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Abstract

The fatigue crack propagation behavior of the nickel base superalloy CMSX-2 in single
crystal form was investigated. Tests were conducted for two temperatures (25 and 700°C), two
orientations ([001][110] and [001][010]), and in two environments (laboratory air and ultra-high
vacuum 10-7 torr). Following FCP testing, the fracture surfaces were examined using scanning
electron microscopy. Transmission electron microscopy was used to determine the size and

shape of the Yy~ precipitates.

FCP rates were found to be relatively independent of the temperature, environment and
orientation when correlated with the conventional mode I stress intensity factor. Examination of
the fracture surfaces showed two distinct types of fracture. One type was characterized by {111}
fracture surfaces which were inclined relative to both the loading and crack propagation
directions. These features, while clearly a result of the fatigue process resembled cleavage
fractures along {111} planes. Such features were observed at 25 and 700°C; they were the only
features observed for the 25°C tests. The second type had a macroscopically dull loading
appearance, was microscopically rough and grew normal to the loading axis. This feature was
seen on the specimens tested at 700°C (in both air and vacuum) and had a similar appearance to
conventional fatigue fractures. Although in this region the crack plane was macroscopically

normal to the loading direction, it deviated microscopically to avoid shearing the y” precipitates.
In view of the complex crack growth mechanisms, mixed fracture modes, and lack of any
difference in FCP rates, it is hypothesized that the correlation between FCP rates and stress
intensity parameter is probably coincidental. The implications for life prediction of higher
temperature turbine components based on conventional fracture mechanics are significant and
should be further investigated.
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Introduction

Nickel base superalloys have been the traditional material of choice for the turbine section
of modern jet engines due to their excellent high temperature mechanical properties. However,
their resistance to stress rupture is significantly degraded in the presence of an oxidizing
environment. It has been suggested that diffusion of oxygen along grain boundaries is the
primary mechanism of this degradation. Blade coatings, directional solidification (DS), and
single crystal (XL) are processes that have been developed in an effort to eliminate these grain
boundary effects by either isolating, favorably orienting or removing the grain boundaries.
However, XL and DS blades introduce the problem of anisotropic behavior into engineering
analysis for creep, low cycle fatigue (LCF) and fatigue crack propagation (FCP).

While creep and LCF resistance are primary design considerations for turbine blades, the
durability requirements introduced under Engine Structural Integrity Program (ENSIP) makes
FCP behavior a property that merits consideration. However, due to elastic and plastic
anisotropy, characterization of FCP is not straight forward. In this paper, the FCP behavior of
CMSX-2 in single crystalline form is studied with respect to mechanisms of crack extension,
effects of orientation, and the significance of K as a characterizing parameter for FCP in this class
of material.

Experimental Procedure
Material

CMSX-2 is a modified MAR-M 247 nickel-base superalloy for use as a single crystal.
The nominal composition is given in Table L

Table I — Nominal Composition of CMSX-2 (w/o0)

Al Co Cr Ti Ta W Mo Ni
5.6 4.6 8 1.1 6 8 0.6 Balance

The specimens used in this study were austenitized at 1315°C for 3 hours and
subsequently air cooled. The precipitation treatment consisted of heating to 1050°C for 16 hours
followed by air cooling. This was then followed by ageing at 850°C for 24 hours followed by
air cooling. These heat treatments were developed by

ONERA to create regularly spaced cuboidal y* precipitates
with sides that are roughly 0.5 £ 0.1 um in length. This
precipitate arrangement has been shown to enhance creep {001

properties[1]. The volume fraction of y” precipitates is f100]

approximately 65%. ﬁ

Mechanical Testing and Fracture Surface Observation (o
Plastic deformation and fracture in Ni-base

superalloy single crystals is dominated by the

crystallographic orientation. Cracking frequently occurs

on combinations of {111} and {100} type planes.[2-4] 01
In order to investigate the effects of orientation on FCP | _
behavior, tests were conducted on CT specimens with | ™

two different crystallographic orientations, Fig. 1. Tests

were conducted in laboratory air at room temperature and

at 700°C in air and in vacuum of 10-7 torr. el

Crack length was monitored continuously during
the tests using the electro-potential drop technique[5].
Crack length (a) as a function of the number of cycles (N)

Figure 1 CT Specimen Orientations
employed in this study
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was recorded. Plots of da/N vs AK were generated using the procedure described in ASTM
E647[6].

