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1. Introduction

Ni-base single crystal superalloys (SXs) are
used to make blades for gas turbines oper-
ating in aero engines and powerplants (e.g.,
refs. [1–6]). These components are exposed
to static and cyclic mechanical loads at tem-
peratures close to their melting point. The
high temperature strength of a material
represents its resistance against a change
in shape and rupture. The mechanical load
spectrum of a high temperature SX turbine
blade is complex. Creep is important but
fatigue loading also plays a crucial role.
Since cyclic loading is often associated with
start-up and shut-off events, anisothermal
thermomechanical fatigue (TMF) behavior
is of interest. Micro-creep processes con-
tribute to high temperature plasticity in
all three cases.

In the laboratory, SX behavior is charac-
terized in different types of experiments.
High temperature constant strain rate
(CSR) tensile testing is probably the most
widely used standard characterization
method (e.g., refs. [7–11]). Creep[12–16]

and TMF testing[17–21] are more relevant
regarding the exploitable component life
and both test methods are therefore impor-
tant. Thermal fatigue loading is associated
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The present work takes a new look at the high temperature strength of single
crystal (SX) Ni-base superalloys. It compares high temperature constant strain
rate (CSR) testing, creep testing, and out-of-phase thermomechanical fatigue
(OP TMF) testing, which represent key characterization methods supporting alloy
development and component design in SX material science and technology. The
three types of tests are compared using the same SX alloy, working with precisely
oriented <001>-specimens and considering the same temperature range
between 1023 and 1223 K, where climb controlled micro-creep processes need to
be considered. Nevertheless, the three types of tests provide different types of
information. CSR testing at imposed strain rates of 3.3� 10�4 s�1 shows a yield
stress anomaly (YSA) with a YSA stress peak at a temperature of 1073 K. This
increase of strength with increasing temperature is not observed during constant
load creep testing at much lower deformation rates around 10�7 s�1. Creep rates
show a usual behavior and increase with increasing temperatures. During
OP-TMF loading, the temperature continuously increases/decreases in the
compression/tension part of the mechanical strain-controlled cycle (�0.5%).
At the temperature, where the YSA peak stress temperature is observed, no
peculiarities are observed. It is shown that OP-TMF life is sensitive to surface
quality, which is not the case in creep. A smaller number of cycles to failure is
observed when reducing the heating rate in the compression/heating part of the
mechanical strain-controlled OP-TMF cycle. The results are discussed on a
microstructural basis, using results from scanning and transmission electron
microscopy, and in light of previous work published in the literature.
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with start-up and shut-off events, where imposed thermal
stresses and variable temperatures increase and decrease with
a phase shift. This is why there is an interest in out-of-phase
thermomechanical fatigue loading (OP-TMF).

In CSR testing, as constant strain rate is imposed on a speci-
men and the resulting stress–strain response is recorded,
Figure 1a. From the resulting stress–strain curve an apparent
critical yield stress Rp0.2 is retrieved. It is relatively simple to
perform a CSR test. In contrast, creep and OP-TMF testing
are more complex. During tensile creep, a specimen is subjected
to a constant stress and the accumulation of strain with time is
measured. The results yield creep curves as shown in Figure 1b,
which directly provide information on times needed to obtain
critical strain levels, rupture ductilities and rupture times tR.
When creep data are available for different stresses and temper-
atures, one can derive the stress and temperature dependencies
of minimum creep rates ε̇s and rupture times tR. In TMF testing,
a solid round specimen is subjected to strain-controlled tension
compression loading. Simultaneously the test temperatures vary
between a low and a high temperature. In out-of-phase TMF test-
ing, temperatures decrease as strains simultaneously increase
and vice versa, Figure 1c. TMF results are typically presented
as stress–strain hysteresis loops for different cycle numbers or
as the evolution of stresses, e.g., maximum stress σMAX as a func-
tion of the cycle number N. They also yield the number of cycles
to failure Nf for a given TMF loading condition.

Research on high temperature strength of SXs often focusses
on only one of these three loading types. A critical comparison of
the three types of tests, performed with the same material in the
same temperature range is presently missing. This is the starting
point of the present work, where we first explore CSR and creep
behavior at temperatures ranging from 1023 to 1223 K, and then
perform out-of-phase TMF testing with 1023–1223 K as mini-
mum (TMIN) and maximum (TMAX) temperatures.

There is an uncertainty with some of the previous work
published in the literature which is associated with specimen
orientation. In SX technology one strives for <100>

orientations.[1,5,22,23] However, variation of the order of several
degrees from this targeted growth direction cannot be easily
avoided and are generally accepted.[5] This, however, can cause
severe deviations in the mechanical behavior, as has been
recently shown by Heep et al.[24] for creep testing. In the present
work we use a combined Laue/spark erosion technique to man-
ufacture precisely oriented CSR, creep, and TMF specimens
(precision: <100>� 1°).

