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Abstract:

Detailed transmission electron microscopy (TEM) studies were
conducted on LCF René 104 alloy samples tested under dwell
conditions to analyze the deformation substructures. Specifically,
the focus was to investigate the effect of crack length, in other
words, stress intensity factor range AK, on the deformation
substructures. Thin foils were prepared by focused ion beam
method (FIB) from two specific grains along the crack path at
varying distances representing varying K values. The TEM
analysis indicated that the character of deformation substructures
significantly differed in these two grains. It is therefore speculated
that local stress conditions and the grain orientations played a key
role in the damage accumulation and subsequent substructure
evolution. The regions below the fracture surface also investigated
were. Detailed scanning electron microscopy (SEM)
investigations of the grains immediately below the fracture
surface revealed extensive microstructure degradation and
potential hot spots for crack nucleation.

Introduction:

The ability to resist crack growth under dwell-fatigue is a complex
phenomenon in polycrystalline Ni-based superalloys used for
turbine engine disk applications. Whether or not the fatigue
process is controlled in a time independent manner (typically seen
at low temperatures and higher cyclic frequency > 1 Hz or in
time-dependent manner (seen at high temperatures, low cyclic
frequency < 1 Hz or longer hold time between cycles), the fatigue
crack growth rate (FCGR) is significantly higher in samples tested
in an air environment compared to vacuum [1-3]. As a result, the
debit in fatigue life has been attributed to the diffusion of oxygen
into slip bands causing further slip-band-hardening ahead of the
advancing crack [4]. In the latter case the debit is attributed to
diffusion of oxygen to the grain boundaries making them fail
prematurely. Accordingly, numerous studies, listed in ref. 3 have
reported the failure mode switching from transgranular to mixed-
mode to entirely intergranular fracture. These failure modes can
be significantly influenced further by factors such as temperature,
hold time duration. More importantly, the microstructure has a
major influence on FCGR. While the effect of microstructural
features such as grain size [3] and grain boundary phases on low
cycle fatigue are largely known [3], the understanding of the
deformation substructure evolution ahead of the crack in the
presence of y and y’ phases is still developing. This understanding
is extremely important in designing the optimum heat-treatment
for these alloys to balance the high temperature hold time crack
growth resistance against creep properties.
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Deformation by planar slip has been the central outcome of
deformation studies in almost all of Ni-based superalloys
evaluated under diverse loading conditions both at room
temperature and at intermediate temperatures up to 700°C.
Reported planar deformation processes include shearing of both y
and y" by (i) strongly paired '4[110] unit dislocations, (ii) de-
correlated 1/6<112> type Shockley partials causing intrinsic and
extrinsic stacking faults [5,6] and micro-twinning [6,7]. These
diverse deformation processes operate either individually or in
combination depending on the temperature and the loading
condition [6,7]. While numerous previous studies have focused on
elucidating the deformation mechanism both during creep and
during fatigue, only a handful of studies have paid attention to the
deformation substructures during dwell-fatigue [8], which by
definition exhibits creep alike condition between successive
fatigue cycles. In this study, the primary focus is to study
deformation substructures in notched samples of René 104, a Ni-
base superalloy tested under low cycle fatigue condition with
hold-time dwell. Specifically, this study concentrates on the effect
of varying AK, the stress intensity range, on the development of
substructures. This is accomplished by primarily investigating
deformation substructures of different grains at varying distances
along the crack path for their deformation substructures.

Experimental Details:

René 104, the Ni-based superalloy used in this study is a powder
processed polycrystalline alloy. The alloy was supersolvus heat-
treated and had a coarse grain microstructure (grain size 15-30
um). The specimens were mechanically polished using standard
metallographic processes and finished with 0.05 colloidal silica in
a vibratory polishing unit. SEM techniques were used to
characterize the microstructure of the specimens. Samples were
etched with a ¥y’ etchant (2 ml HF, 20 ml HNO3 and 50 ml lactic
acid), and imaged in the SEM with a back scattered electron
(BSE) detector in “ultra-high resolution” (UHR) mode. Additional
information on the imaging techniques are detailed elsewhere [9].

