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The creep behavior of the Ni-base superalloy LEK 94 in the 1000 �C range has been investi-
gated. Miniature tensile specimens were employed, which can be taken out of a thin walled blade
or used when only limited amounts of material are available. We show that this miniature test
technique yields reasonable creep data, including stress exponents n and apparent activation
energies Qapp. The n values are close to 5 and the Qapp values are close to 500 kJ/mole, inde-
pendent of the crystallographic direction. Creep rates are fastest for samples oriented in the [110]
direction, followed by [001] samples. The lowest creep rates are observed for the [111] direction.
This difference is related to a difference in resolved shear stresses and in the number of activated
crystallographic slip systems. As a striking new result, it was observed that the onset of tertiary
creep occurs earlier and rupture strains are significantly smaller in the case of [110] specimens as
compared to [100] specimens, while the [111] specimens show an intermediate behavior. These
effects are related to the alignment of cast porosity along the axis of primary dendrites. When
cast micropores align perpendicular to the axis of the applied tensile stress, the onset of fast
tertiary creep occurs early and small rupture strains are observed.
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I. INTRODUCTION

SINGLE-CRYSTAL nickel-base superalloys have
been the subject of intensive research over the past three
decades. These alloys have microstructures consisting of
a high volume fraction (typically on the order of 70 vol
pct) of cubes of the ordered c¢ phase (L12 structure)
separated by thin c channels (fcc). The c¢ particles
typically measure 0.4 to 0.5 lm along the cube edges.[1,2]

Because of their excellent creep resistance at high
temperatures, single-crystal nickel-base superalloys are
used to make turbine blades for gas turbine engines,[3,4,5]

where they operate in the 1000 �C temperature regime.
In this temperature range, microstructures are not stable
and creep limits the service life of components. There-
fore, it is imperative to perform reliable creep tests that
yield creep rates and rupture times in the relevant
temperature range. It is also important to understand the
mechanisms that govern creep deformation and rupture.

There is general interest in small specimen geometries;
therefore, we recently developed a miniature creep
specimen[6,7,8] in order to investigate the creep strength
of thin-walled directionally solidified (DS) turbine blades
at temperatures of 1303 K. A detailed description of the
sample geometry and the testing procedure has been
published elsewhere.[6,7,8] Several creep tests were per-

formed on miniature samples taken from a blade of DS
Ni-base superalloy CM247LC. The creep curves ob-
tained in References 6 through 8 look reasonable, but no
validation by comparison to standard creep specimens
was performed. Our miniature creep test technique[6,7,8]

is particularly attractive, because specimens can be taken
directly out of thin-walled components. In addition, we
are also able to obtain creep specimens from a small
amount of single-crystal material in all crystallographic
directions. In the present study, we use our miniature
creep test technique to study creep of the Ni-base single-
crystal superalloy LEK 94 at temperatures between 1253
and 1323 K. We show that our miniature creep tech-
nique fails to monitor the very early stages of creep but
yields reasonable creep data for accumulated strains
exceeding 0.2 pct strain. We use our miniature creep
specimen to generate tensile creep data for three crystal-
lographic directions [001], [110], and [111].
One objective of the present study is to analyze the

creep data in terms of the shape of individual creep
curves, as well as with respect to the stress and
temperature dependence of the secondary creep rate,
and to compare our results to published data from
standard size specimens.
The elementary deformation mechanisms of creep in

Ni-base single-crystal superalloys have received consid-
erable attention in the scientific literature, and this
especially holds for the low temperature/high stress
creep regime.[9–19] Microstructural information on high
temperature/low stress creep is less frequent. Here, we
summarize microstructural results, which are important
for high temperature and low stress creep of single-
crystal Ni-base superalloys.
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(1) The microstructures of the as-received Ni-base
superalloy single crystals generally contain a low
density of dislocations. The dislocation density
increases during creep. Dislocation loops squeeze
into thin c channels.[10,15,20] This is easy in the
early stages of channel filling and becomes more
and more difficult as creep strain accumulates and
the dislocation density in the c channels in-
creases.[21]

(2) In the 1000 �C temperature range, rafting of the c¢
phase is rapid. In negative misfit alloys, c¢ rafts
form perpendicular to the direction of the maxi-
mum principal stress.[10,22–24]

(3) Before rafting has occurred, dislocations in vertical
channels can climb to the corners of c¢ cubes,
where they can annihilate with dislocations of
opposite sign from horizontal channels. This repre-
sents the dominant dynamic recovery process be-
fore rafts have formed.[21,25–27]

(4) When c¢ rafts have formed, the cutting of c¢ rafts
by two dislocations represents the rate controlling
recovery mechanism. Two c channel dislocations
with different Burgers vectors jointly shear the c¢
phase by a combined glide and climb mechanism.
They annihilate with two c channel dislocations of
opposite signs on the other side of the c¢ raft.[26–29]

(5) Creep rupture of Ni-based single-crystal superal-
loys seems to initiate by the formation of micro-
cracks at pre-existing cast voids[30] and proceed by
subsequent microcrack growth.[30–32] These damage
accumulation processes may well affect tertiary
creep of Ni-base single-crystal superalloys.