Following FCP testing, the fracture surfaces were examined using scanning electron
microscopy (SEM). These results are discussed in the next section.

Results and Discussion
Crack Growth Rate vs Delta K

Figure 2 shows the experimental results presented using the traditional stress
intensity factor, K, for correlating da/dN. There appears to be little systematic difference in the
crack growth rates between the various orientation-temperature-environment combinations. Any
differences in crack growth rates resulting from the test variables are masked by the spread in the
data.
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Figure 2 FCP rates for specimens with [010] and [110] orientations tested in air and

vacuum at 700°C and air at 25°C

The applicability of K which is based upon the assumptions of isotropy and self-similar
crack growth is not immediately obvious. Moreover, the cracks in these specimens were inclined
to the plane normal to the loading axis and the values of K are different from those with the crack
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growing normal to the applied load. Despite these analytical problems, da/dN appears to
correlate well with AK. There may be several reasons for this.  For example, K values for
inclined cracks in CT specimens were numerically determined by Cruse and were found to be
approximately equal to those for cracks growing normal to the loading axis[7]. It was shown
that for cracks deviating up to 30° from the plane normal to the loading axis, the value of K was
virtually unchanged. Another reason for the apparent good correlation may be that duplicate
specimens under each condition were tested using similar load levels. Therefore, the good
agreement between da/dN and AK may simply be coincidental.

CMSX-2 Specimen B7
. Environment: Vaccuum

Machine Notch

" Precrack

— Fast Fracture

M
imm
Figure 3 Photomicrographs showing fracture surfaces of tested specimens with

[010] and [110] orientations

Fracture Surface Observations

The fracture surfaces of tested specimens showed significantly different morphologies
depending upon the combination of temperature, environment and specimen orientation. Greater
differences in the morphologies appears to result from changing specimen orientation than from
changing the environment. Specimens tested at 700°C in which the width was parallel to [010]
exhibited fracture surfaces with two characteristic regions:
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1) regions of the fracture surface that were inclined to the load axis and width of the
specimen which were flat and shiny in appearance

ii) regions in which the fracture surfaces were normal to the loading axis and which
were dull and rough in appearance.

In the first region, neither the direction of crack propagation nor the plane on which the crack
propagated appear to be normal to the direction of applied loading. The shiny inclined sections
were slanted both relative to the thickness and the width of the specimen. The dull surfaces have
a “wavy” appearance. The troughs and peaks of these 'waves' are parallel to the specimen
thickness in the [001] direction. The wavelength corresponds to the dendrite dimensions.

Specimens for which the width was parallel to [011] also exhibited similar fracture
surface features. The two types of surfaces were:

1) flat and shiny regions inclined at an angle relative to the thickness of the specimen
but not to the width and
i) regions in which the fracture surfaces were normal to the loading axis and which

were dull and rough in appearance.

Photomicrographs of the fracture surfaces of specimens tested at 700°C for both
orientations are shown in Fig 3. There appear to be two distinct regions for each orientation; one
that is flat and shiny and the other that resembles a traditional polycrystalline fatigue fracture
surface. Measurement of the angles of the flat planar regions indicates that these are {111} type
planes. Their appearance is shiny and they appear distinct from the regions of fracture which are
normal to the loading axis and have the appearance of conventional fatigue fracture. The shiny
flat regions were further examined at higher magnifications as shown in Fig. 4 and were shown
to retain their planar featureless appearance. While these features are similar to those observed in
the overload fracture region, Fig. 5, there can be little doubt that they were formed by a fatigue
process. It is also important to note that the two types of fractures in the specimens with different
orientations appear to be quite similar to each other. This suggests that the same basic
mechanisms of crack advance operate for both specimen orientations, as discussed in the
following section.

