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In the present work we subject the single crystal Ni-base superalloy ERBO1 (CMSX 4 type) to constant strain rate
(CSR) and creep testing at temperatures between 1023 and 1223 K. Three material states are considered which
have similar particle volume fractions >60% but differ in y-particle sizes (material states S, M and L of particle
sizes: 240, 390 and 540 nm). In constant strain rate testing, a yield stress anomaly is observed for all three
material states, with a yield stress maximum at 1073 K. This increase of strength with increasing temperature is
not observed during creep testing at significantly lower deformation rates in this low temperature high stress
creep regime, where different elementary deformation mechanisms govern CSR and creep behavior. In contrast,
in the low stress high temperature creep regime, stress/strain rate data pairs from CSR creep tests both show
decreasing strength with increasing temperature. It is found that in both types of tests the material state M shows
the highest strength (highest yield stress and lowest creep rate). This can be rationalized based on a scenario
where both, y-channel and y-particle dislocation activities are important. Diffraction contrast transmission
electron microscopy is used to study the relevant elementary deformation processes. Details of dislocation ar-
rangements are discussed with a special focus on the role of Kear Wilsdorf (KW) locks, y-particle shearing by
superlattice stacking faults (extrinsic and intrinsic) and dislocation climb.

1. Introduction

Ni-base single crystal superalloys (SXs) are used to make blades for
gas turbines operating in aero engines and power plants [e.g. Refs.
[1-6]1. Constant strain rate (CSR) tensile testing [e.g. Refs. [7-11]] and
creep testing [e.g. Refs. [12-16]] are two central techniques which are
commonly used to measure the response of SXs to monotonic uniaxial
tensile loading. In CSR testing, a constant strain rate is imposed, and the
resulting stress strain response is recorded. From the resulting stress
strain curve, an apparent critical yield stress Ry is retrieved. During
tensile creep, a specimen is subjected to a constant stress and the
accumulation of strain with time is measured. These tests provide creep
curves, the stress and temperature dependencies of creep rates, and
rupture times. The <100> direction is the natural solidification direc-
tion during Bridgman processing of SX turbine blades [1,5]. Moreover, it
is the direction where the elastic modulus has a minimum [17], which
helps to minimize thermal stresses during high temperature service.
Variations of the order of up to 10° from the targeted <100> growth
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direction can occur [5]. Such variation can cause severe deviations in
the creep response, as has been recently shown by Heep et al. [18]. In the
present work we use a combined Laue/spark erosion technique to obtain
precisely oriented CSR tensile and creep specimens (precision: <100>

+1°) [19].

One objective of the present work is to compare results from CSR and
creep testing. Ni-base single crystal superalloys have microstructures,
where cuboidal particles (y-phase, typical average cube edge length:
400 nm, ordered L1, phase) are coherently precipitated in a y-matrix.
Thin y-channels (fcc crystal structure, typical average channel width: 50
nm) separate the y'-particles. A second objective of the present work is to
investigate, how the size of y' particles affects CSR and tensile creep
results. Transmission electron microscopy (TEM) is used to evaluate the
deformation substructures which are associated with CSR and tensile
creep testing, and the observed deformation mechanisms are discussed
in the light of recent literature.
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2. Material and experiments
2.1. Alloy composition and heat treatments

The material investigated in the present work was an alloy of CMSX-
4 type, referred to as ERBO/1 [20]. Single crystals were received from
Doncasters Precision Casting, Bochum as cast rods (length: 160 mm,
diameter: 20 mm). The nominal chemical composition of the alloy is
given in Table 1.

The rods were subjected to a solution heat treatment consisting of 2 h
annealing at 1573 K, slow heating (1 K/min) to 1583 K, 6 h annealing at
1583 K followed by air cooling. To establish large (L), medium (M) and
small (S) y'-particle sizes, the solution annealing was followed by a dual
step precipitation heat treatment as outlined in Table 2. Temperatures
and times of the precipitation heat treatment were chosen based on
experimental and calculated volume fraction versus temperature data
published for CMSX4 [21-23]. y' volume fractions between 61 and 66%
were established.