A second objective of our study is to show that the
basic high temperature and low stress deformation
mechanisms, which were identified for CMSX-6[20,24–26]

and CMSX-4,[27] also operate in LEK 94. We investigate
the influence of crystallography on creep and charac-
terize the microstructures of selected creep samples in
order to correlate the evolution of microstructure with
creep behavior. Finally, we examine the microstructural
damage evolution during creep and study the fracture
characteristics of selected LEK 94 samples to under-
stand the creep failure in LEK 94.

II. EXPERIMENTAL PROCEDURE

A. Material and Sample Preparation

LEK 94, the material used in this study, is a new Ni-
base superalloy single crystal developed by MTU Aero
Engines (München, Germany). Its specific chemical
composition is given in Table I. The heat treatment
consists of solution annealing followed by aging for
5 hours at 1353 K and 8 hours at 1173 K. The minia-
ture creep specimens were taken from 19-mm-diameter

[001] rods and from slabs with the dimensions
165 · 103 · 20 mm. Photographs of the LEK 94 slab,
which was investigated in the present study, are shown
in Figure 1. Figure 1(a) illustrates that the slab edges are
parallel to [001] (longitudinal direction), [110] (long
transverse direction), and ½�110� (short transverse direc-
tion). In Figure 1(a), two magnified schematic primary
dendrites are drawn on the photograph of the slab.
Primary dendrites solidify in the [001] direction, and
mean primary and secondary dendrite spacings are near
400 and 50 lm, respectively. The white circles indicate
the position of cast micropores that form in between the
secondary dendrite arms and that line up along the
growth direction of the primary dendrites.

The crystallographic orientation of the slab makes it
easy to take out miniature creep specimens in [001], [110],
and [111] directions. Figure 1(b) represents a montage of
the photograph of the slab and pictures of specimens
oriented along the three main directions under consider-
ation. An iterative procedure combining the Laue tech-
nique to orient the as-received crystals with high precision
spark erosion cutting was used to prepare miniature
tensile creep specimens in the [001], [100], [110], [101], and
[111] directions. The maximum deviation from these
directions was 2 deg. Prior to creep testing, all samples
were mechanically polished to a mesh size of 2500.

B. Creep Testing

Our miniature creep samples are dog-bone-type spec-
imens with a gage length of 9 mm and a cross section of
2 · 3 mm2. Grips for the samples were machined by
spark erosion from the oxide-dispersion-strengthened
(ODS) alloy PM3030 obtained from Plansee (Reutte,
Austria). Creep testing was performed using standard
constant load Mayes Mark II TC 20 (Denison Mayes

Fig. 1—LEK 94 single-crystal slab used for creep specimen machin-
ing. (a) Crystallographic directions and schematic illustration of
(magnified) dendrites and micropores. (b) Three specimen orienta-
tions under consideration (photo montage).

Table I. Chemical Composition of the LEK 94 Material Used

Elements Co Al Cr W Re Ta Mo Ti Ni

Wt pct 7.5 6.5 6.0 3.5 2.5 2.3 2.1 1.0 bal
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Group, Leeds, United Kingdom) creep machines
equipped with furnaces capable of temperatures up to
1200 �C. Figure 2 shows our specimen as integrated in
the load line during creep testing. Figure 2 shows the
loading bars; the two ODS grips, which transfer the load
to the specimen; the outer tubes (attached to the lower
ODS grip), which are used for Al2O3 ceramic rod in tube
extensometry; and one of two thermocouples attached
to the specimen.

As shown in Figure 2, strains are not directly taken
from the gage length of the creep specimens. It was
found that at the beginning of creep, the samples adjust
to the grips. This leads to an apparent primary creep
range that represents an artifact. Figure 3(a) shows two
creep curves plotted as a logarithm of creep rate vs strain
obtained under creep conditions of 1253 K and
240 MPa. A standard creep specimen (with direct strain
measurement from the gage length of the specimen)
yields creep curves that start at low creep rates, which
steadily increase throughout creep (circles in Figure 3(a)).
Our miniature creep data (squares in Figure 3(a))
deviate from the data of the standard specimen within
the first 0.2 pct of testing. Most importantly, they
predict decreasing creep rates that are not actually
observed using standard creep specimen geometries. The
width of the strain range, where creep rates apparently
decrease in the early stages of miniature creep testing, is

subtracted from the creep curves of our miniature creep
data. Figure 3(b) shows the creep curve of the miniature
specimen (squares) after this correction, together with
the same standard creep data (circles) as in Figure 3(a).
Creep tests were carried out in uniaxial tension at

temperatures ranging from 1253 to 1323 K and stress
levels between 160 and 240 MPa in air. Most creep tests
were taken through to failure to monitor the entire creep
curves and to characterize the fracture mode and the
features that lead to failure of LEK 94. For the
evaluation of the stress and temperature dependence of
creep, creep rates were determined at creep strains of
5 pct. Some creep tests were terminated prior to failure
of the sample. These tests were cooled rapidly to room
temperature under load in order to preserve the micro-
structural features during creep for a detailed analysis
using transmission electron microscopy (TEM).

C. Characterization of Microstructures

Samples for TEM were taken from selected creep
specimens by cutting 0.5-mm-thick slices from the
gage section parallel to the specimen axis. Thinning of
TEM samples was accomplished using an electrolyte

Fig. 2—ODS grips integrate our creep specimen into the load line.
Rod in tube extensometers are fixed to the grips and two thermo
couples are attached to the specimen.