During high temperature exposure the cuboidal microstruc-
ture of SX, characterized by cuboidal γ 0-particles (L12 phase, typ-
ical average volume fraction: 65%, typical average edge length:
400 nm) which are separated by thin γ-channels (fcc crystal struc-
ture, typical average volume fraction: 35%, average channel
width: 50 nm) evolves. Rafting and topological inversion are
well-known phenomena.[25–40] In laboratory time scales, these
processes manifest themselves at temperatures above 1173 K
and are fast above 1273 K. The maximum temperature of
1223 K was chosen, to allow this type of microstructural evolution
during the duration of the mechanical test. The present work rep-
resents the first attempt to compare the behavior of one batch of a
single crystal Ni-base superalloy in three important mechanical
tests in the same temperature range and with precisely oriented
specimens. High temperature components have to withstand
creep and OP-TMF loading and there is a need to consider pos-
sible interactions between these loading modes. Creep testing,
CSR testing, and OP-TMF testing of superalloys are important
topics with their own specialized scientific communities. The
present work intends to bridge the gaps between these fields.

2. Experimental Section

2.1. Material

The Ni-base single crystal superalloy investigated in the present
work is an alloy of CMSX-4 type, referred to as ERBO/1. Its
chemical composition and its heat treatment are given else-
where.[41] Experimental details of the directional solidification

Figure 1. Schematic illustration of high temperature tests and examples for idealized test results. a) Constant strain rate (CSR) testing (T= const.,
ε= const.) and stress–strain σ(ε) curve. b) Creep testing and creep ε(t) curve. c) Anisothermal out-of-phase thermomechanical fatigue (OP-TMF) testing
and σMAX vs. N curve.
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process[42] and the details of the heat treatment procedure[43]

have been described elsewhere. The as cast cylindrical rod from
which the specimens were machined is shown in Figure 2a. After
the full heat treatment, traces of the prior dendritic/interden-
dritic microstructure can still be recognized,[42,44] Figure 2b.
The initial γ/γ 0-microstructure of the material investigated in
the present work is shown in Figure 2c. In the present work
two types of surface qualities were considered, which are referred
to as rough and smooth (as machined and polished). The surfa-
ces qualities were characterized measuring surface roughness
profiles with a laser scanning confocal microscope of type
μsurf from NanoFocus. From the surface profiles, the roughness
parameters Ra (mean value of height deviations from average
height) and Rz (maximum peak to valley difference in the profile)
were determined.[45] The rougher surface was characterized by
Ra/Rz-values of 0.43 and 3.43, respectively. For the polished
surface these values were obtained as Ra= 0.06 and Rz= 0.65.

2.2. Test Rigs and Specimen Geometries

The three types of tests which are considered in the present work,
are typically performed using different test rig configurations
and different specimen geometries. This is illustrated in
Figure 3 and 4. Figure 3 shows the specimens as mounted in
the respective test rigs prior to testing. The heating of the
specimens during CSR and creep testing is performed using
three-zone resistance furnaces. In the case of the OP-TMF
testing, it was performed using induction heating.

The specimen geometries used for testing are shown in
Figure 4 at a higher magnification. It is important to highlight
that in case of all three specimens, the diameters (CSR: 3mm;
TMF: 5mm) and the two sides of the cross section of the
miniature tensile creep specimen (MTC: 2� 3mm2) are larger
than the average distance between the dendrites shown in
Figure 2b (average distance between dendrites: 0.5mm).
Hence, the specimens yield properties which average over the
large-scale microstructural cast heterogeneity leading to moder-
ate variations in local stresses.[46]

Figure 2. Material investigated in the present study. a) Image of
directionally solidified cylinder (diameter: 20 mm). b) Optical micrograph
of prior dendrites and interdendritic regions. c) SEM micrograph of
γ/γ 0-microstructure.

Figure 3. Specimens mounted in the load line of test rigs. a) CSR test rig MTS Criterion Model C45.105. For test details see.[48] b) Creep machine from
Denison Mayes type TC 20 Mark II. For test details see.[49] c) Zwick 1478 Servo electric TMF test rig. For test details see.[21]

Figure 4. CSR-, creep- and OP-TMF specimens used for testing in the
present work.
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2.3. CSR Testing

CSR tests were performed using an electromechanical test rig of
type Criterion Model C45.105 from MTS, equipped with a three-
zone resistance furnace. Figure 3a shows how the CSR specimen
is mounted in the load line of the test rig. The specimen geome-
try is shown on the lower left of Figure 4. Strains were measured
using a high temperature extensometer, where the tips of two
ceramic rods were slightly pushed against the gauge length l0
of 12mm of the CSR specimen (two white ceramic rods in
Figure 3a contacting the specimen from the right). From mea-
sured displacements Δl engineering strains ε0 were obtained
from which true strains εwere calculated[47]

ε0 ¼ Δl=l0, ε ¼ ln ð1þ ε0Þ (1)

Tests were performed at temperatures between 1023 and 1223 K
imposing strain rates between 8.0 � 10�5 and 1.3 � 10�3 s�1.
The majority of CSR tests were performed at 3.3 � 10�4 s�1.
More details of CSR testing are given elsewhere.[48] Two charac-
teristic stress values were determined: the apparent yield stress
Rp0.2, Figure 5a and the stress measured after 2% CSR strain,

which is referred to as plateau stress σPLATEAU in the present
work.