2.2. Characterization of y’ volume fractions and particle sizes

Y volume fractions and particle sizes were investigated using a
scanning electron microscope (SEM) of type Leo Gemini 1530 VP from
Carl Zeiss AG. All SEM investigations were carried out on polished and
etched cross sections parallel to {100} planes. Good contrast between
the two phases was obtained after etching for 3 s in a solution of 40 ml
H50, 20 ml HCl (37%) and 10 ml H,O5. SEM results obtained for the
material states from Table 2 are shown in Fig. 1. Fig. 1a-d and g show
micrographs which were taken using secondary electron contrast.
y-particle sizes and y-channel widths were measured following a pro-
cedure which has been described previously [24,25]. Fast Fourier
transformation (FFT) results are presented next to SEM micrographs in
Fig. 1b—e and h.

y'-particle sizes d; and y-channel widths w; of SX materials, which
solidified in [001] direction, are obtained by averaging the dimensions
in [100] and [010] directions:

di[mﬂ] +di[0]0] Wi[lUO] +W,'[010]

d":f andwi:ﬁ 1

For each material state five micrographs (areas: 11.4 x 8.6 pm?)
were taken from dendritic regions. Between 864 and 4903 particles/
channels were evaluated. Histograms of size distributions for the three
material states are presented in Fig. 1c-f and i. Average values were
obtained as

B 1 <& - 1 &
d,:;;d,- and w; :;;W,‘ @

To quantify the microstructural scatter, the mean deviations from
these mean values Ad and AW were determined as

oo | o
Ad==-Y"[d—d|and Aw==> [w —w; 3
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Table 3 summarizes the results, listing the number n of particles
considered, the mean y'-sizes d and the mean deviations from these mean
values Ad, the average y-channel widths W and their corresponding AW
values. Finally, y' and y volume fractions f, and f, were obtained using
[26]
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Table 2

Three precipitation heat treatments following the post cast solution heat treat-
ment to establish large (L), medium (M) and small (S) y-particle sizes. 1st pre-
cipitation treatment: 1413 K followed by air cooling. 2nd precipitation
treatment: 1143 K followed by air cooling.

Material state 1st precipitation treatment/h 2nd precipitation treatment/h

L 10 16
M 4 16
S 0 16
7
W =———=andf,=1—f; (€]

The SEM micrographs in Fig. 1 together with the quantitative
metallographic data from Table 3 document that the three material
states differ in particle sizes and channel widths while exhibiting similar
volume fractions close to 66 % for material states L. and M and 61 % for
material state S. The scatter in the d; and w; values naturally affects the
precision of the measured volume fractions which, however, show little
scatter (<1%) when average results from different micrographs are
compared. The FFT results in Fig. 1b, e, and 1h provide insight into
differences in the overall particle shapes. For the S condition, there is
larger FFT intensity at angles deviating from <010> directions, which
indicates that the particles are less cuboidal and start to evolve towards
spherical shapes.

2.3. Constant strain rate (CSR) testing

The CSR tests were performed using an electromechanical test rig of
type Criterion Model C45.105 from MTS, equipped with a three-zone
resistance furnace which allows to reach temperatures up to 1273 K.
Precise specimen orientations were established using the iterative Laue/
spark erosion procedure documented by Wollgramm et al. [19]. The left
side of Fig. 2a shows the geometry of the CSR specimens and schemat-
ically illustrates how CSR specimens were mounted in the tensile test rig.
The three zones of the furnace were controlled with three
NiCr/Ni-thermocouples, which were in direct contact with the specimen
and also served as measurement thermocouples.

The temperatures measured with the three thermocouples differed
by not more than +1 K. During testing, loads were monitored using a 30
kN load cell. Strains up to 4% (displacements of 0.5 mm) were measured
using a high temperature extensometer, where the tips of two ceramic
rods were slightly pushed against the specimen (gauge length [;: 12
mm). Higher strains were recorded using the cross-head data calculated
for a gauge length of 17 mm. The CSR tensile specimens were heated to
test temperature under a preload of 150 N. Specimens were kept at this
temperature for 20 min prior to testing. CSR tensile tests were performed
imposing constant strain rates between 8.0.10 s !and 1.3.107% s,
Most tests were performed using an imposed strain rate of 3.3-10 * s~ 1.
Some experiments were interrupted after the yield stress Ryo.2 had been
reached, to study the elementary processes which govern the yield stress
anomaly. Others were deformed to higher strains, to study how well CSR
testing captures microstructural softening. Table 4 lists the CSR tests
which were performed in the present work.