Fig. 3—Creep curves of a standard creep specimen (circles) and of
our new miniature creep specimen (squares). The logarithm of creep
rate log _e is plotted vs strain e: (a) raw data and (b) miniature data
corrected.
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consisting of 70 vol pctmethanol, 20 vol pct glycerin, and
10 vol pct perchloric acid at )20 �C. The TEM was
performedusing aPHILIPS* CM20operating at 200 kV.

Figure 4 shows a TEM micrograph of the as-received
fully heat-treated single-crystal alloy LEK 94 used in
this study. The c-matrix lattice reflections (strong spots)
along with the c¢-superlattice reflections (weak extra
spots) are shown in the corresponding selected area
diffraction pattern. The microstructure of this alloy
shows the generic features of single-crystal superalloy
microstructures, as reported in the literature.[1,2,9,10,20,25]

Our alloy contains a high volume fraction of c¢ cubes
precipitated within the c matrix, which forms thin
channels separating the cubes. The c¢ particles measure
approximately 0.3 lm along the cube edges. The initial
dislocation density within the thin c matrix channels is
very low. Only occasional dislocations such as those
highlighted at the c/c¢ interface (arrows in Figure 4) are
observed in the undeformed material.

In addition to TEM, scanning electron microscopy
(SEM) was performed on our flat miniature creep
samples. Preparation of the samples consisted of grind-
ing, mechanical polishing, and etching. Samples were
etched electrolytically (6 V dc) for approximately 3 sec-

onds in a mixture of 12 mL perchloric, 47 mL sulfuric,
and 41 mL nitric acid using a procedure described in
Reference 33. During etching, a surface topography
evolves by selective dissolution of the c phase. Fracture
surfaces were cleaned in ethanol prior to SEM exami-
nation. Investigations were carried out using a Leo
Gemini 1530 operating at an accelerating voltage of
12 kV and a JEOL� JSM 6340 F at 10 kV.

III. RESULTS

A. Creep Behavior

The creep response of the single-crystal alloy LEK 94
is shown in Figure 5, where the logarithm of strain rate
is plotted against strain for different stresses at 1293 K
(Figure 5(a)) and for different temperatures at 200 MPa
(Figure 5(b)). Figure 5 represents the creep response of
the LEK 94 single-crystal alloy under all creep condi-
tions considered in this study. It can be seen that none of
the creep curves exhibit a well-defined steady state or
minimum strain rate. Instead, the strain rate slowly and
steadily increases toward the termination of the test or
failure of the sample. Figure 5 shows that the [001]
direction is associated with the largest rupture strains,
which exceed those observed for [110] specimens by a
factor of 2. Figure 5 also clearly documents that the
slope of the log _eðeÞ curves, which represent the increase
of creep rate with strain, is significantly higher for the
[110] direction than for the [001] direction. In order to
clarify these findings, two additional creep tests were
performed. The results are presented in Figure 6.
Figure 6(a) shows creep curves for [100] and [001] spec-
imens. The two creep curves show no difference for
strains below 10 pct, while the [100] specimen shows an
earlier onset of fast tertiary creep (arrow) and a lower
rupture strain. Correspondingly, the [101] and [110]
specimens have a very similar creep behavior below
10 pct, while the [110] specimen shows an earlier onset
of fast tertiary creep (arrow) and fails at lower strains
(Figure 6(b)).

Following Kamaraj et al.,[25] we take the creep rate
at 5 pct strain as a representative strain rate to
characterize the stress and temperature dependence of
the creep rate. Figure 7 (a) shows the creep rate at
5 pct strain plotted against stress on a double loga-
rithmic scale for all three crystallographic directions at
1293 K. This yields apparent stress exponents close to
5 for the three crystallographic directions (4.6, 5.6,
and 5.3 for the [001], [110], and [111] specimens,
respectively).

Figure 7(b) shows an Arrhenius plot of the natural
logarithm of creep rate as a function of the inverse
absolute temperature for experiments performed at a
stress of 200 MPa. From Figure 7(b), we obtain appar-
ent activation energies close to 500 kJ/mole for the three
crystallographic directions (477 kJ/mole, 531 kJ/mole,
and 482 kJ/mole for the [001], [110], and [111] crystal-
lographic directions, respectively).

Fig. 4—TEM micrograph of the as-received fully heat-treated LEK
94 single-crystal superalloy showing the c¢ morphology and corre-
sponding electron diffraction pattern. The arrows mark dislocations
in the as-received material (prior to creep).

*PHILIPS is a trademark of Philips Electronic Instruments Corp.,
Mahwah, NJ.

�JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.
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As can be seen from Figures 7(a) and (b), the creep
rate at 5 pct strain is highest in the [110] direction
followed by the [001] and [111] directions. The [111]
specimens show the lowest creep rates (factor 10 slower
than [110] data!).

B. Microstructural Evolution of Precipitates
and Dislocation Substructure

Under the creep conditions investigated in the present
study, rafting always occurs. This is demonstrated for
the case of a [001] creep test at 1293 K and 200 MPa in
the SEM micrographs of Figure 8. Interrupted tests
were taken through to 0.5 pct (12 hours), 1 pct
(17.5 hours), and 5 pct (39 hours) strain. LEK 94 is a
negative misfit alloy and, therefore, rafting occurs
perpendicular to the direction of the applied stress.
The SEM contrast in Figure 8 is such that the c¢ rafts
appear bright.