¥ e

Figure 5 Fast fracture surface

Fign: 4 Planar l'aliguccrac‘k
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At room temperature, only flat, shiny, fracture surfaces were observed. For specimens
with [110] parallel to the width, the intersections of these flat regions were parallel to the width.
Clearly the planes were of the type {111} while the intersections were parallel to [110]. A low
magnification view of the room temperature fracture surface is shown in Fig. 6 while a higher
magnification SEM photomicrograph is shown in Fig.7. It is interesting that at higher
magnifications, microscopically, the flat regions formed at room temperature appear to be
rougher than those formed at 700°C in either air on vacuum. This roughness probably reflects

the fact that the y” is softer at 25°C than at 700°C. It is interesting to note that the fracture surface
contains sheared y' particles and there is no tendency whatsoever for the crack to avoid the
precipitates

Figure 6 Room temperature fracture Figure 7 High magnification
surface of fracture surface
shown in Figure 6

These differences in fracture surface appearance seem to correlate very well with what is
known about deformation in Ni-base alloys. At low temperatures, it is well established that the
precipitates are relatively weak (at least compared to the peak strength at higher temperature) and
casily sheared. Deformation on {111} is very much easier than on {100} so it would be
anticipated that fracture surfaces would be of the {111} type and would contain evidence of
sheared precipitates. At high temperatures, on the other hand, it is well known that the {111}
planes in the precipitates become progressively harder [8,9]. Thus at some relatively high
temperature, deformation can take place more easily on {100} planes [8,9] than on {111} planes.
For these reasons, it is quite clear that there will be a transition from {111}-type deformation to
{100}-type deformation . To the extent that cracking is dictated by deformation in front of the
crack tip, one would also expect the fracture surface to be broadly reflective of these
mechanisms.  That is to say, both {111} facets and {100} planes should be observed. An
alternative explanation for the { 100} cracking at 700°C is offered in the following paragraphs.

Fracture surfaces of specimens from both orientations have zones in which the cracking
does not appear to be macroscopically associated with any particular set of crystallographic
planes. The cracks in these regions appear to propagate on the (001) plane which is normal to
the loading axis. This is in apparent contradiction with the proposed model which is based on the
assumption that cracking occurs only on the {111} planes. This apparent contradiction can be
explained. It is proposed that crack growth in these fatigue regions is also crystallographic in
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nature and does in fact occur locally on a combination of {111} and { 100} type planes. Damage
introduced by dislocation movement due to cyclic loading can accumulate on several parallel but

not necessarily adjacent {111} planes between adjacent y' precipitates. This damage can lead to a
series of cracks growing on parallel {111} planes. As the crack propagates along the {111} type
plane, it will run into one of the ¥ precipitates and stop growing because of the high strength of
the precipitate at this temperature. The ¥ precipitate faces are parallel to {100} to minimize the
strain energy. Since the dislocations do not shear the hard v, a build up in dislocation density at
the precipitate interface is expected. The crack then finds an easy path to follow along the
damaged Y interface. The SEM stereo pair in Fig. 8 clearly shows the cracks

| . A

2 um

Figure 8 Stereo pair showing cracks avoiding Y” precipitates

deviating around a series of cube faces which correspond in size and orientation to the '
precipitates.  Therefore, it appears possible that the crack deviates from the {111} planes and
propagates along the {100} plane at the interface between the austenitic matrix and the Y
precipitates. It is unclear at this point whether the crack propagates along this interface as a
monotonic cleavage event or as a series of microcracks on {111} type planes that join to give a
n};:m;in_;ﬂ {100} plane of propagation. Figure 9 shows the proposed crack advance mechanism in
the fatigue
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region. Secondary cracks were also found to avoid cutting the ¥ precipitates.

It is important to note that slip bands in front of more than one Yy precipitate can be
operating, Fig. 9. The stress fields activating the slip bands due to the presence of a crack
decrease in magnitude with distance from the crack tip as predicted by the anisotropic field
equations. Therefore, the slip bands that intersect the plane normal to the loading direction that
originates at the crack tip will be more active than those that don't. This results in higher
dislocation densities in these slip bands and hence lower normal forces required to propagate the
crack. Therefore the slip bands which intersect this plane are expected to form cracks which will
ultimately be linked by cracks propagating along the {100} plane at the interface between the

matrix and the ¥ precipitates.

Secondary cracking will occur by the same mechanism. The only difference between the
secondary and primary cracking is that the direction of crack propagation for secondary cracks
tends to reduce the magnitude of the stress fields as predicted by the field equations more quickly
than for the case of the primary crack.