2.4. Creep Testing

Creep tests were performed at temperatures between 1023 and
1223 K at stresses ranging from 400 to 800MPa. Figure 3b shows
how the miniature creep specimen used in the present work was
mounted in the load line of the test rig. Theminiature creep spec-
imen is shown at a higher magnification on the lower right of
Figure 4. Details on how the specimens were heated, how loads
were applied, and how strains were monitored are published in
the literature.[49] In the present work we perform isothermal
creep tests and temperature change experiments as described
by Bürger et al.[50] In this study, creep curves are presented as
log-linear plots of creep rates versus strain.

2.5. Thermomechanical Fatigue Testing

OP-TMF testing was performed in air on a servo electric mechan-
ical test rig of type Zwick 1478 under total strain control. Heating

Figure 5. Results from CSR and creep tests. a) Stress–strain curve measured at 1073 K at a strain rate of 3.3� 10�4 s�1 – early part of curve (high strain
resolution). The intersection of the straight line in 0.2% distance from and parallel to the line of elastic loading with the experimental curves yields Rp0.2
values. b) Stress–strain curve measured at 1073 K at a strain rate of 3.3� 10�4 s�1 – full curve (lower strain resolution). Plateau stresses were obtained
from the intersections the straight line in 2% distance from and parallel to the line of elastic loading with the experimental curves. c) Yield stress anomaly
(YSA)[54–56] and subsequent decrease of yield stress as observed during CSR testing at temperatures between 1023 and 1223 K.[48] d) Increase of creep
rate with increasing temperature in the temperature range where CSR tests show YSA.[48]
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was realized via induction heating with water cooled copper coils
(in the compression heating part of the cycle). Cooling (in the
tension cooling part of the cycle) was achieved by thermal con-
duction to the water-cooled grips. Imposed strains and temper-
atures were out-of-phase, i.e., the maximum tensile strain of the
stress–strain hysteresis loop was reached at the lowest tempera-
ture, while the maximum value of the compressive strain was
reached at the highest temperature. Figure 3c shows the speci-
men in the central part of the TMF test rig, the TMF specimen as
mounted in the test rig is shown in the upper part of Figure 4.
Maximum and minimum temperatures during OP-TMF testing
were 1023–1223 K. A total mechanical strain amplitude of 0.5%
was imposed in all tests. Two types of heating/cooling cycles
were compared. In both types of experiments, the cooling part
of the cycle had a duration of 30 s (cooling rate for all tests:
6.66 K s�1, total strain rate: 3.33� 10�4 s�1). The two tests dif-
fered in the imposed heating rates which were fast (duration
of heating period: 60 s, heating rate: 3.33 K s�1, strain rate:
1.66� 10�4 s�1) and slow (duration of heating period: 300 s,
heating rate: 0.66 K s�1, strain rate: 3.33� 10�5 s�1). All details
regarding OP-TMF testing are published elsewhere.[51]

2.6. Characterization of Microstructures

Microstructural investigations were performed using a SEM of
type Leo Gemini 1530 VP from Carl Zeiss AG and a transmission
electron microscope (TEM) of type FEI Tecnai F20 G2 Super-
Twin, following procedures which have been documented in
the literature.[37,38,46]

3. Results

3.1. CSR and Creep Results

Figure 5 compiles results fromCSR tests. Figure 5a,b show stress–
strain data which were obtained at 1073 K for an imposed defor-
mation rate ε̇IMPOSED of 3.3� 10�4 s�1 (test durations: 10–30min)
at a higher and lower strain resolution, respectively. Figure 5a
shows that there is a linear increase of the stress–strain curve
which yields an apparent elastic modulus of 61GPa. Figure 5a also

shows how the apparent yield stress Rp0.2 was determined.
Figure 5b shows that the CSR test at 1073 K yields a rupture strain
of 13.3%. In Figure 5c apparent yield stress values from CSR
experiments are shown, which were measured at four tempera-
tures. Between 2 and 4 tests were performed for each temperature.
The error bars in Figure 5c represent the �mean deviations from
themean value. Figure 5c clearly shows that starting at 1023 K, the
engineering yield stress Rp0.2 increases, reaches a local maximum
at 1073 K and then decreases. This represents experimental evi-
dence for a yield stress anomaly (YSA) at lower/intermediate tem-
peratures. Above the YSA peak, this anomaly is no longer detected
and yield stresses decrease with increasing temperature. Under
creep conditions, at much lower deformation rates, there is no
increase of strength with increasing temperature where CSR tests
exhibit YSA, Figure 5d. Instead, creep rates increase with increas-
ing temperature.