2.4. Creep testing

Creep tests were performed following the procedure described by
Wollgramm et al. [19]. The creep tests are performed under constant

Table 1

Nominal chemical composition of ERBO/1.
Element/wt.-% Al Co Cr Hf Mo Re Ta Ti w Ni
Specification 5.45-5.75 9.3-10.0 6.4-6.6 0.07-0.12 0.5-0.7 2.8-3.1 6.3-6.7 0.9-1.1 6.2-6.6 Bal.
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Fig. 1. Micrographs and y'-particle size distributions for the three heat treatments given in Table 2. (a,b,c) Materials state L. (d,e,f) Material state M. (g,h,i) Material
state S. (a,d,g) SEM micrographs. (b,e,h) FFTs (providing insight into average particle shapes). (c,f,i) Histograms with d; size distributions.

Table 3
Quantitative metallographic data retrieved from SEM micrographs using Equa-
tions (1)-(4).

Material state n d/nm w/nm /%
L 864 548 + 182 81 + 26 66.1
M 1673 386 + 132 57 +£19 66.1
S 4903 235 + 64 42 + 14 61.1

load, where stresses moderately increase according to ¢ = o6¢- exp ¢
[12-16]. The left side of Fig. 2b shows the specimen geometry and il-
lustrates how the specimen was mounted. The specimens were heated up
to test temperatures in a furnace with three independently controlled
heating zones. The test temperatures were measured at the upper and
lower ends of the gauge sections of the specimens with two Pt10Rh/Pt
thermocouples (front thermocouple shown in light grey). Two ceramic
rod-in-tube extensometers were used to transfer displacements to two
linear vertical transducers outside the furnace. The displacement signal
for the calculation of true strains was taken as the average of these two
measurements. The specimens were heated under a small preload and

the creep test started after the target temperature was reached and
thermal equilibrium was established after about 2 h. Conventional creep
tests and temperature change experiments were performed as listed in
Table 5, where conventional creep tests (performed at a constant load
and temperature) are referred to as “monotonic” and temperature
change experiments are indicated as “T-change”.

2.5. Transmission electron microscopy (TEM)

Material states which were deformed to strains of 2 and 7.5% strain
in CSR and 1% strain in creep testing were investigated using a TEM of
type FEI Tecnai F20 and a probe corrected JEOL JEM-ARM200F NEO-
ARM both operating at 200 kV. The scanning TEM (STEM) diffraction
contrast imaging (DCI) was performed using a detector semi angle of
22-114 mrad on a Fischione high angle annular dark field (HAADF)
detector. The high-resolution STEM images (HRSTEM) were acquired
using an annular dark field (ADF) detector semi angle of 68-280 mrad.

The HRSTEM images were then filtered using Wiener filtering for
better contrast. For preparation of TEM samples, a 400 pm thick slice
was cut from the gauge length of the deformed specimens, which was
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Fig. 2. Schematic illustration of CSR and creep testing. (a) CSR specimen as
mounted during testing (left) and specimen geometry/crystallography (right).
(b) Flat creep specimen as mounted during testing (left) and specimen geom-
etry/crystallography (right). Thickness of specimen: 2 mm. All values are given
in mm.

Table 4
Overview of all CSR experiments performed in the present work with varying y’
particle size and different imposed strain rates.

Material state Number of tests Temperature/K Total strain rate/s "
L 1 1023 3.3107*
L 4 1073 3.310°*
L 1 1123 3.3.107*
L 1 1223 3.3107*
M 3 1023 3.310°*
M 5 1073 3.3.107*
M 2 1123 3.3107*
M 1 1223 8.0-107°
M 2 1223 3.3107*
M 1 1223 1.3.107°
S 2 1023 33107
S 3 1073 3.3107*
S 1 1123 3.3.107*
S 1 1223 3.3107*
Table 5

Overview of all creep tests in different stress/temperature regimes and varying
material state.

Material state Type - Number of tests Stress/MPa Temperature(s)/
K

L monotonic - 1 800 1023

L monotonic - 1 800 1073

L monotonic - 1 400 1223

L T-change - 1 700 1043, 1073,1113
M monotonic - 1 800 1023

M monotonic - 2 800 1073

M monotonic - 5 400, 420, 550, 680 1223

M T-change - 1 700 1043, 1073, 1113
S monotonic - 1 800 1023

S monotonic - 3 800 1073

S monotonic - 2 400 1223

S T-change - 1 700 1043, 1073, 1113

then ground to 100 pm using emery paper with mesh sizes increasing
from #1000 to #2400. Finally, the slices were electrochemically thin-
ned using a TenuPol-5 to obtain electron transparent thin foils. The
electrolyte consisted of 75 vol% CH3OH, 15 vol% C3HgO3 and 10 vol%
HClO4. Thinning was performed at 267 K using a voltage close to 13 V
and a flow rate of 16. Thin foils were taken perpendicular to the direc-
tion of the applied stress (foil normal: [001]) and 45° to the direction of
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the applied stress (foil normal: [011]). Details regarding the TEM
analysis have been described elsewhere [29,29-31,31,32].

