCP rate of the P-type specimen is

FIGURE 6 Scanning electron microscope (SEM) images of the
fracture surface using the P-type specimen at room temperature
(RT) (2 mm away from the notch)

slightly higher than that of the normal specimen, while
the FCP rate of the V-type specimen is remarkably lower
than the other two specimens.

Figure 9 shows the SEM images of fracture surfaces at
450°C. Three specimens reveal a similar cracking mode:
The cracks initially propagate in the opening mode and
transition to the crystallographic cracking mode when
AK reaches around 20 MPam'/2. Such a transition behav-
ior has been also observed in the study of Suzuki et al.*
and numerically discussed by Chen and Sakaguchi.*
These studies have suggested that the AK level at the
transition is a function of primary (loading direction) and
secondary (crack propagation direction) crystal orienta-
tions of the C(T) specimen, and it changes between
AK = 14 and AK = 23 MPam"/%" It is found in Figure 9
that the transition AK is not affected by the rafted micro-
structure. This means that the transition from the open-
ing mode to shearing mode, which is affected by a
geometric relationship between the crack front and octa-
hedral slip planes, is similar even if the morphology of y/
and coherency of the y/y’ interface are changed by the
rafting phenomenon. In the V-type specimen, the frac-
ture surface in a lower AK regime is unusual where the
crack propagates along neither the crystallographic slip
planes nor Mode I plane perpendicular to the loading
direction. This unusual cracking plane is tilted about 45°
with respect to the crack propagation direction, while the
crystallographic shearing cracking plane is inclined to
“both” the crack propagation and specimen thickness
direction. The former cracking plane is categorized as an
opening-like mode and plotted by circle symbols in
Figure 8, because the corresponding fracture surface
shows obviously different features compared with the
pure crystallographic shearing cracking. Enlarged frac-
ture surfaces of P-type and V-type specimens are revealed
in Figure 9D,E, respectively, which include both the
opening (opening-like) and shearing cracking planes.

FIGURE 7 Scanning electron microscope (SEM) images of the crack path using (A) normal, (B) P-type, and (C) V-type specimens at

room temperature (RT)

95US01 SUOWIWOD 9AE8.1D 3|qeot[dde 8y} Ag peussnob ake saoie YO 9SN Jo S9|nJ Joj AkeIgi 8UlUQ AS]IA UO (SUONIPUCO-PUE-SWRIALIO™ A8 | 1M AleIqjBul [UO//:SANL) SUONIPUOD Pue SWie | 8u1 89S *[2Z0z/TT/ST] uo Akeiqiauliuo A8)im ‘ABojouyos 1 JO aininsu| 0Axo L Aq 888ET @ 4/TTTT OT/I0p/Loo™Aa|im Arelqijpuluo//sdny woij pepeojumod ‘0 ‘569209 T



SAKAGUCHI ET AL.

10°

—_
S
&

da/dN [m/cycle]
=

109 &
V : Shearing mode ]
QO : Opening mode |
1 0-9 1 1
10 20 30
AK, [MPam'?]
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FIGURE 9 Fracture surface at 450°C after
failure
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Here, the boundaries between the opening (opening-like)
and shearing cracking plane are indicated as red arrows,
which suggests that the opening-like cracking plane in
the V-type specimen is along neither the crystallographic
slip planes nor Mode I plane perpendicular to the loading
direction.

Figure 10 shows crack paths of the three types of
specimens at 450°C. The specimen side surfaces were
polished to observe crack paths in the mid-thickness
region. Corresponding positions of each crack path are
indicated as red lines in Figure 9. It can be seen in
Figure 10 that the opening cracks in normal (Figure 10A)
and P-type (Figure 10B) specimens propagate within the
vy phase. The crack in the normal specimen sometimes
hits against the y’ precipitate and cuts through it in the
shearing mode. In the V-type specimen (Figure 10C), the
crack propagates in the y and y phases alternately. A

o
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FIGURE 10 Scanning electron microscope (SEM) images of the crack path using (A) normal, (B) P-type, and (C) V-type specimens at

450°C
10° " T T
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O— 700°C P-type
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FIGURE 11 Fatigue crack propagation rate at 700°C

resultant macroscopic crack path is tilted with respect to
the loading direction, but not along the crystallographic
slip plane. Here, the crack propagates in a microscopic
zigzag manner and does not show a straight crack path
along the slip plane as can be seen in the V-type speci-
men at RT (Figure 7C). Such a zigzag cracking at 450°C
should affect the FCP rate of the V-type specimen, which
is remarkably lower than those of normal and P-type
specimens. This will be closely discussed in Section 4.2.