Figure 6 shows CSR and creep results which were obtained at
1223 K, at temperatures far beyond the temperature of the yield
stress maximum (1073 K). Figure 6a shows the stress–strain
curves of three CSR experiments performed at different imposed
strain rates. For CSR strain rates of 8.0� 10�5, 3.3� 10�4 and
1.3� 10�3 s�1, increasing plateau stresses (CSR stress values
after 2%) of 761, 836, and 906MPa were observed. Figure 6b
shows creep results from isothermal creep tests. Creep curves
obtained from experiments performed at 420, 550, and
680MPa are presented as logarithmic strain rate as a function
of strain. The corresponding minimum creep rates were deter-
mined as 1.32� 10�7, 2.02� 10�6, and 1.96� 10�5 s�1. In
Figure 6c the two stress/strain rate data triplets are plotted as
logarithmic strain rate as a function of stress (Norton plot with
creep and CSR data). It can be seen that the two data triplets can
be fitted by straight lines which yield Norton stress exponents of
10 (creep data) and 16 (CSR data). The data, which are associated
with a wide stress interval between 400 and 1000MPa fall
reasonably well into a small grey scatter band, with a slope of 12.

3.2. TMF Behavior

Figure 7 shows stress–strain hysteresis loops measured after 500
cycles. Figure 7a shows the stress–strain data recorded for the

Figure 6. Results from CSR and creep tests obtained at 1223 K. a) Increase of Rp02 and plateau stress values with increasing imposed deformation rate.
b) Log-linear plot of strain rates versus strain from creep tests performed at 420, 550 and 680MPa. (b) Stress-strain curves from CSR tests performed at
strain rates of 8.0� 10�5, 3.3� 10�4 and 1.3� 10�3 s�1. c) Stress/strain rate data triplets from creep and CSR tests in Norton plot. For details see text.
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OP-TMF test with fast compression heating. The stress–strain
hysteresis loop shown in Figure 7b was obtained for the
OP-TMF conditions, with the same cooling rate but a five times
longer compression heating period (300 s as compared to 60 s).
For clarity, a number of details which are characteristic for ani-
sothermal TMF testing must be highlighted. First, the absolute
value of the saturation stress in tension (σMAX, lowest cycle tem-
perature) is higher than in compression (σMIN, highest cycle tem-
perature). Second, the TMF conditions imposed in the present
work result in very narrow stress–strain hysteresis loop.
However, one can clearly see that the area of the stress-strain
hysteresis loop for fast heating (cycle shown in Figure 7a) is
smaller (

H
σ dε= 0.15MJm�3) than for slow heating (cycle

shown in Figure 7b), where more energy is dissipated
(
H
σ dε= 0.43MJm�3). Finally, the origin of the co-ordinate sys-

tem does not fall into the area of the hysteresis loops. During fast
heating (cycle shown in Figure 7a) followed by fast cooling, the
tensile loading at 482MPa and 1023 K causes small (but detect-
able) positive plastic strain accumulation, which is not reversed
in the heating cycle. In contrast, during slow heating (cycle
shown in Figure 7b) there is significant compressive strain accu-
mulation. This corresponds to a stronger relaxation of the abso-
lute value of the compressive stress, which is lower than during
fast heating (344MPa as compared to 425MPa). Figure 7 also
shows that the OP-TMF experiment with fast compression heat-
ing has a lower positive mean stress in the cycle than the experi-
ment with slow compression heating. Small vertical arrows in
Figure 7a,b point to the stress–strain curves in the tensile cooling
part of the cycles, where the temperature (1073 K) corresponds to
the YSA peak temperature shown 5c. The OP-TMF stress–strain
hysteresis loop does not show any peculiarities in this tempera-
ture region.

Figure 8a shows the evolution of the maximum tensile
stresses in the cooling part of the cycle recorded for specimens

with rough and smooth surfaces. The stress response of the two
specimens is slightly different although the same nominal strain
amplitude was applied. Reasons for this may be slight deviations
in thermal strain compensation. But even though the specimen
with the rougher surface is exposed to lower maximum tensile
stresses in the cold tensile part of the OP-TMF cycle, its failure
occurs significantly earlier (Nf,RS= 2122) than the failure of the
polished specimen (Nf,PS= 5500). This strong sensitivity of OP-
TMF is not observed during creep testing at 1223 K/400MPa,
where specimens with rough and smooth surfaces yield very sim-
ilar creep behavior, Figure 8b. The creep rupture time of the
specimen with the rough surface was even a little larger than that
of the polished creep specimen (81 and 76 h, respectively).

OP-TMF loading is associated with crack initiation and
growth. Figure 9 shows cracks which are observed after 1000
slow compression heating OP-TMF cycles, imposed on speci-
mens with smooth surfaces. Figure 9a shows circumferential
surface cracks. Only a few of those grow into the material, as
can be seen in Figure 9b, which shows that during OP-TMF a
reaction layer forms that consists of an outer oxide and an inner
γ 0-depleted zone. This reaction layer is thicker in surface regions
not affected by the presence of the crack. Along the crack flanks,
its thickness increases from the crack tip to the outside, reflecting
the effect of increasing exposure times. A small crack in the oxide
is highlighted by a white arrow. It seems reasonable to assume
that OP-TMF fatigue crack initiation started at this location.