3. Results
3.1. Constant strain rate (CSR) testing

Fig. 3 presents CSR tests results from the test temperatures of 1023,
1073 and 1223 K. The three columns in Fig. 3 represent the results
obtained for the three particle sizes as indicated. The three rows of Fig. 3
present results which were obtained for the three test temperatures.
Engineering yield stresses Ryo.2 and elastic moduli E, as determined from
the stress strain curves, are given in each figure. Fig. 3a (5/1023 K)
shows two curves: one has been interrupted after 2% strain and one was
taken through to rupture. Note that the scatter between the two exper-
iments is so small that it is difficult to differentiate between the two
curves. Fig. 3b (M/1023 K) shows the results of four experiments, two of
which were taken through to rupture. Note that while there is some
scatter, the measured engineering yield stresses of the two tests which
were deformed beyond the elastic regime are in good agreement. Fig. 3c
(L/1023 K) shows one test which was taken through to rupture. For all
tests performed at 1023 K, similar values of engineering yield stresses
are observed. For all three material states, work hardening after the
yield point starts with a smaller increases of stress with strain (first small
arrows) followed by a more intense strain hardening (second small ar-
rows) in Fig. 3 a,b and c. The rate of work hardening (slope of stress
strain curve) intensifies as the particle size increases from S to L. In
Fig. 3d (S/1073 K) two strain stress curves are shown, one interrupted
after 2% strain and one of a test which has been taken through to
rupture. A sharp maximum in the stress strain curves highlighted by a
vertical arrow pointing down suggests that there is a macroscopic yield
point, which is followed by a gradual decrease of stress with increasing
strain to a local stress minimum, from where the stress increases slightly
again. Fig. 3e (M/1073 K) presents three curves which also show this
yield point maximum followed by a gradual drop in stress.

For all three material states tested at 1073 K, clear yield points (small
downward arrows) are observed. Fig. 3d, e and f. The curves are
distinctly different from the curves obtained at 1023 K. The engineering
yield stress values differ for the three material states where the
maximum is obtained for the material state M and the minimum for
material state S. This represents a clear particle size effect on the yield
stress anomaly, which is observed at 1073 K, as discussed further below.
Fig. 3g, h, and i show the stress strain curves obtained for CSR testing at
1223 K. At this temperature, the engineering yield stress is significantly
lower than the values obtained at the lower temperatures. The curves for
all material states (S, M and L) show gradual softening after yield, and
there is little systematic difference between the three material states.

3.2. Creep testing

Creep experiments which were performed at stresses between 400
and 800 MPa and temperatures of 1023, 1073 and 1223 K are presented
in Fig. 4. There only is a small scatter between two experiments per-
formed under the same creep conditions (see two sets of S-data in Fig. 4c
and d). In Fig. 4 creep data are presented as conventional strain vs. time
plots in Fig. 4a—c and e and as log-linear plots of strain rate vs. strain in
Fig. 4b-d and f. Fig. 4a-d shows the creep curve shapes which are
characteristic for the low temperature high stress creep regime. Typical
features of this creep regime are large on-load strain intervals and two
creep rate minima [19,27,28]. Fig. 4e and f shows creep curves which
are typically observed in the high temperature and low stress creep
regime (e.g. T > 1173 K, 6 < 500 MPa) [19,29,30]. At 1023 K and 800
MPa, material state S exhibits the highest creep rates and the shortest
rupture times. The lowest deformation rates are observed for material
state M. Material state L deforms a little faster than material state M.
This clearly holds for the deformation rates at the global minima at
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Fig. 3. Stress-strain-curves from CSR tests at: (a,b,c) 1023 K. (d,e,f) 1073 K. (g,h,i) 1223 K. Material state: S (a,d,g), M (b,e,h) and L (c,f,i).

