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Abstract: In order to reveal the temperature dependence of anisotropic stress—rupture behavior of SRR99 single crystal superalloys
under conditions of temperature ranging from 650 to 1 040 °C and typical stresses, fracture morphologies and microstructure
evolution were investigated by SEM and TEM. From the Larson-Miller curves, it is found that single crystal with [001] orientation
has the optimum stress rupture property in comparison with [011] and [111] orientations at lower and intermediate temperature. With
increasing temperature to 1 040 °C, stress—rupture properties of single crystals with three principal orientations tend to be equivalent.
Based on the fracture surface and microstructural observations, superior stress—rupture behavior of single crystal with [001]
orientation was rationalized and the effect of misorientation of single crystal on stress rupture property was also discussed.
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1 Introduction

During the past 30 years, nickel-based superalloys
have developed from polycrystalline, columnar-grained
superalloy to single crystal and have been widely used as
critical components such as gas turbine blades[1]. Due to
the elimination of grain-boundary strengthening elements
such as boron and carbon, creep property and fatigue life
of superalloys, particularly at higher temperature, have
been improved greatly[2]. On the other hand, solid
solution strengthening mainly from addition of W, Mo,
Ta and etc, and precipitate hardening dependent on )’
particles are also responsible for this superior mechanical
strength [3—4]. It is well known that the mechanical
properties of single crystal are inherently anisotropic and
single crystals are produced using the withdrawal process
with a selector technique deviate from accurate (001)
orientation. Moreover, blades with complex air-cooling
channels often experience complicated stresses in a
variety of orientations owing to local hot spots, bending
moments and torsional stresses across the blade under
service. Therefore, the anisotropic creep property of
single crystal has been investigated extensively [5—8].
MACKAY and MAIER [9] reported that the stress—

rupture lives of MAR-M247 single crystals were strongly
dependent on the lattice rotations towards to multiple slip
systems to produce intersecting slip and work hardening.
They assumed that large rotation resulted in a higher
effective stress and a shorter stress rupture life. SASS
et al [10] concluded that crystals oriented to the
[001]-[011] boundary exhibited superior creep strength
in comparison with crystals close to the [001]—[11T]
boundary at intermediate temperature. However, little
information about the temperature and stress dependence
of creep property is available to predict the stress—
rupture life time of single crystals. The objective of
present work is to study the temperature and stress
dependence of stress—rupture behavior of single crystal
super alloy SRR99 in order to rationalize the difference
and similarity of stress—rupture property of three
principal orientations [001], [011] and [111]. Fracture
features and deformation mechanisms of single crystal
superalloys oriented to [001] under typical conditions
were observed by SEM and TEM and primarily
discussed due to technological relevance.

2 Experimental

The alloy used in the present work was the
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monocrystalline nickel-based superalloy SRR99. The
nominal chemical composition of this alloy is shown in
Table 1. Single crystals with different orientations were
produced by directional solidification technique. The
crystallographic orientations of single crystals were
determined by EBSD method, and samples deviating
from principal orientations within 7° were received a
standard heat treatment. The heat treatment given to
the material consisted of a step solution treatment at
1 300 °C for 4 h, followed by a two-step aging treatment
of 1 100 °C for 4 h and 870 °C for 16 h. The stress—
rupture tests were performed under conditions of
temperature ranging from 650 to 1 040 °C and typical
stresses in air.

After the testing, the facture surfaces of ruptured
specimens were observed by SEM. All thin foils for
TEM observation were cut parallel to (001)
crystallographic planes from specimens oriented close to
[001], then mechanically ground to 50 pm and finally
electron-polished at —25°C in a solution of 8% perchloric
acid + 92% ethanol.

Table 1 Nominal composition of SRR99 alloy (mass
fraction, %)

Al Ti Cr Co
5.5 22 8.5 5.0
Ta w C Ni
2.8 9.5 0.015 Bal.

3 Results and discussion

3.1 Microstructure

Figure 1 shows the microstructure of [001]-oriented
single crystal in the as-cast condition. The dendritic
structure of the alloys is evident (Fig. 1(a)) and some
blocky carbides are formed in the interdendritic regions
(Fig. 1(b)).

Figure 2 shows that cuboidal j' particles are
coherently set in a face centered cubic (FCC) nickel-
based solid solution y-matrix. The volume fraction of y'
is about 75% and an average edge length is
approximately 0.45 pm.

3.2 Stress—rupture property

Larson-Miller curves are often used to predict the
creep property of superalloys. The Larson-Miller
parameter is often described as P=T(20+lg £)10°, where
T is the temperature of creep test and ¢ is the stress
rupture lifetime. In this study, the plot of applied stress
vs Larson-Miller parameter shown in Fig. 3 gives a
series of experimental results at wide temperature and
stress ranges. From this plot, it can be seen that the
stress—rupture life time of [001] oriented single crystals

Fig. 1 As-cast microstructure of SRR99 cut along (001)
plane showing dendritic morphology (a) and some blocky
carbides (b)

Fig. 2 Cuboidal y" particles after standard heat treatment of
single crystal superalloys SRR99

is significantly longer than that of crystals with [011] or
[111] orientation. This tendency is obvious at lower
temperature and higher stress. With increasing
temperature, the difference of rupture life time among
three principal orientations is reduced, which indicates
that the anisotropy of stress—rupture decreases with
increasing temperature. In addition, the difference of
stress—rupture property between single crystals with
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Fig. 3 Comparison of Larson-Miller curves for three principal
orientations of SRR99 alloy (P=T(20+lg 1)10°)

[011] and [111] directions is not distinctive in the entire
temperature ranges. In order to gain insight into the
stress—rupture anisotropic behavior and the effect of
temperature on this behavior, a great number of
experiments have been done and the results to clarify
fracture and deformation mechanisms of three principal
orientations have been demonstrated in Ref. [11]. In the
present study, attention is greatly paid to the stress—
rupture properties of single crystals deviating from [001],
and anisotropic behavior is discussed based on (112)
{111} slip system which dominates the creep
deformation.