It is also interesting to see that there is an indirect effect of
creep on the cyclic OP-TMF lives, Figure 10. Figure 10 presents
results which were obtained in OP-TMF tests with constant cool-
ing rates in the tensile part of the cycles and fast and slow heating
rates in the compression part of the cycle. The shapes of the
imposed cycles are shown in Figure 10a,b. Tests were performed
for smooth and rough specimen surfaces. Two results are
presented in Figure 10c. First, the experiments with slow

Figure 7. Stress-strain hysteresis loops recorded for cycle numbers 500 measured for an imposedmechanical strain of�0.5% between 1023 K (minimum
temperature in tensile part of cycle) and 1223 K (maximum temperature in compression part of cycle). Tensile cooling period: 30 s. a) Loop recorded for
fast compression heating (60 s). b) Loop recorded for slow compression heating (300 s).
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compression heating cycles fail earlier than those where the peri-
ods of compression heating are shorter. Second, specimens with
rough surfaces fail earlier than specimens with smooth surfaces.

3.3. TEM Micrographs

While a detailed TEM analysis is not in the scope of the present
article, three typical TEM micrographs are shown in Figure 11,
which were taken from cross sections perpendicular to the direc-
tion of the applied stress (parallel to [001]) after high temperature
testing. Figure 11a shows a CSR microstructure which has
evolved during a test performed with an imposed strain rate
of 3.3� 10�4 s�1 at the YSA peak temperature of 1073 K. The
cuboidal γ 0-particles show a darker contrast than the narrow
γ-channels. Two microstructural features can be identified in
the γ 0-particles. There are planar faults which extend over more
than one particle (two faults are identified with a white arrow
pointing to the upper left). In addition, there are smaller features,
which are Kear–Wilsdorf (KW) locks (two of which are
highlighted with small white arrows pointing down).

Figure 11b shows a TEM microstructure which has evolved dur-
ing 2% of creep at 1073 K, at a creep rate a little below 10�7 s�1,
Figure 5d. One can see that some coarsening has occurred, the γ-
channels are wider than in Figure 11a. There are regions with a
high density of dislocations (two marked with white arrows
pointing down). One can also see planar faults extending over
more than one γ 0-particles (one highlighted with a white arrow
pointing to the lower left). Figure 11c shows TEM results
obtained after 4% high temperature and low stress creep
(1223 K, 400MPa). The γ/γ 0-microstructure has evolved, two
rafted γ 0-particles are highlighted with a white arrow in the lower
right of the image. An irregular dislocation network extends over
a large part of the micrograph. The network is embedded in a
horizontal γ-phase channel perpendicular to the direction of the
applied stress. One can also distinguish cutting processes where
individual superdislocations in the γ 0-phase are connected to the
γ-channel dislocation networks (two highlighted with horizontal
white arrows). Figure 11 illustrates that significantly different
microstructures evolved during CSR testing, low temperature
high stress and high temperature low stress creep testing.

Figure 9. SEM results after 1000 slow compression heating OP-TMF cycles imposed on a specimen with a smooth surface. a) Circumferential cracks in
the specimen surface. b) Macro crack observed in a longitudinal cross section.

Figure 8. Sensitivity of TMF and creep behavior to surface roughness. All results were obtained for a material state with medium particle size. a) TMF
results for rough and polished specimens from tests with fast heating during the compression part of the cycle (Figure 7a). b) Log-linear plots of creep
rates versus strain for creep conditions of 1223 K and 400MPa.
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4. Discussion

4.1. Specimen Geometries

The mechanical results obtained in the present study were
obtained using three different specimen geometries, Figure 3
and 4. All specimen dimensions were significantly larger than
critical microstructural distances and there are no size effects,
which need to be considered. In principle, when reporting

stresses (force normalized by cross section) and strains (elonga-
tions normalized by initial length) geometrical aspects are taken
care of. However, as pointed out in the excellent review by
Skrotzki et al.[52] performing mechanical tests at high tempera-
tures can be complex. Compared to room temperature testing,
additional phenomena, like time-dependent deformation pro-
cesses and oxidation effects, raise the complexity of the material’s
response to mechanical loading. Moreover, sophisticated test set-
ups and additional control parameters increase the number of

Figure 10. Influence of cycle type and surface roughness on cyclic mechanical strain-controlled (�0.5%) OP-TMF lives. a) Cycle shape where
compression heating is fast. b) Cycle shape where compression heating is slow. c) Numbers of cycles to failure Nf for fast/slow compression heating
and rough/smooth specimen surfaces. For details see text.