It is interesting to see that in Figures 8(b) and (c), the
c¢ phase almost completely surrounds the c regions. This
type of microstructural evolution has been referred to as
topological inversion.[34,35] A simple line intersection
method was used to obtain preliminary estimates for the
widths of the c channels, the thicknesses of c¢ rafts, and
the c¢-volume fractions.[36] The positions of the reference
lines used for the evaluation are indicated in Fig-
ures 8(a) through (c). The width of each c channel (wi)
and the thickness of each individual c¢ raft (ti) were
measured. Mean c channel �w and c¢-raft thicknesses �t
were obtained as

�w ¼ 1

n
�
Xn

i¼1
wi and �t ¼ 1

n
�
Xn

i¼1
ti ½1�

A value for the corresponding c¢-volume fractions was
simply obtained using

fV ¼
P

tiP
wi þ

P
ti

½2�

Our results for �w, �t, and fV are presented in Table II.
We appreciate that our simple assessment of rafting
does not reveal all details of the underlying kinetic
processes. However, in agreement with Reference 37, we
find that the thickness of the c¢ rafts as measured with
our simple method initially decreases. This is associated
with diffusion into and an associated closure of vertical
channels, as has been discussed in the literature.[38] A
simultaneous steady increase of the width of c channels
is also in line with results reported earlier.[37] The initial
decrease of c¢-raft thickness, �t, followed by a subsequent
increase of c-channel width, �w, is shown in Figure 9 (a).
In agreement with what has been reported by Serin
et al.,[38] there is a decrease of c¢-volume fraction from
values near 80 pct in the initial state to lower values
(Figure 9(b)).
Figure 10 shows an SEM micrograph of the c/c¢

morphology in the undeformed grip section of a sample
crept for 57 hours at 1293 K and 200 MPa (the crept
part of this creep specimen is shown in Figure 8(c)). A

Fig. 5—Creep curves as logarithm of strain rate vs strain (log _e vs e) of the superalloy single-crystal LEK 94: (a) stress dependence at 1293 K
and (b) temperature dependence at 200 MPa.
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comparison with the TEM micrograph from Figure 4
suggests that the particles have coarsened. However, in
the absence of stress, coarsening is not directional and
rafts such as those shown in Figure 8 are not detected.
Arrows in Figure 10 indicate the positions of ledges in
the c/c¢ interfaces, which represent the SEM analogous
to what Kolbe and co-workers have observed after creep
of CMSX-6 using TEM.[39] Kolbe et al.[39] suggest that
such ledges indicate that dislocations locally interact
with the coarsening process. Further work is required to
study this phenomenon.

Figure 11 shows two TEM micrographs obtained
from a [001] standard creep specimen crept to fracture at
1253 K and 240 MPa. Figure 11(a) documents that
there is a high dislocation density in the c channels,
while Figure 11(b) provides microstructural evidence for
c¢ cutting. In our material, we observe a cutting
mechanism, which was already reported for CMSX-
6,[26] CMSX-4,[27] and TMS 138.[29] In this process, two
c-channel dislocations with different Burgers vectors
jointly shear the c¢ phase. A detailed analysis of this
c¢-cutting process is given elsewhere.[28]

C. Cast Porosity and Microcracks

Figure 12 shows two SEM micrographs taken at a
lower (Figure 12(a)) and higher (Figure 12(b)) magnifi-
cation. In Figure 12, we look onto the rupture surface of
a [110] specimen where rupture occurred after 21 hours
at 1323 K and 200 MPa. Figure 12(b) illustrates that the
microstructural features in Figure 12(a) correspond to
dendritic and interdendritic regions. The positions of
primary and secondary dendrites are indicated in
Figure 12(b). As shown in Figure 1(a), primary den-
drites solidify in the [001] direction. Cast micropores are
detected between the secondary dendrite arms. Three
cast micropores are highlighted by arrows in Fig-
ure 12(b). When cast micropores form between the
secondary dendrite arms, this results in aligned porosity
along the [001] direction (Figure 12(b)). The average
secondary dendrite spacing of around 50 lm is in good
agreement with the microstructural data reported by
Bouse and Mihalisin.[40]

On rupture surfaces of [001] specimens, this alignment
cannot be detected, but individual pores are visible.
Figures 13(a) and (b) show the rupture surfaces of

Fig. 7—(a) Log-log plot of strain rate vs stress yielding stress expo-
nents n for the [001], [110], and [111] crystallographic directions at
1293 K. (b) Arrhenius plot of natural logarithm of strain rate vs 1/T,
yielding apparent activation energies for creep at 200 MPa. Creep
rates taken at 5 pct strain.

Fig. 6—Creep curves as the logarithm of strain rate vs strain (log _e vs
e) for two different types of (a) <100> and (b) <110> directions.
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specimens that were creep loaded parallel to the direc-
tion of the primary dendrites. Terraces appear at
different heights, and it is no longer possible to locate
dendrite positions. Square-shaped fields can be detected
around small cast pores, which can be clearly recog-
nized on the rupture surface of the 1253 K specimen
and which loose definition at higher temperature
(Figure 13(b)). The directions of the edges of these
square fields are of type <110>, as indicated in
Figure 13(b). These directions are in agreement with
those reported by Sherry and Pilkington,[31] who pro-
posed a crystallographic scenario that rationalizes this
square geometry.