strains between 5 and 6%, Fig. 4b. At 1073 K and 800 MPa, only material
state S shows a pronounced and reproducible (two experiments were
performed) on-load straining, Fig. 4c and d. The material states M and L
no longer exhibit this fast accumulation of strains in the very early stages
of creep. The creep rates of all three material states observed at the
global minima, which are reached after 2.5% for material states M and L
and after 9% for material state S are similar. The 1223 K/400 MPa creep
data from the high temperature low stress regime show creep curves
with easily distinguishable primary, secondary and tertiary creep re-
gimes. The creep rates observed for the three material states in the early
creep stages are similar. In the early stages of creep, no differences be-
tween the three material states can be detected. Material state S shows
the shortest rupture time, followed by material states L and M: t§l >tk >
t3. Minimum creep rates also slightly differ: &, < & <&, .

min
3.3. CSR vs. creep in the low temperature high stress regime

In Fig. 5 we compare the temperature dependence of superalloy
strength as observed in CSR for material states S, M, L, and in creep
testing for material state M. Fig. 5a shows the temperature dependence
of the apparent yield stress, Ryo.2 = f(T) observed for an imposed strain
rate €pposep Of 3.3.10 4571 (test durations: 10-30 min). As outlined in
Table 4, some of the tests were repeated between two and five times. For
these tests, the results shown in Fig. 5a represent the mean yield stress
values together with the mean deviations from these mean values as
error bars. Tests which were not repeated appear as single data points.

As was shown in Fig. 3, the deviations in R, for one test condition
were always small. It can be clearly seen that starting at 1023 K the
engineering yield stress Ry increases, reaches a local maximum at
1073 K, and then decreases. This represents clear experimental evidence
for the presence of a yield stress anomaly (YSA). Below the YSA peak

temperature, the yield stresses obtained for different particle sizes do not
differ strongly. However, as mentioned above in relation to Fig. 3a, b,
and c, the proportional limit appears to decrease between materials
states, S to M to L, while the work hardening rates increase in that order.
Consequently, the Ry remains approximately invariant for the three
materials states. Likewise, at temperatures well above the YSA peak
temperature, Ry 2 values obtained for different particle sizes are similar.

At the temperature of the YSA maximum, there is a clear effect of
particle size on the maximum stress. It is found that the material with the
medium particle size (material state M) shows the highest peak stress.
Increasing the particle size (material state L) results in a decrease of peak
stress as compared to the material state M. The material S with the
smallest particle size exhibits the lowest strength at the YSA peak tem-
perature. Under CSR testing conditions, the superalloy exhibits a
strength maximum at 1073 K. Under creep loading conditions in the YSA
temperature range, this is not the case. Fig. 5b shows the temperature
dependence of creep rates obtained in a temperature change experi-
ment, described in detail by Biirger et al. [31]. The test was performed at
a constant stress of 700 MPa. As shown in Fig. 5b, the temperature
change tests started at 1043 K, where the specimen was deformed to 2%
so that the secondary creep rate was reached. Then the temperature was
increased in two steps, first from 1043 K to 1073 K and then from 1073 K
to 1103 K, Fig. 5b. After both temperature changes the creep loading
condition was maintained within a strain interval of 1%. As can be seen
in Fig. 5b, new secondary creep rates were established after short normal
creep rate transients (<0.2%). Here the creep rates increase with
increasing temperature. This shows that under creep conditions, at
deformation rates between 108 and 107 % s~1 (test durations: 10-30 h),
the strength of superalloys decreases with increasing temperature.
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Fig. 4. Creep results of the material states S, M and L in different stress/temperature regimes. Data are shown as strain vs. time (a, c, e) and logarithmic strain rate vs.
strain (b, d, f). (a) and (b) 1023 K and 800 MPa. (c) and (d) 1073 K and 800 MPa. (e) and (f) 1223 K and 400 MPa.
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3.4. CSR vs. creep results in the high temperature low stress regime

CSR and creep data from the high temperature (1223 K) and low
stress regime are presented in Fig. 6. Fig. 6a shows three stress strain
curves of CSR experiments performed at imposed strain rates of 8.0-10~>
(interrupted at 4.5%), 3.3.10°% (taken through to rupture) and 1.3.1073
s~! (interrupted at 4.5%) In Fig. 6b, creep curves obtained from exper-
iments performed between 420 and 680 MPa are presented as log-linear
plots of strain rate vs. strain. The corresponding minimum creep rates
are 1.3-1077, 2.0-107% and 2.0-107° s~ L. These results will be discussed
later, Fig. 11.