The dwell fatigue tests were conducted at GE Aviation, Evendale
at two different temperatures. The samples were tested at (i)
704°C(1300°F), R=0.05, K¢=1.77, Peak Load 848 MPa (123 ksi)
The sample was tested at this temperature with a 90 second dwell
time between the cycles.

The fracture morphology of the fatigue samples was investigated
in the SEM. Metallographic samples were prepared normal to the
fracture surface to investigate the region beneath for fatigue
damage. Site-specific thin foils were extracted by focused ion
beam method (FIB) at various distances from the notched edge of
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the samples along the crack path, both from the fracture surface
and from grains beneath the fracture surface. The foils were used
to examine the damage mechanisms as a function of crack using
an FEI, Tecnai-200 kV transmission electron microscope (TEM).

Results

Figure 1a shows the typical starting microstructures of the alloy
tested in this study. The super-solvus heat treatment resulted in

Figure 1. Back scattered electron (B SE) images showing (a)
typical microstructure of the alloy, bright colored carbide
particles can be seen distributed (b) higher magnification
image of a typical grain boundary decorated with carbide and
boride particles. Bi-modal distribution of y’ precipitates can
be seen within the grains.

coarse grain structure (15-30um) with secondary and tertiary y’
precipitates in the grain interior, and carbides and borides at the
grain boundaries. Blocky carbide particles can also be seen in the
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grain interior (Figure 1b). The borides at the boundaries are thin,

Stable Crock

Growth
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Figure 2 Secondary electron image showing: (a) the entire
fracture surface of the dwell fatigue sample (b) the mixed-
mode nature of failure near the notched edge of the sample.

elongated and plate-like. The SEM image shown in Figure 2
delineates different regions of the fracture surface. The fatigue
cracks seem to have initiated at multiple locations on the surface
of the notched samples. The rest of the fracture surface can be
divided into two regions, (i) the stable crack growth region where
the fracture mode is mostly mixed-mode where significant
number of grains can be seen fractured in trans-granular fashion
and (ii) the unstable crack growth region where the fracture is
entirely trans-granular. Secondary cracks can be seen near these
grains well.

The information that can be obtained from the SEM image of the
fracture was rather limited. On the other hand the investigation of

Loading -
' direction -

Figure 3 Back scattered electron (BSE) image showing the

crack propagation through grain boundary. Circled regions

are the cracked carbide particles.
the region immediately beneath the fracture surface was very
informative. Secondary intergranular cracking evident in Figure 3.
The mottled contrast from the grain interior arises from the severe
deformation the adjoining grains undergo associated with the
crack advance along the grain boundaries. Cracks can be seen
nucleating along the carbide/matrix interface. Interestingly,
carbide particles themselves appear cracked in the grain interior.
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This indicates the severity of the deformation of the grains along
the fracture path. Nucleation of cracks at grain triple junctions is

Loading -
direction

carbides

Figure 4. Back scattered electron (BSE) image showing inter-
granular crack nucleation at the triple grain junctions

also seen frequently occurring as shown in Figure 4. Another
interesting observation is the change in the microstructure in the

Figure 5. Back scattered electron (BSE) image showing
recrystallization and the loss of y” immediately beneath the
fracture surface.

grain immediately beneath the fracture surface that was exposed
to high temperature during the fatigue. The exposed regions of the
grain, as seen in Figure 5 show evidence of recrystallization of
new smaller grains. In those regions, significant portion of y’
precipitates seem to have dissolved.

Figure 6 shows a FIB extraction of a slice, which was taken
approx. 1100 microns from the surface of the notch. This equates

to a delta K of XXX. The TEM investigation of the deformation
substructures from thin foils extra cted from two different
locations on the fracture surface are shown in Figures 7 through 9.