When pores are observed in creeping solids, it has to
be established whether they nucleate and grow during
creep (as in steels and other high temperature al-
loys[41,42,43]) or whether they are associated with the
processing of the material. It is well known that cast
micropores can form during solidification.[40] Fine
micropores can be detected in the material investigated
in the present study prior to creep testing. One example
of a pre-existing void is shown in the SEM micrograph
taken from a polished cross section of the as-received
material (Figure 14 (a)). The pre-existing void shows
weak crystallographic features. Long-term annealing in
the undeformed head of a creep specimen leads to a
sharper definition of the facets in the pore. This is shown
for the polished and etched undeformed specimen head
of a [001] creep specimen (1293 K, 240 MPa, 25 hours)
in the SEM micrograph of Figure 14(b). The pore facets
are parallel to {100} and {110} planes. While more work
is required to clarify this point, it is clear from
Figure 14(a) that cast micropores pre-exist in LEK 94
and do not need to nucleate during creep. From a

micromechanical point of view, it is important to
highlight that the intersections of pore facets in Fig-
ure 14(b) represent micronotches.
Figure 15 shows an SEM micrograph of microcracks

that start from a void. The micrograph was taken at a
distance of 2 mm from the rupture surface of a specimen
that failed after 193 hours at 1293 K and 160 MPa.

Fig. 9—Evolution of parameters characterizing the c¢ microstruc-
tures from Fig. 8. (a) c-channel width �w and c¢-raft thicknesses �t as a
function of strain. (b) c¢-volume fraction as a function of the square
root of time.

Fig. 8—SEM micrographs showing rafted microstructures after [001] tensile creep testing at 1293 K and 200 MPa taken through to different lev-
els of strain/time: (a) 0.5 pct (12 h), (b) 1 pct (17.5 h), and (c) 5 pct (39 h).

Table II. Mean c-Channel Width, �w, Mean c¢-Raft Thick-
ness, �t, and Estimated c¢-Volume Fraction fV of [001] Speci-

mens; Measurements and Calculations are Achieved along the

White Lines in Figures 8(a) through (c)

Strain: Compare to: 0.5 pct
(Fig. 8(a))

1 pct
(Fig. 8(b))

5 pct
(Fig. 8(c))

�w(lm) 0.08 0.12 0.14
�t (lm) 0.31 0.27 0.31
fV (pct) 79 69 69
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Therefore, the microcracks shown in Figure 15 were not
responsible for final rupture. However, Figure 15 sheds
light on the later stages of damage accumulation during
tertiary creep. Microcrack nucleation occurs near mi-
cronotches defined by the intersections of the crystallo-
graphic pore facets shown in Figure 14.

In two cases, details of microcrack propagation from
pre-existing cast pores could be observed. The SEM
micrograph of Figure 16 (a) shows that a microcrack
grows toward the right from a pre-existing cast pore.
The SEM micrograph of Figure 16(b) was taken at a
higher magnification and suggests that the micro-
crack grows along c/c¢ interfaces (c¢ phase: dark, c

phase: bright). However, in the same temperature range,
we also find evidence for straight cracks that grow
perpendicular to the direction of the applied stress and
that do not seem to be affected by microstructural
features (Figure 17). In fact, the fine straight microcrack
in Figure 17(b) propagates directly through a c¢ raft at a
position marked by a white arrow.

IV. DISCUSSION

A. Miniature Creep Testing and Creep Parameters

The creep data that we obtained for LEK 94 tensile
creep in three crystallographic directions are presented
in Figures 5 through 7. Our creep test technique does
not capture the very early stages of creep (e<0.2 pct),
but it yields reliable creep data for accumulated strains
higher than 0.2 pct. Thus, Figure 3 shows that for creep
strains higher than 0.2 pct, our miniature creep test
procedure yields the same creep data as a standard creep
specimen. Figure 6 demonstrates that in the early stages
of creep, where aligned porosity does not yet affect the
creep behavior, two crystallographic equivalent direc-
tions yield identical creep rates.

For all tests performed in the present study, creep
rates steadily increase. In the temperature and stress
range investigated, LEK 94 does not show classical
steady-state creep. Only a part of the increase in creep
rate is associated with constant load creep testing
performed in our study.[44] Another part of the increase
of the creep rate is due to microstructural softening and
damage accumulation processes.

It is interesting to note that the slope of the log _eðeÞ
creep curves of the [110] creep tests is significantly
steeper than that of the [001] specimens (Figure 5).
Figure 5 also shows that the [110] specimens fail with
rupture strains, which are significantly smaller than the

Fig. 11—TEM micrographs of the dislocation structure formed during creep to fracture of a standard creep sample in the [001] direction at
1253 K and 240 MPa. (a) High dislocation density in the c phase. (b) Cutting of the c¢ phase: a superdislocation dc¢ is formed by two c-channel
dislocations dc1 and dc2 (marked by arrows).