Figure 11. TEM micrographs from thin foils which were cut out perpendicular to the direction of the applied stress. a) After CSR testing: 1073 K
/3.3� 10�4 s�1. b) After low temperature and high stress creep testing: 1073 K/800MPa. c) After high temperature and low stress creep testing:
1223 K/400MPa.
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potential sources of error. Some of these complications can be
overcome by following recommendations given in the respective
high temperature testing standards. When considering superal-
loy single crystals, additional aspects need to be considered. First,
specimens need to be machined from directionally solidified bars
or slabs, which are subjected to a multiple step heat treatment.
Specimen material is expensive and superalloy single crystals are
difficult to machine. Due to their high strength, they also require
test rigs, which can apply high forces. Moreover, single crystal
superalloys are used to manufacture turbine blades, with small
critical dimensions (wall thicknesses of a cooled blade: mm-
range). The availability of material also plays a role. These aspects
promote smaller specimen geometries. In case of single crystal
superalloys crystallographic aspects are important. It is not
uncommon that research is performed on uniaxial specimens
with nominal <100> directions, where deviations from up to
15° can occur.[5] This can lead to large scatter as has been recently
shown for creep conditions.[24] The three specimens shown in
Figure 4 were all machined from precisely oriented bars or slabs,
combining Laue orientation with electro discharge machining.
Cutting out precisely oriented specimens from slightly misor-
iented bars or slabs results in a loss of material and also promotes
smaller geometries. Regarding the tests considered in the pres-
ent work, their complexity increases as: creep < CSR < out-of-
phase TMF. In comparison with the other two methods, creep
loading is relatively simple. When the load is applied, the load
line straightens itself out, and, from this point of view, gripping
is easy. In contrast, when approaching 1273 K in longer term
tests, creep grips have to withstand longer times at high temper-
atures. The advantages of the miniature creep test technique
used in the present work have been discussed in the literature
and it has been shown that displacements can be measured with
sufficient accuracy outside of the gauge length,[49] Figure 3b. This
miniature creep test geometry cannot be used for CSR and
OP-TMF testing, which also apply mechanical tensile loads.
However, in CSR testing, constant strain rates are imposed
and this requires precise measurement of strains. In the present
work, this is done by ceramic rod-based extensometers,
Figure 3a. These need to access the specimen and therefore a
higher gauge length is required. In OP-TMF testing, where ten-
sile and compressive loads are applied in strain control, the grip
sections of the specimen need to be larger to allow for strong
gripping, which is required to maintain the alignment of the
specimens when changing from tensile to compressive loading.
Moreover, the specimens need to be thicker than in the case of
CSR testing, in order to avoid buckling.

4.2. CSR and Creep Behavior

In the present work, we compare three types of tests, which play a
key role in material development and component design of sin-
gle crystal Ni-base superalloys. High temperature constant strain
rate tests provide apparent yield stresses Rp0.2. In the early stages
of deformation, the stress–strain curves yield a straight line, from
which an apparent elastic modulus can be derived. However, as
shown in Figure 5a this apparent elastic modulus of 61 GPa is
smaller than the value of 98 GPa, measured by Demtröder
et al.[53] who used resonant ultrasound spectroscopy (RUS).

This is not only because CSR tests are not optimized for measur-
ing elastic moduli. It also reflects the fact that microscopic creep
processes already occur in the apparent elastic regime of a high
temperature CSR stress–strain curve. At lower temperatures,
CSR tests show an increase of Rp0.2 with increasing temperature.
SX can show this property, because they contain a high volume
fraction of ordered γ 0-phase. YSA is a well-known high tempera-
ture mechanical property of intermetallic phases, which is asso-
ciated with dislocation cross slip from octahedral planes to cube
planes. This results in the formation of KW locks. These sessile
dislocation configurations need to be thermally activated.[54–56]

Indeed, KW locks are observed after CSR loading, Figure 11a.
In the same temperature regime, an increase of strength with
increasing temperature is not observed under creep conditions,
where microstructures evolve at much smaller deformation rates
of the order of 10�7 s�1. In the creep community, this creep
range is referred to as low temperature high stress creep regime.
The nucleation and propagation of planar faults, Figure 11b,
characterizes low temperature and high stress creep of SXs
and the associated elementary mechanisms have been described
in the literature (e.g., refs. [46,57–59]). At higher temperatures,
the apparent yield stresses Rp0.2 show a significant dependence
on imposed deformation rates, Figure 6a. At lower imposed
deformation rates there is more time for recovery resulting in
lower apparent yield stresses Rp0.2. Moreover, at high tempera-
ture, CSR tests no longer show YSA but Rp0.2 values decrease
with increasing temperature. The results presented in
Figure 6 suggest that the elementary processes, which govern
creep and CSR behavior at higher temperatures, are related.
The strain rate/stress data pairs from CSR tests and creep tests
can be represented within a narrow Norton plot interval, suggest-
ing that there is some continuity of mechanisms and that CSR
data can be extrapolated to lower strain rates and provide prelim-
inary lower bound estimates for creep rates. The elementary
deformation mechanisms which govern high temperature and
low stress creep have been described in the literature.[5,28–40]

Recently, the role of the misfit between the γ- and γ 0-phase
has been discussed. The need to minimize the overall strain
energy results in a constant spacing between the dislocations
in dislocation networks of the type shown in Figure 11c. It
has been suggested that knitting processes between dislocations
in both phases govern high temperature and low stress creep.[60]

The microstructural features shown in the TEM micrograph of
Figure 11c are in line with this new view.