Figure 6 Secondary electron (SE) image showing TEM thin
foil extraction from the fracture surface.

Grains from regions of high and low AK were approximately 1100
and 300 microns from the crack initiation site respectively.
Assuming these distances equal the crack lengths at these
distances and using the K solution expression given below, these
grains have AK values of approximately 45 and 20 MPa-
m"respectively.

AK =F(e Wo/ma

where Ao is the applied stress range, a is the crack depth and D is
net diameter of the specimen on the notched plane.

In general, Figures 7 through 9 show that the dislocation density is
very high in samples extracted from both locations consistent with
the fact that these grains have been severely deformed due to
crack propagations through them. There are both commonalities
and differences in the nature of the substructures between the
grains from regions of low and high low and high AK. In both
grains the defect density is extremely high in the y matrix
compared to the y’ precipitates. Both grains have planar and non-
planar deformation substructures although the relative amounts of
these are difficult to estimate at the present time. There are no
incidences of micro-twin formation in both of these grains, which
have been reported to be the operating mechanism during creep at
these temperatures [7]. The absence of twinning is also consistent
with the fact that more non-planar deformation modes begin
operating under dwell-fatigue conditions. The occurrence of
planar and non-planar deformation is not only limited to y matrix.
For example, Figure 8 shows the shearing of y" precipitates by
cross-slip. Detailed tilting analysis in the TEM has shown (Figure
8) segments of strongly paired b=1/2[110] dislocations (marked
by arrows) on the [001] cube planes. Cube cross slip is a well-
known phenomena known to occur at high temperatures.

On the other hand, there are significant differences between the
deformation substructures between the samples. The deformation
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Figure 7 Bright field transmission electron microscopy (TEM) images showing (a) limited extended faulting and (b)
extensive dislocation activity in both y matrix and y’ precipitates; in grain with low Ak grain.

Figure 8. Bright field TEM images from grain with low Ak showing (a) "2[110] superpartials (marked 1 through 3) shearing
the y’ precipitate. (b) the perpendicular segments of the superpartial # 2 have the cross slipped onto cube planes.

substructures in the grain from the low delta K regime consits of
%[110] unit dislocations mostly in the gamma matrix. In addition
cross slipping of dislocations on to cube planes were seen within
the vy’ precipitates in the same grain. Conversely, the grain in the
regime of high delta K contains a significant density of stacking
faults (Figure 9) in the gamma matrix beside the dislocations.
Analysis has shown that these are intrinsic stacking faults
bounded by Shockley partial dislocations. De-correlated partial
dislocations have been known to form during high temperature

4

creep. Incidences of planar shearing of y" pre cipitates by
strongly paired b=1/2[110] dislocations are more frequently seen
in this sample compared to that of sample 1 where much more
incidences of cube cross-slip based non-planar shearing were
observed. The weak beam dark field image in Figure 8 shows
strongly paired '2[110] (111) dislocations within the y’ precipitate.
The dislocation debris in both samples is an important
substructures feature not frequently seen in other high temperature
deformation modes.
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Discussion:

The advantage afforded by the dwell-fatigue test in notched
samples over the smooth bar is the ability to track fatigue damage
near the crack since damage accumulation and crack initiation is
largely localized to the notched section due to stress concentration
at the notc h while the damage elsewhere in the sample is
relatively insignificant.