Fig. 10—SEM image from the unstressed head of the [001] sample
crept at 1293 K and 200 MPa. The c¢ phase remains entirely cuboi-
dal in the absence of an externally applied stress. Arrows mark led-
ges formed during coarsening.
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rupture strains of the [001] specimens. Before we
consider this interesting result, in Section B, we first
discuss the stress and temperature dependence of creep

in terms of the stress exponent n and the apparent
activation energy of creep Qapp.

[45,46] For this purpose,
we use creep rate data that were taken at 5 pct strain.
The apparent activation energy Qapp and the stress

exponent n are phenomenological parameters that are
obtained from the plots presented in Figures 7(a) and
(b). We present these values in Table III. It is interesting
to note that while there is a clear influence of crystal-
lography on the creep behavior of LEK 94 (different
creep rates for different tensile directions, different
slopes of log _eðeÞcurves in different tensile directions,
differences in the onset of fast tertiary creep, and rupture
strains in different tensile directions), this does not seem
to strongly affect the stress and temperature dependence
of the overall creep process. Values of Qapp and n are
always close to 500 kJ/mole and 5, respectively, inde-
pendent of the tensile direction. In Table III, we
compare the results that we obtained in the present
study with data that were published in the litera-
ture.[10,15,25,37,47–49] It can be seen that apparent activa-
tion energies are often found close to 500 kJ/mole,
independent of the type of test (tensile creep/shear
creep), the crystallographic direction, or the specific Ni-
base superalloy. Experimental values for the apparent
activation energies of creep of single-crystal superalloys
are significantly higher than the values reported for the
apparent activation energy of self-diffusion of Ni* in Ni
(285 kJ/mole[50]) and in Ni3Al (306 kJ/mole[51]). These
data do not allow exclusion of the possibility of creep
rates in single-crystal superalloys being governed by
simple diffusion-controlled dislocation climb processes.
Self-diffusion data of Ni* in c and in c¢ for the alloy
composition investigated in the present study are not
available.
Our values for stress exponents n are low as compared

to the values that were reported for other superalloy
single crystals (Table III). However, they support the
general trend that n values decrease with increasing
temperatures and decreasing stresses. It is also impor-
tant to highlight that all experimental values for stress
exponents in Ni-base superalloys are higher than 3 or 4

Fig. 13—SEM images of [001] samples crept at (a) 1253 K, 240 MPa
and (b) 1323 K, 200 MPa. The fracture surfaces are comprised of
well-defined crystallographic fracture facets. The directions of the
edges are indicated by arrows. Small pores are located at the bottom
of the facets.

Fig. 12—SEM image of the fracture surface of the [110] sample crept at 1323 K and 200 MPa. (a) Overview of the entire surface. (b) Marked
area at higher magnification. Micropores align along interdendritic regions. Positions of primary and secondary dendrite arms are highlighted.
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(Table III). Therefore, creep in Ni-base superalloy single
crystals cannot be explained assuming natural steady-
state laws of creep.[45,46]

B. Microstructural Aspects of Creep

We have shown that creep of the single-crystal
superalloy LEK 94 is accompanied by a number of
different elementary microstructural processes. These
include dislocation plasticity in the c channels (channel
filling and formation of networks) and in the c¢ phase
(pairwise cutting), the directional coarsening of the c¢
phase (rafting), and the formation and growth of
microcracks from pre-existing cast voids. Our results
on dislocation processes and rafting show that these
processes occur in LEK 94 in very much the same way as
in several other Ni-base single-crystal superalloys
(CMSX-6, CMSX-4, and TMS-138[26,27,29]). These are
generic deformation and softening processes that govern
the high temperature and low stress creep behavior of
the entire family of Ni-base single-crystal superalloys.

The fact that creep rates are fastest in the [110]
direction followed by the [001] and [111] directions and
that the [111] specimens show the lowest creep rates (a
factor of 10 slower than [110] data) can be partly
rationalized using a resolved shear stress argument.
Three sets of Schmid factors describing the intensities of
the resolved shear stresses in the 12 independent
crystallographic slip systems of the three types of tensile
tests considered in the present study are listed in
Table IV. It can be seen that [111] tensile testing, which
is associated with the lowest creep rates, shows the
lowest Schmid factors (6 out of 12 independent crystal-
lographic <01–1> {111} slip systems have Schmid
factors of 0.272, while the Schmid factors of the 6
remaining crystallographic slip systems are 0). The two
other tensile creep directions, [001] and [110], both show
average Schmid factors of 0.408. However, there are
eight crystallographic slip systems in the case of the [001]
direction, while only four crystallographic slip systems
characterize the loading condition in the case of [110]
tensile creep. Our results presented in Figure 6 suggest
that early creep is faster for [001] than for [110] tensile
creep. This may be related to the fact that more slip
systems can contribute to plastic deformation. For
higher strains, however, this higher number of slip
systems may result in a stronger interaction between
dislocations from different slip systems and, as a
consequence, in stronger work hardening. Therefore,
[110] tensile creep may eventually yield higher creep
rates as compared to creep in the [001] direction. In
Reference 20, we used TEM diffraction contrast to
identify specific dislocation reactions in the c channels
associated with shear creep deformation of CMSX-6.
We have shown that not all of the slip systems with the
same external Schmid factor are actually activated. We
have also discussed which additional factors (coherency
stress fields in the c/c¢ microstructure, stress fields of
other dislocations, or formation of dislocation networks
around c¢ cubes) need to be considered when interpret-
ing the deformation rates of superalloy single crystals.
We have also considered the possible role of a cutting

Fig. 14—Facets in a pore: (a) initial state and (b) head area of a
specimen after 25 h at 1293 K.