3.3 | Results of FCP tests at 700°C

Figure 11 shows FCP rates in three types of specimens at
700°C. The FCP rates show a similar trend to that at
450°C: The FCP rate of the P-type specimen is the high-
est, followed by normal and V-type specimens. It is found

from a comparison between 450°C (Figure 8) and 700°C
(Figure 11) that the FCP rates in normal and P-type spec-
imens are higher at 700°C than at 450°C, while the V-
type specimen shows comparable FCP rate at 450 and
700°C. Figure 12 shows SEM images of the fracture sur-
face at 700°C. Similar to 450°C, the cracks propagate in
the opening mode under a lower AK condition and tran-
sition to the shearing mode at a certain level of AK.
Although the microscopic crack path could not be
observed clearly in the experiments at 700°C due to oxi-
dation of the crack plane, the phenomenon at 700°C is
considered to be similar to that at 450°C. The only differ-
ence is found in the AK level of transition, which is
higher at 700°C than at 450°C: The transition takes place
around AK = 30 MPam'/? in normal (Figure 12A) and P-
type (Figure 12B) specimens, and the V-type specimen
(Figure 12C) fails before the transition at 700°C. The
transition behavior is a competitive mechanism between
the critical resolved shear stress (CRSS) of the y' precipi-
tates and resolved shear stress at the crack tip.'>** The
temperature dependency of the transition behavior is
attributed to the temperature-dependent CRSS of y’ pre-
cipitates; that is, a larger shear stress is required to cut
through the y' precipitates at 700°C, because the CRSS of
Y precipitates at 700°C is larger than that at 450°C."°

4 | DISCUSSIONS

The microscopic mechanism of FCP in ductile solids is
essentially dominated by localized deformation along slip
bands near the crack tip.*'** In the materials with larger
grains or single-crystal materials, crack propagation
occurs in the direction of the primary slip system,
because the crack and the zone of plastic deformation
surrounding the crack tip are confined within a few
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FIGURE 13 Schematic illustrations of the crack path and plastic strain accumulation

grains or a single grain.** It has been found that low-
temperature FCP in a single-crystal Ni-base superalloy is
a function of primary and secondary crystal orientations
that alter the geometric relationship between the crack
plane and the slip planes and then affect the distribution
of localized slip deformation.>>** In the case of Ni-base
superalloys, the testing temperature is also an important
factor that changes the plastic strain distribution near the
crack tip associated with the temperature-dependent slip
characteristics of ¥ and ' phases. To clarify the effect of a
rafted microstructure and its temperature dependency,
localized slip deformation near the crack tip should be

discussed, considering not only temperature-dependent
slip deformation but also microstructural characteristics
including the morphology of y' precipitates and the
coherency between y and y'.

Figure 13 schematically summarizes the microscopic
crack paths in three types of specimens at RT and 450°C,
according to the actual crack paths shown in Figures 7
and 10, respectively. Here, the deformation along octahe-
dral slip planes is schematically drawn as diagonal lines,
and the magnitude of slip deformation is represented by
line's density. Based on these illustrations, the roles of y’
precipitates in FCP behavior are discussed in this
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FIGURE 14 Microscope images of the crack path on the
specimen surface and FCP rate as a function of crack length at
450°C

chapter, particularly looking at how the microscopic FCP
behavior is affected by the morphology of y' precipitates,
the coherency of the y/y' interface, and temperature-
dependent slip characteristics of y and y’ phases.