Figure 4 shows some typical fracture surfaces of the
[001]-oriented specimens ruptured at intermediate
temperature (Fig. 4(a)) and high temperature (Fig. 4(b)).
At intermediate temperature, the crack surface is
composed of (001) planes, which are perpendicular to the
applied stress and denoted as cleavage planes. On (001)
planes, there are some cast shrinkage voids which may
be the disadvantage for creep property. The differences
of fracture surfaces with [011] and [111] compared to
that with [001] are that one or two shear planes are
inclined to certain angles with stress axis. The main
reason for this is the number of octahedral slip systems
activated for different single crystals. Therefore, a
greater number of slip systems is favorable to form a flat
and smooth plane normal to stress axis during the
deformation process. With increasing temperature, small
internal voids combine and grow into large cavities with
the aid of element diffusion (Fig. 4(b)). Fracture surfaces
of three principal orientations exhibit the same fracture
behavior, which indicates that the deformation under
higher temperature is similar to that discussed below.

Representative  dislocation  configurations  at
intermediate temperature and high temperature are given
in Fig.5. It can be seen that there are two different
deformation mechanisms under intermediate temperature,
namely (110){111} slip system moving in the matrix and

Fig. 4 Fracture morphologies of SRR99 alloys under typical
creep conditions at intermediate temperature (a) and at high
temperature (b)

(112){111} dislocation shearing y'-precipitates, as shown
in Fig. 5(a). Plastic deformation starts from dislocations
slipping in the matrix and then the primary creep is
produced. With the progressive creep, transition from the
primary creep to the secondary creep occurs when the
activation of multiple slip systems leads to strong strain
hardening and lower creep rates. Meanwhile, the
shearing process involving a/3(112) dislocations is
separated by superlattice intrinsic stacking faults (SISFs)
or superlattice extrinsic stacking faults (SESFs), which
plays an important role in the creep deformation. It is
pointed out that the shearing of y'-precipitates is the
creep kinetics under such condition and therefore is the
prevailing mechanism[12]. When this theory is used to
explain the anisotropic stress—rupture behavior at
intermediate temperature, nucleation and propagation of
a(112){111} dislocation are emphasized to be
responsible for different stress—rupture properties
between [001] and [011] orientations. Since it is easy to
produce a(112) dislocation by dissociation of (110)
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Fig. 5 TEM images of [001] SRR99 single crystal deformed at
760 °C, 700 MPa (a) and 900 °C, 350 MPa (b)

dislocation for single crystal with [011] orientation, thus,
the shearing of y'-precipitates by partial dislocations is
more easy under a certain applied stress and decreases
the stress—rupture life of [011]-oriented single crystal. As
for single crystal near [111] orientation, poor stress—
rupture property is related to co-planar slip of (110){111}
dislocations which reduce the probability of dislocation
interaction and can not lead to work-hardening, as
illustrated by CARON et al [13].

Taking the importance of [001]-oriented single
crystals into account, special emphasis is placed on the
effect of orientation deviation on stress—rupture property
in detail. In fact, this can be rationalized in terms of a
resolved shear stress on the primary a(112){111} slip
system. Only if the stress exceeds a critical value which
can activate a(112) dislocation nucleation and
propagation, can substantial primary creep occur.
According to the method deduced by RAE and REED
[14], a schematic contour plot is shown in Fig. 6 and the
stress—rupture lives of some specimens are also denoted
in the picture. The differences among the lives of these

specimens can be explained as follows: 1) the longer
lives of specimens A, B and D are mainly due to near
duplex slip boundary or multiple slip crystallographic
orientation [001], which is easy to produce work-
hardening and prolong stress—rupture life time; 2) the
specimen C with shorter life compared with A, B and D
is easy to nucleate a(112) dislocations and promote
y'-cutting by superpartial dislocations when the critical
shear stress is achieved; and 3) specimen F with the
shortest life mainly results from the lowest critical
resolved shear stress for a(112){111} dislocation
propagation.

[001]

[012]

Fig. 6 Stress—rupture lifetime superimposed on stress threshold
contour plot gained by REA and REED [14]

When the temperature is increased to about 900 °C,
dislocation climb and cross-slip occur and they may
dominate deformation mechanism, as shown in Fig. 5(b).
On the other hand, shearing y'-precipitates by (a/2){110)
dislocations coupled with a high-energy anti-phase
boundary (APB) seems to substitute shearing mechanism
forming stacking faults with increasing temperature. The
reason to explain the temperature dependence of such
transition is proposed according to the variation in APB
energy or stacking fault energy (SFE) in Refs. [15-16].
Because the deformation mechanism is generally similar,
the anisotropic creep behavior tends to disappear at
higher temperature.

4 Conclusions

1) Single crystals with [001] orientation have the
best stress-rupture property compared to those with [011]
and [111] orientations, particularly at lower and
intermediate temperatures.

2) The nucleation and propagation of a(112){111}
slip system can be used to explain the influence of
misorientation of crystal on the stress rupture properties
of single crystals superalloys at lower and intermediate
temperatures.

3) With increasing temperature, stress-rupture
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of single crystals with three principal

orientations tend to be equivalent. Dislocation climb and
cross-slip dominate the deformation mechanism of single
crystal superalloy.
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