Fig. 15—SEM micrograph from a [001] sample crept at 1293 K and
160 MPa for 193 h (after polishing). Microcracks grow perpendicu-
lar to the direction of the applied stress from a vertically elongated
pore.
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process, where two c-channel dislocations with different
Burgers vectors jointly shear the c¢ phase.[26,27] Fig-
ure 11(a) shows c-channel dislocations such as those
that were observed in Reference 20, and Figure 11(b)
shows a c¢ cutting event such as those observed and
discussed in References 26 and 27. Our microstructural
results on the role of dislocations during high temper-
ature and low stress creep are in line with the micro-
structural scenarios that we described earlier.[20,26,27]

This also holds for the observation of rafting in
Figure 8, which occurs in all c/c¢ microstructures in
negative misfit superalloy single crystals.[33,36,38]

Two new results were obtained in the present study.
First, it is very interesting to note that the slope of the
log _eðeÞ creep curves of the [110] creep tests is signifi-
cantly steeper than that of the [001] specimens (Fig-
ure 5). Figure 6 proves that these slopes are not affected
by the presence/absence of aligned porosity for creep
strains up to 10 pct. We conclude that microstructural
softening is more pronounced in [110] than in [100] or
[111] tensile creep. This may have to do with different
thermodynamic or kinetic conditions for the coarsening
of the c¢ phase in different tensile creep directions. Work
is presently under way to clarify this effect. Second, we
have been able to show that the presence of aligned cast
pores strongly affects the deformation and failure

characteristics in the later stages of creep. The presence
of cast pores that line up parallel to the direction of the
primary dendrites (Figures 1(a) and 12(b)) results in an
earlier onset of rapid tertiary creep and in lower rupture
strains in the [100] and [110] directions (with aligned cast
pores perpendicular to the direction of the applied
stress) than in the [001] and [101] directions, where cast
porosity is not aligned perpendicular to the direction of
the applied stress. The results from Figure 6 clearly
document that mechanical anisotropy of single-crystal
Ni-base superalloys is not only related to dislocation
processes. Aligned cast micropores can also indepen-
dently contribute to creep anisotropy in affecting the
onset of tertiary creep and the corresponding rupture
strains. Figure 18 schematically illustrates the alignment
of cast pores in tensile creep specimens, which we used
to characterize the three crystallographic directions,
[001], [110], and [111]. From Figure 18, it is clear why
[110] specimens show the earliest onset of tertiary creep
and the lowest rupture strains.
Link et al.[52] recently showed how synchrotron X-ray

tomography can be used to obtain information on the
three-dimensional distribution of pores. They investi-
gated the superalloys CMSX-6, SRR99, CMSX-4, and
CMSX-10 and found pre-existing large pores that corre-
spond to our interdendritic cast micropores. They also

Fig. 16—SEM micrographs from a [001] sample crept at 1293 K and 240 MPa for 25 h (after polishing and etching): (a) overview and (b) mi-
crocrack grows along c/c¢ interfaces.

Table III Creep Behavior of Different Single-Crystal Superalloys in Terms of Stress Exponents n and Apparent Activation

Energies Qapp from the Creep Equation _e ¼ C � exp ð�Qapp=RTÞ � rn as Reported in the Literature

Temperature
Range (K) Stress Range (MPa) n Qapp (kJ/mole)

Type of Test
(T = Tensile Test) Material Reference

1293 160 to 240 4.6 — [001]T LEK 94 present study
1293 160 to 240 5.6 — [110]T LEK 94 present study
1293 160 to 240 5.3 — [111]T LEK 94 present study
1253 to 1323 200 — 477 [001]T LEK 94 present study
1253 to 1323 200 — 531 [110]T LEK 94 present study
1253 to 1323 200 — 482 [111]T LEK 94 present study
1073 to 1173 450 to 650 7.0 495 [001]T CMSX-3 15
1023 to 1223 120 to 490 10.0 to 12.0 565±42 [001]T Early c/c¢ alloy 10
1200 to 1311 140 to 310 10.0±0.7 475±109 [001]T Ni-Al-Mo-Ta 47
1123 to 1223 180 to 490 7.0 510 [001]T SRR 99 48
1023 to 1253 — 7.0 to 13.0 507 [001]T SRR 99 49
1223 to 1373 301 — 670 [001]T CMSX-4 37
1073 to 1223 654 — 475 [001]T CMSX-4 37
1073 to 1373 80 to 900 7.2 to 13.5 — [001]T CMSX-4 37
1293 to 1373 100 — 504 to 566 shear* CMSX-4 25

*Shear creep tests on the macroscopic crystallographic shear systems: {001} <110> and {001} < 01�1 >.
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showed that new, significantly smaller pores form during
1100 �C creep in all parts of the microstructure. These
small pores could not be detected in the present work
using SEM. They are homogeneously distributed[52] and
therefore do not contribute to the type of anisotropic
creep damage accumulation reported in the present study.
More insight can probably be gained by using synchro-
tronX-ray tomography to study the evolution of porosity
during <110> and <111> tensile creep.