41 | FCP behavior at RT

It is found in P-type specimens at RT that the fatigue
crack propagates predominantly within the y" precipitate,
avoiding the y matrix. This means the resistance to slip
deformation and crack propagation is higher in the y
matrix than in the y’ precipitate at RT. Actually, it has
been reported that the CRSS of the y matrix is higher
than that of ¥ precipitates at lower temperature.”> Such
a hierarchy between the strength of y and y’ is the same
in normal and V-type specimens; however, the crack in
these two specimens penetrate both y and y'. This is due
to that the y’ precipitates, which have lower resistance to
crack propagation at RT and are not continuous to the
direction of crack propagation in normal and V-type
specimens. The higher strength y matrix is supposed to
be a barrier for crack propagation in normal and V-type
specimens, but their FCP rates are not much lower than
that of the P-type specimen at RT. This is because a dif-
ference in slip characteristics between y and ¥’ is not
large enough to cause an apparent gap of the FCP rate,
even though the y' precipitates become a preferential
crack path that leads to the pure opening mode cracking
in the P-type specimen at RT. Macroscopic yield strength,
which is lower in the P-type and V-type specimens as
shown in Figure 3, might relate to the microscopic slip
deformation and the resultant FCP behavior, but it seems

unlikely that the FCP rate at RT is directly correlated
with the macroscopic yield strength in this study.

The fatigue crack in the P-type specimen propagates
partially along the y/y’ interface, as seen in Figure 7B.
The FCP along the y/y" interface has also been observed
in the rafted microstructure,>>?7-?3%37 and it has been
reported that the rafted y/y’ interface tends to increase
the FCP rate.””*” A loss of y/y’ coherency induced by dis-
location reaction during the rafting phenomenon might
spoil the resistance to the FCP of the y/y' interface. A
further investigation is required to seek a role of a coher-
ent y/y’ interface in an atomic-scale FCP behavior. A rea-
son for why no cracking occurs along the y/y’ interface in
the V-type specimen, which has also a rafted microstruc-
ture, is that the y/y’ interface in the V-type specimen is
aligned in the parallel direction to the loading, where the
normal stress is not high enough to cause the interface
cracking.

4.2 | FCP behavior at higher
temperature

As explained in Sections 3.2 and 3.3, the FCP mode at
higher temperatures depends on the AK level: all the
three types of specimens show the transition behavior
from the opening or opening-like mode to the crystallo-
graphic shearing mode at a certain level of AK. The phe-
nomena at 450 and 700°C are almost comparable, but the
only difference is found in the AK level of transition,
which is higher at 700°C than at 450°C. Focusing on the
FCP mode at a lower AK level before the transition, the
fatigue cracks in normal and P-type specimens propagate
within the y matrix at higher temperatures. This suggests
that the resistance to slip deformation and crack propaga-
tion is lower in the y matrix at higher temperatures,
where the strength hierarchy between y and y’ is opposite
to that at RT. At a lower AK condition in the V-type spec-
imen, the crack propagates in a microscopic zigzag man-
ner and does not show a very straight crack path along
the slip plane as seen in this specimen at RT. This should
be attributed to the higher CRSS of y’ at higher tempera-
tures, which prevents large-scale and continuous slip
deformation along slip planes.

The FCP rates at higher temperatures, in contrast to
the result at RT, are affected by the rafted microstructure,
particularly when the cracks propagate in the opening or
opening-like mode. According to the crack path as seen
in Figure 10, the FCP rate at higher temperatures seems
to be influenced by a frequency of hitting against the v/
precipitates, which has a higher resistance to crack prop-
agation. That is, the fatigue crack in the normal specimen
sometimes encounters the y’ precipitates and has to cut
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through them (Figure 10A), while the crack does not
have to propagate into the y' and can propagate within
the softened y matrix in the P-type specimen
(Figure 10B), which shows the highest FCP rate among
three specimens. In the V-type specimen, the fatigue
crack needs to cross over the strengthened y’ precipitates
each time (Figure 10C). This is one of the reasons for the
significantly lower FCP rate of the V-type specimen in a
lower AK condition under higher temperatures. The dif-
ference in the FCP rate between P-type and normal speci-
mens becomes larger when the testing temperature
increases from 450 to 700°C as can be seen in Figures 8
and 11. This is attributed to the fact that the increase in
temperature (1) leads to the reduction of the crack propa-
gation resistance in the y matrix, which is a preferential
crack path at both 450 to 700°C, and (2) also leads to the
increase of the crack propagation resistance in the y' pre-
cipitate, which plays the barrier role for crack propaga-
tion in the normal specimen.