It has been previously proposed that the plane and direction of fatigue crack growth in
anisotropic single crystals can be predicted by finding a combination of primary slip plane and
direction for which the product of the normal stress acting on the plane and the shear stress in the
direction of the Burgers vector has the maximum absolute value[10]. The magnitude of normal
and shear stresses on primary slip planes and directions can be found by using the field
equations for the stress fields ahead of the crack in anisotropic bodies[11].

T = \/Ii—fij(u,e) (1)

2rnr

The stresses predicted by the above equations are then transformed to the appropriate normal and
shear stresses using standard tensor transformations.

Top = Aaily Ty
where 1, = transformed stress tensor Q)
ay,ay = direction cosines
T; = original stress tensor

secondary crack

The product of the normal and
shear stresses on each of the
slip planes but normalized by

K? -
—~_ | are shown in Table II.
27r

primary crack| Table II  shows the
trigonometric function in the
equations for normal stresses
and shear stresses and their
Crack product for a [001] loading

i direction for all {111}<110>

ti
P \ type slip systems in a cubic
[010] slip bands crystal.
Y

[10'0]

Figure 9 Proposed mechanism of crack advance
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Table II — Normal, Shear stress products

slip  Burgers normal shear
Product
plane vector stress  stress

(111)  [110[ 033  0.00  0.000

(111)  [o11] 033 -0.41 -0.135
(111)  [10I] 033 041 -0.135
(111) [10T] 033 041 -0.135
(1T1) [110] 033  0.00  0.000
(171) [0o11] 033 -0.41 -0.135
(117) [To1] 033 041 0135
(117) [o11] 033 041 0135
(117) [T10] 033 0.00  0.000
(T11)  [120) 033 000  0.000
(111) [01T] 033 -0.41 -0.135
(T11) [101] 033 041 -0.135

Because both orientations tested in this-study share a common [001] loading axis, the
crack growth is predicted to occur along the same plane and direction for both orientations.
Therefore, the fundamental fatigue crack growth rates are also predicted to be the same for both
orientations. However, in the case of the [011] orientation, the predicted direction of crack
growth is parallel to the length of the specimen while in the [010}] orientation, the predicted crack
growth direction is at an angle relative to the side of the specimen. Therefore, one might
reasonably expect a greater influence of altered stress states as the crack grows from a region of
plane strain to a region of plane stress for the [010] orientation than the [011] orientation. Since
the dominant cracking mechanisms are the same for both orientations, this can also be another
reason why the FCP rates, when correlated with AK, are also the same for both orientations.

The above models of fatigue crack growth appear to explain the differences in the
macroscopic crack growth modes observed for specimens of both orientations. The crack
growth in single crystals does not occur in a self-similar fashion or under purely mode I
conditions. Therefore, the use of K to correlate fatigue crack growth in single crystals is not
recommended. However, if the proposed models are confirmed by more data, it may be possible
to predict the FCP rates in single crystal materials if the orientation of the crystals to the loading
axis is known. A mathematical model which will be undoubtedly more complex than the Paris
equation and which uses an appropriate forcing function can be developed to predict this
behavior. This remains a goal for future studies.

Conclusions

1. FCP in single crystals of CMSX-2 appears to correlate with K. However, this
correlation may be more fortuitous than representative of a genuine relationship.
Additionally, attempts to correlate FCP rates with K do not include the effects of
combined mode loading and it is clear from the fracture surface observations that more
than one mode of crack extension is operating.

2. Fatigue crack extension in single crystal CMSX-2 occurs by a single mechanism at 25C
(cracking on {111}) and by combination of mechanisms at 700C (cracking on {111} and
{100}).

3. The crack extension processes are reflective of the fundamental deformation mechanisms

that occur in 7y as a function of temperature.
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At 700°C in certain regions, fatigue cracks grow macroscopically on planes normal to the
applied load and microscopically on parallel {111} planes in the austenitic matrix and on
{100} planes at the interface between the matrix and the Y precipitates.

In attempting FCP data correlation and life prediction of Ni-base superalloy components
at high temperature, caution is recommended in the use of K. Further work is required to
develop a true forcing function on which such correlations and calculations can be based.
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