4.3. TMF and Creep Behavior

It is a well-known fatigue phenomenon that specimens with
rougher surfaces fail earlier then specimens with smooth surfa-
ces, Figure 8a, 9a, and 10c. This is related to the fact that fatigue
failure starts with crack initiation at the specimen surface and
crack growth from the specimen surface into the material.[61]

This holds for the majority of metallic materials subjected to dif-
ferent kinds of fatigue loading and is well appreciated for super-
alloy single crystals.[62–64] The present work has not identified the
elementary mechanisms which govern TMF crack initiation. But
it provides clear evidence for the fact that rougher specimen sur-
faces result in short cyclic TMF-lives, Figure 8a. The negative
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effect of surface roughness on fatigue lives has not been often
reported for OP-TMF conditions. Clearly, local stresses are
elevated when surfaces are rough. When the original surface
of the superalloy is rough, this will also affect the surface quality
of the oxide, which grows during the compression/heating
part of the cycle. The oxide inherits the surface roughness of the
specimen prior to OP-TMF exposure. Stresses acting on this scale
during the tension/cooling loading ramp will have more influence
in promoting cracking of the scale. Oxide scale crack nucleation will
occur more readily when the surface is rougher. This qualitatively
explains our findings. However, to reveal the physical nature of
OP-TMF crack initiation, further work is required.

It is also well accepted that plastic deformation during fatigue
is of a localized nature. The phenomenon of cyclic strain locali-
zation in persistent slip bands (PSBs) and models of the forma-
tion of extrusions and intrusions, which initiate microcracks
have been discussed in detail (e.g., ref. [65]). Shear bands after
fatigue loading have also been observed after thermomechanical
fatigue loading in Ni-base SX.[19,51] However, the low tempera-
ture mechanisms, where the formation of extrusion precedes
crack nucleation does not hold for high temperature fatigue of
superalloys. It is also well-known that oxidation plays a major role
in high temperature fatigue,[66–69] which is in line with the SEM
micrograph in Figure 9b. TMF and creep impact materials
differently. While fatigue is associated with localized cyclic defor-
mation and surface crack initiation and growth, climb controlled
creep represents a homogeneous deformation distributed
throughout the microstructure and is associated with the evolu-
tion of internal damage. In polycrystalline engineering materials,
the nucleation and growth of cavities on grain boundaries per-
pendicular to the direction of the maximum principal stress is
a well-known example of such damage.[70–72] Microstructural
coarsening, evolution of the dislocation substructure and creep
cavitation can explain tertiary creep in steels. Tertiary creep in Ni-
base SX, which do not contain grain boundaries, is more difficult
to rationalize.[73]

A previous study of creep damage accumulation has shown
that for the alloy investigated in the present work, creep cavities
can nucleate and grow in the high temperature low stress regime
(1323 K, 160MPa).[74] They were observed to be significantly
smaller than pre-existing cast pores, which appeared to be the
locations where final rupture initiated.[74] Under the creep con-
ditions considered in the present work (Tmax= 1223 K) no creep
cavities were observed before necking started. While the cyclic
rupture life of a TMF test is significantly affected by surface
quality, the creep behavior is not sensitive to surface quality,
Figure 8b. This is due to the fact that fatigue life is governed
by surface crack initiation while creep damage accumulates in
the volume of a specimen.

In the early days of high temperature technology, emphasis
was mainly placed on the static load-carrying capacity of a
component, which, however, often failed by fatigue.[75]

Combined linear damage accumulation rules with two terms,
accounting for the consumed creep and fatigue life fractions
were proposed,[76,77] which did not work very well.
Microstructural research on creep/fatigue interaction started
in the 1980s.[78–82] Central elements of these studies were that
cavities on boundaries can promote intergranular fatigue crack
growth[78,79] or that the localized deformation (slip bands and

dislocation pile ups) caused by cyclic plasticity can assist in cavity
nucleation.[80–82] During a tensile hold in a high temperature
fatigue test, creep stress relaxation and microstructural softening
can decrease the crack extension force, which drives a high
temperature fatigue crack.[83] Note, that all microstructural
scenarios[78–83] briefly highlighted in this section focus on the
tensile part of the high temperature fatigue cycle.

In the present work, we observe a detrimental effect of slower
heating rates in the compression part of the OP-TMF cycle,
Figure 10. To explain this effect, we assume that an OP-TMF
experiment starts with the compression part of the cycle, impos-
ing decreasing mechanical strains up to �0.5% while the tem-
perature increases. At faster compression heating rates, less
irreversible compressive strain accumulates than at slower com-
pression heating rates. In the subsequent tensile part of the cycle,
mechanical strains increase up to þ0.5%. This requires a total
strain with a larger elastic component. It is more difficult to pull
back a specimen which has seen more irreversible compressive
strain. This is the reason why slower compression heating results
in higher σMAX-values leading to higher crack propagation rates
and thus shorter cyclic lives, Figure 7 and 10. This represents an
indirect creep effect, which shows that slower heating in the com-
pressive part of the OP-TMF cycle results in dynamic recovery
(dislocation annihilation occurs during high temperature
deformation), which is associated with lower compressive peak
stresses. It is interesting to compare the results of the present
work with previous studies, where strain-controlled compression
holds were shown to also shorten OP-TMF lives. Recovery in this
type of tests is of a static nature (dislocation annihilation occurs
in the absence of the accumulation of macroscopic plastic strain)
and stress relaxation occurs during these compression holds.[19]