APB coupled

4 %[110]
dislocations
-

Fracture Morphology

The mostly intergranular nature of the fracture in the dwell-
fatigued sample in this study is consistent with the previous
reports [11] where the grain boundary failures have been reported
in samples tested in air. The fracture morphology in time
dependent and tim e independent fatigue fracture has been the
subject of discussion for many years. Most consistent observation
agreed upon many studies is the debit in fatigue life when the disk
alloys are tested in air compared to vacuum. The shorter life seen
in samples tested in air has been attributed to factors such as (i)
oxygen diffusion to the slip band and (ii) grain boundary
embrittlment due to oxygen promoting faster intergranular failure.
Once again the fracture mode also depends on whether the cracks
nucleate on the surface or subsurface. When the cracks nucleate
on the surface the fracture remains intergranular right through the
failure due to the oxygen embrittlement effect mentioned above.
On the other hand, when the crack nucleates at the subsurface
grains, the fracture mode reportedly remains transgranular until
the crack reaches the surface, which then changes to an
intergranular mode due to exposure to oxygen [11]. In our study
the fracture morphology is uniform from the notched edge to the
end of stable crack growth region, which is a mixture of
intergranular and transgranular fracture. This suggests that the

5

cracks might have nucleated from multiple locations. The grains
near the notch that have fractured in a transgranular fashion
suggest that the crack nucleation or short crack growth occurred in
those regions within the slip bands. On the other hand, the
fractured carbide particles seen beneath the fracture surface could
themselves be the crack nucleation sites ahead of the advancing
crack.

Studies have shown that below 450°C fatigue occurs though time

4 A
» '
.

Figure 9. Bright filed transmission electron images (TEM) showing (a) %2[110] superpartials within the y’ precipitate and (b) extensive
intrinsic stacking faults in y matrix channels in a grain from a region of high Ak.

independent damage mechanisms such a persistent slip band
formation that promotes mostly transgranular failure. Above
550°C, especially under dwell cycles, contribution from creep
damage mechanisms where thermally activated processes such as
diffusion, cross slip, climb etc. become more prevalent.

Deformation

Planar slip band activity ahead of the advancing fatigue crack
have been observed in a number of superalloys [3,14]. Boyd-Lee
[10] has reported fracture morphology and slip band formation in
RT fatigue study in Waspaloy as a function of AK. In that study,
Boyd-Lee reported that crack nucleation occurred either within
mode II slip bands or within carbide particles. During growth, at
very low AK, only a few slip bands were observed while at very
high AK numerous slip bands occupied in a cylindrical zone ahead
of the crack tip covering many grains. It was also reported that
variation in grain size in the alloy, allowed the transition zone
from short crack to long crack growth regime to span over a wide
range of AK. This clearly demonstrates the importance of AK,
that allows for a large variation in the local stress conditions,
which can have huge impact on the fatigue crack growth rate. This
type of studies, although provide very useful information, are
limited in scope since these observations are made on the surface
of the samples and consequently can not accurately describe the
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nature of crack tip interaction with local microstructural features
such as y and y’ precipitates and grain boundaries etc. which are
critical to the fundamental understanding of deformation
mechanisms during fatigue. However, detailed investigation of
deformation substructures as a function of crack length from crack
initiation to short crack growth to long crack growth is still
lacking.

In y/y’ based superalloys, the deformation modes can change
substantially depending on the stress, temperature and loading
conditions [7]. Typically at room temperature, irrespective of the
loading conditions the main deformation mode is through the
propagation of strongly coupled '4[110] dislocations, which do
not leave any extended fault either in the gamma matrix or the
precipitates. On the other hand, in addition to }2[110] dislocations,
shearing through faulting and twinning has been observed at high
temperatures especially under creep conditions. Extensive TEM
analysis performed on the foils extracted from the dwell fatigue
samples in this study also showed the presence of '5[110]
dislocations, isolated faulting and extended faulting.

On the other hand, there were significant differences in subsidiary
substructures between grains deformed under low and high K.
First, the grain with the low K had significant density of intrinsic
stacking faults in the gamma matrix compared to the high K grain
which had significant activity of 5[110] unit dislocations
Secondly, within the gamma prime precipitates, the strongly
coupled 2[110] dislocations were mostly co-planar, observed to
lie mostly on (111) octahedral planes. On the other hand,
significant cross-slip on to the cube planes was seen grains with
higher AK.