The lower FCP rate of the V-type specimen is also
associated with the unusual cracking mode as can be
seen in the fracture surfaces (Figures 9C and 12C) and
crack path (Figure 10C), where the crack propagates
along neither the crystallographic slip planes nor the
Mode I plane perpendicular to the loading direction.
Figure 14 replots the FCP rate of the V-type specimen at
450°C as a function of the crack length, where the
observed crack path on the specimen’s side surface is also
indicated in the same scale. The invalid data, which vio-
late the out-of-plane cracking limits, are also plotted in
Figure 14 for comparison. These invalid FCP rates are
plotted in half-solid symbols to distinguish them from the
valid data. It is found that the FCP rate under the condi-
tion of AK <21 MPam'/? does not increase with crack
length, which might be associated with frequent crack
deflection and branching.®® Then, the FCP rate drasti-
cally increases when AK exceeds 23 MPam'/?, where the
crack propagates in a very straight manner. The crack
deflection and branching at a lower AK condition should
be attributed to the higher CRSS of y’ at higher tempera-
tures and the zigzag crack propagation in the mid-
thickness region as seen in Figure 10C, which prevent
the straightforward slip deformation and crack propaga-
tion along a single slip plane. A combined-mode crack-
ing, which includes the crystallographic cracking near
the surface and the opening-like mode zigzag cracking in
the mid-thickness region, would lead to a significant
reduction of the FCP rate. This is the other reason for the
lower FCP rate under a lower AK condition in the V-type
specimen, compared with the pure opening mode crack-
ing in normal and P-type specimens and also compared
with the pure shearing mode cracking under a higher AK
condition in the V-type specimen.

. . 1
FEEMS vy 1 VR

In summary, the effect of a rafted microstructure on
the FCP rate is only remarkable under a lower AK condi-
tion under higher temperatures, where the fatigue cracks
propagate in the opening or opening-like mode. In other
words, the FCP rates in the crystallographic shearing
mode, which takes place in higher AK and lower temper-
ature, are not so affected by the rafted microstructure.

5 | CONCLUSIONS

The effects of a rafted microstructure and its temperature
dependency on FCP in a single-crystal Ni-base superalloy
are investigated experimentally. FCP tests are conducted
at RT, 450°C, and 700°C using two types of C(T) speci-
mens with a rafted microstructure and P-type and V-type
specimens. The coarsening direction of the rafted micro-
structure in the P-type specimen is parallel to the crack
propagation direction, while that in the V-type specimen
is perpendicular to the propagation direction. The results
of FCP tests for P-type and V-type specimens are com-
pared with those of the normal specimen with the cuboi-
dal y' precipitates. The conclusions derived from the
investigations are summarized as follows:

i. AtRT, there is no significant difference in FCP rates
between the three types of specimens. However,
there is a clear difference in the FCP mode. Normal
and V-type specimens show a crystallographic shear-
ing mode cracking that penetrates both y and ¥’
phases, while the P-type specimen reveals an open-
ing mode cracking that propagates within the vy
phase and along the y/y’ interface.

ii. At 450 and 700°C, the FCP in all three types of speci-
mens reveals a similar cracking mode: The cracks
initially propagate in the opening mode and transi-
tion to the crystallographic cracking mode at a cer-
tain level of AK. The FCP rates are affected by the
rafted microstructure under a lower AK condition,
where the cracks propagate in the opening mode or
opening-like mode. The FCP rate of the P-type speci-
men is slightly higher than that of the normal speci-
men, while the FCP rate of the V-type specimen is
remarkably lower than that of the other two speci-
mens. The FCP rates in the crystallographic shearing
mode, which takes place in higher AK and lower
temperature, are not so affected by the rafted
microstructure.
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