Strain-controlled compression holds at the maximum tempera-
ture of an OP-TMF cycle also result in a shortening of cyclic lives,
consistent with the results obtained in the present study.
Shortening of OP-TMF rupture lives by strain-controlled com-
pressive holds at the maximum temperature was reported in
two recent publications for polycrystalline Ni-base superal-
loys[84,85] (Inconel 713LC, 773–1173 K,�0.3%, compression hold
time: 600 s;[84] DS alloy of CM 247LC type, 723–1123 K,
�0.55–0.8%, compression hold time: 300 s[85]). It had also been
previously reported for the single crystal Ni-base superalloys
TMS-75 and TMS-82þ[86] (673–1173 K, �1.28% and �1.27%,
hold time: 600 s) and for CMSX-4[87] (673–1273 K, �0.7–1.1%,
hold time: 300 s). All tests have in common, that recovery in
the compressive high temperature part of an OP-TMF cycle
relaxes stresses by transforming elastic into plastic strain. In
strain-controlled testing, this requires higher stresses in the
low temperature tensile part of the cycle. Lowering the minimum
temperature has been shown to further reduce OP-TMF lives.[87]

5. Summary and Conclusions

In the present work, the single crystal Ni-base superalloy ERBO/
1 (CMSX-4 type) was subjected to high temperature constant
strain rate (CSR), constant load tensile creep and out-of-phase
thermomechanical fatigue (OP-TMF) testing. All tests were
performed using precisely oriented [001] specimens, which
were machined from directionally solidified and heat-treated
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cylinders. Experiments were performed at temperatures between
1023 and 1223 K. The three tests considered in the present work
are important standard tests in high temperature technology. For
the alloy development, CSR testing can provide data for compar-
ing alloys in the high temperature and low stress regime. CSR
results from lower and medium temperatures must be handled
with care. A YSA is exhibited which suggests that the strength of
SX increases with temperature, which is not the case for creep
conditions, and which does not play any role during OP-TMF
testing. Creep tests are important for predicting the elongation
of a turbine blade driven by centrifugal forces. OP-TMF tests
must be performed, in order to account for the effect of thermal
stresses associated with start-up and shut-down events. Creep
deformation and damage mechanisms not only affect the tensile
part of the OP-TMF cycle, but they also indirectly adversely affect
OP-TMF life in compression as shown in the present work. From
the experimental results obtained in the present study the follow-
ing conclusions can be drawn: 1) In CSR testing (imposed defor-
mation rate: 3.3� 10�4 s�1) ERBO1 shows a yield stress anomaly
(YSA), with a sharp stress maximum at 1073 K. While the
strength observed in CSR testing increases up to this tempera-
ture, this does not hold for constant stress creep testing at much
slower deformation rates. When increasing the temperature
from 1043 to 1103 K, secondary creep rates increase from
2� 10�8 to 3� 10�7 s�1. The difference in typical strain rates
used in CSR and creep testing is clearly of critical importance.
2) At higher temperatures, above the YSA peak, the strain
rate/stress data pairs from CSR and creep tests fall into a narrow
scatter band in a Norton plot which covers over eight orders of
magnitude in strain rate. This suggests that the distinct differ-
ence in deformation mechanisms, which characterizes the mate-
rial behavior in CSR and creep tests at lower temperatures, is not
that pronounced at higher temperatures. 3) The stress strain hys-
teresis loops, which are recorded during OP-TMF cycling show
no peculiarity when temperatures in the heating/compression
part of the cycle pass through the temperature where the YSA
maximum is observed during CSR testing. When passing
through the YSA maximum the material’s response is elastic
and therefore elementary plastic deformation processes, which
account for the YSA, do not affect the material’s behavior.
4) The cyclic life of specimens subjected to OP-TMF test condi-
tions is sensitive to the condition of the specimen surface, which
minimum creep rates and creep rupture lives are not. Fatigue is
generally associated with localized cyclic plastic deformation and
surface crack initiation and growth, while creep represents a slow
homogeneous deformation and shows non-localized microstruc-
tural softening. 5) High temperature oxidation is an important
part of OP-TMF crack nucleation and growth. A reaction layer
forms on the crack flanks of OP-TMF cracks, consisting of an
outer oxide layer and an inner zone depleted of oxide forming
elements. 6) An indirect creep effect during total mechanical
strain-controlled OP-TMF testing was observed: Slower heating
under OP-TMF conditions results in more inelastic compressive
creep strain accumulation. In the following tensile part of the
cycle, a higher stress is required to pull the specimen back to
the maximum tensile strain. These higher tensile stresses
increase crack propagation rates and thus lead to lower cyclic
OP-TMF lives for slower heating rates.
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