These stacking faults seen in low K grain, arise from the
dissociation of the 4[110] type unit dislocation, mainly driven by
a low stacking fault energy, into two Shockley dislocations
according to %5[110] — 1/6[112] + ISF + 1/6[211] in the gamma
matrix. These Shockleys seen in these samples are indeed
deformation-induced under dwell fatigue. Schokleys have been
observed under creep deformation at intermediate temperatures
and they are referred to as de-correlated dislocations. This
essentially means that these individual Shockleys can now
independently propagate despite the penalty introduced by the
stacking fault at different velocities. Once dissociated, the
mobility and therefore the shearing ability of these de-correlated
Shockleys is now significantly depended on parameters such as,
the resolved shear stress on individual shockleys and the Orowan
stress, in other words, the stress required for these Shockleys to
push through the y channels in between the y’ precipitates.

Recent analytical and phase field modeling efforts by Unocic et.
al., [14] have shown that the resolved shear stress could be vastly
different between the leading and the trailing Schokleys
depending on the orientation of the grains with respect to the
applied stress, the angle between the slip vector, or in other words
the Burgers direction and the stress axis and the spacing between
the precipitates. As a result, if the Orowan stress is high enough
both the leading and the trailing partial will be able penetrate and
accomplish the deformation without dragging any intrinsic fault.
On the other hand, if the leading partial possess a higher resolved
shear stress than the trailing partial, the mobility of these de-
correlated dislocation will be severely affected that can lead to
extensive faulting in the gamma matrix, because of the restriction
placed by the spacing between the precipitates. This is presumably
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may be the reason why extensive faulting in the gamma matrix
occurs in the gamma matrix in a low K grain. This particular grain
is presumably oriented such that the conditions were just right for
faulting to occur for the reasons mentioned above where the
resolved shear stresses were significantly different for the
Shockleys along the slip direction. The resolved stress was
probably insufficient even for the leading partial to be able to
shear the y’ precipitate and as a result the stacking faults are
mostly confined to the y matrix. This is consistent with similar
observations in a Ni-based superalloy, ME3, tested under creep
conditions. The authors in that study, have reported extensive
stacking fault in the gamma matrix and the bounding partials were
seen locked in at the y/y’ interfaces. Additional work is underway
to determine the grain orientation with respect to the stress axis
and the y’ precipitate size and distribution. On the other hand, the
reason these short stacking faults in the gamma matrix are not
prevalent in a high K grain may possibly be due to higher and
sufficient resolved stress levels favoring %4[110] dislocations.

With respect to the substructures seen within the y’ precipitate,
cube cross-slip has been known to occur for a long time under
tensile loading at high temperatures in single crystals of binary
and alloyed NizAl, especially in the anomalous yield strength
regions. The cube cross slip has been reported to occur over a
wide temperature regime due to the lower APB energy on the
{100} cube planes compared to {111} octahedral planes. Primary
cube slip has been observed in Alloy MERL 76 during high
temperature high cycle fatigue condition [8]. However, this has
been the first time such cube slip has been observed in y’
precipitates in a y/y’ multi-component superalloy under dwell-
fatigue condition. However, it is unclear at this point why cube
slip is more prevalent in grains with low Ak compared to high K
grain where the slip is mostly seen coplanar. It is speculated that
the severe local stress conditions imposed by higher K, somehow
prevent the dissociation of %4[110] unit dislocations.

Additional TEM foils are currently being extracted from and
below the fracture surface for further analysis of the deformation
mechanism.

Conclusions

The fracture morphology indicates that the fracture during dwell-
fatigue in samples tested in air reveals a mixture is intergranular
and transgranular failure.

The microstructure below the fracture surface indicated that the
crack frequently nucleates in grain triple points, especially where
the twins within the grain intersects the grain boundaries.

Sample that was exposed to air during the test provided regions
below the fracture surface with recrystallized grains with a
significant loss of y’ precipitates.

TEM analysis indicates that deformation substructures vastly
differ in grains with varying K. The difference in the nature of
substructures is attributed to the grain orientations and the local
stress intensity factors.
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