The SEM micrographs such as those shown in
Figures 14 through 17 suggest that tertiary creep and
rupture is associated with the nucleation and growth of
microcracks from pre-existing cast micropores. In the
case of [110] specimens, it is easiest for such microcracks
to link up, increasing the stress in the remaining
undamaged cross section and leading to rupture. On
the other hand, our results show that under the stress
and temperature conditions considered in the present
study, the cracks initiating from cast micropores only
negatively affect creep behavior for strains exceeding
10 pct. This allows exclusion of the possibility that
dendritic segregation contributes to the creep rupture
anisotropy observed in the present study.

Microcracks that emanate from cast micropores were
observed to follow c/c¢ interfaces at a higher stress and
lower degree of rafting (Figure 16), while they propa-
gate through a c¢ region at a lower stress and a higher
degree of rafting (Figure 17). Further work on the
statistical importance of these crack path scenarios is
required to clarify this observation, which may well be
related to the specific three-dimensional morphologies
of the c/c¢ environments of the microcracks and to the
contiguity of the c¢ phase.

Our study clearly demonstrates that microcrack
initiation and growth from pre-existing cast micropores
is important. Further work is required to study this
phenomenon.

Table IV. Schmid Factors of {111}<110> Glide Systems for Load in [001], [110], and [111] Tensile Directions

Glide System Glide Plane Burgers Vector Schmid factor [001] Schmid factor [110] Schmid factor [111]

1 (111) ½�110� 0 0 0
2 (111) ½0�11� 0.408 0.408 0
3 (111) ½10�1� 0.408 0.408 0
4 ð�111Þ ½�1�10� 0 0 0.272
5 ð�111Þ ½101� 0.408 0 0.272
6 ð�111Þ ½01�1� 0.408 0 0
7 ð�1�11Þ ½1�10� 0 0 0
8 ð�1�11Þ ½011� 0.408 0.408 0.272
9 ð�1�11Þ ½�10�1� 0.408 0.408 0.272
10 ð1�11Þ ½110� 0 0 0.272
11 ð1�11Þ ½�101� 0.408 0 0
12 ð1�11Þ ½0�1�1� 0.408 0 0.272

Fig. 17—SEM micrographs from a [001] sample crept at 1293 K and 160 MPa for 193 h (after polishing and etching): (a) overview and (b) mi-
crocrack propagates through c¢ rafts.

Fig. 18—Schematic illustration of the alignment of interdendritic
pores with respect to the applied stress in (a) [001], (b) [110], and (c)
[111] specimens.
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V. SUMMARY AND CONCLUSIONS

In the present study, we use miniature creep speci-
mens to study mechanical and microstructural aspects of
short-term creep of the single-crystal superalloy LEK 94
in the 1000 �C temperature range. Our results can be
summarized as follows.

1. Tensile creep experiments were performed on sam-
ples oriented in the [001], [110], and [111] crystallo-
graphic directions. Creep curves in the form of a
logarithm of strain rate vs strain reveal no evidence
of a steady state or minimum strain rate. Rather,
the strain rate slowly accelerates toward tertiary
creep and final failure. The creep data obtained
from the miniature creep samples for the secondary
and tertiary creep regimes are in good agreement
with data from full size standard samples.

2. The temperature and stress dependence of the creep
rate at 5 pct strain has been determined for three
crystallographic directions. Stress exponents with
values of 4.6 ([001]), 5.6 ([110]), and 5.3 ([111]) were
obtained. For apparent activation energies of creep,
values of 477 kJ/mole ([001] direction), 531 kJ/mole
([110] direction), and 482 kJ/mole ([111] direction)
were found. These values are in good agreement
with what was observed for other Ni-base superal-
loy single crystals. The values found for the appar-
ent activation energy of creep are high, and it
remains to be proven that they can be rationalized
by a simple diffusion process. The stress exponents
are too high to allow an interpretation of creep on
the basis of a steady-state creep scenario. The tem-
perature and stress dependence of creep is not
strongly affected by crystallography.

3. In contrast, the creep resistance depends on the
crystallographic direction in tensile creep testing,
and [111] specimens show the lowest and the [110]
specimens the highest creep rates. This can be ex-
plained using a combined argument involving the
values of Schmid factors (the higher, the faster) and
the number of activated slip systems (the more, the
slower in the later stages of creep).

4. High temperature and low stress creep of LEK 94
is associated with a number of microstructural pro-
cesses, including dislocation plasticity in the c chan-
nels and in the c¢ phase, rafting of the c¢ phase, and
the nucleation and growth of microcracks from pre-
existing cast micropores.

5. Dislocation plasticity and rafting in LEK 94 occurs
in very much the same way as previously described
for other negative misfit single-crystal superalloys.
Our results suggest that softening processes (not re-
lated to damage accumulation) show a dependence
on the direction of creep loading. Further work is
required to study this point.

6. As a striking new result, it was observed that
aligned cast micropores can have a significant effect
on the onset of tertiary creep and on rupture
strains. In crystallographic tensile creep directions
perpendicular to the direction of the alignment of
pre-existing cast micropores, we observe an early

onset of rapid tertiary creep and small rupture
strains.
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