3.5. Microstructure after CSR testing

TEM results from CSR experiments are presented in Fig. 7, with re-
sults for the material states with the lowest and highest peak stress at
1073 K (material states S and M). Fig. 7a and b shows microstructures
which evolved at 1023 K, below the YSA peak. In Fig. 7a, after 2% strain,
there are numerous short dislocation segments present within the y'
precipitates. Some of these have been highlighted by white arrows in a
magnified inset in the upper right. Fig. 7b documents the microstructure
after failing at about 7.5 % strain. The microstructure contains a higher
density of short dislocation segments in the y'-particles (inset), several
dislocation dipoles, and less frequently observed small dislocation loops.
Fig. 7c and d document the evolution of the microstructure at 1073 K,
where the stress maximum associated with YSA is observed. The two
experiments with material states S and M were interrupted at 2%.
Additional diffraction contrast imaging using multiple, strong-beam
conditions (not shown here for brevity) were used to identify Burgers
vectors for these short dislocation segments that are traversing through
the thin foil at large angles relative to the [001] foil normal. The results
indicate that these short y' dislocation segments have Burgers’ vectors
along [101] and [01-1] directions. Tilting experiments showed that they
have predominantly screw character. Thus, these are consistent with
Kear-Wilsdorf locks (KW locks) [32]. These small segments are also
observed in the material state M, Fig. 7d. Fig. 7e shows a weak beam
dark field (WBDF) image of such a small segment from material state M.
The micrograph was taken using a g/3g contrast condition (g = (200))
after tilting the foil about 32° towards the [011] pole, which reveals that
the small segment consists of two dislocations, Fig. 7e. When viewed
near the [001] zone axis, these short segments would appear as singular
lines, Fig. 7f. The projection of a [101] vector for respective tilt angles,
under which WBDF images were recorded, is given as white arrows in
Fig. 7e and f. The WBDF image in Fig. 7e confirms the presence of
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KW-locks comprised of two %<101> dislocations that are dissociated
largely on a cube plane. Using positive/negative g-vector conditions,
one can exclude the possibility that these short segments exhibit dipole
character. While clear dipole configurations were observed, the most
prominent feature within the y-particles are a<101> dislocations in KW
lock configurations. Note that these same short, straight segments in
identical configurations are observed at 1023 K. Thus, the features
highlighted by the white arrows in Fig. 7a and b also represent
KW-locks.

At 1073 K, in addition to the presence of KW-locks, stacking faults
extend across y-particles in material states S and M, Fig. 7c and d. This
represents the most obvious distinction between deformation activity at
this temperature and at 1023 K. Fig. 8a represents an attempt to quantify
the number of KW locks per sample area. After deformation at 1023 K
there is an increase by almost a factor of 5 in KW-lock density as strains
increase from 2% to 7.5%, a significant change that correlates with the
large strain hardening seen at this temperature (Fig. 3a—c).

It is noted that the distribution of defects in the 2%/,/1023 K micro-
structure is inhomogeneous with areas in which the y' particles do not
contain any defects, and areas with high defect content such as the re-
gion shown in Fig. 7a. For material state S after 7.5 % strain at 1023 K, a
more homogeneous distribution of defects throughout the microstruc-
ture is observed. Therefore, care has been taken when reporting defect
area densities in this inhomogeneous microstructure and averaged
values are reported in Fig. 8a. The number density of KW locks after 2%
strain shows a slight increase when the test temperature is increased
from 1023 to 1073 K. In Fig. 8b, the number ratio of KW locks and
stacking faults (SF) to total number of defects (SF + KW) for material
states S and M at 1073 K is reported. The share of stacking faults and KW
locks are similar for the material state S at peak temperature. But, for
material state M, there are more KW locks in the y-particles than
stacking faults, Fig. 8b. The increase in the KW lock population for
material state M is consistent with the higher maximum stress for this
microstructure, as shown in Fig. 5a. The presence of KW locks remains
important for both microstructures, but stacking fault shearing is also
clearly important at the temperature of the YSA maximum and corre-
lates with a dramatic change from hardening (at 1023 K) to softening (at
1073 K). At 1223 K, well beyond the temperature of the YSA, much more
dislocation line length is present in the y-particles, with dislocations
taking on more curved configurations, Fig. 7g and h. Since the foil
orientation for these images is [001], curved configurations indicate
extensive movement of dislocations on octahedral planes. In addition to
dislocation content, the y-particles also contain stacking faults.

10%
(b) 680 MPa
4
1073 550 MPa
10
% 420 MPa
o
109
7
10 1223 K: M
103 T T T T T
000 005 010 015 020 025
el-

Fig. 6. Characteristic stresses and strain rates from creep and CSR experiments at 1223 K imposed/recorded for material state M. (a) Stress strain curves from CSR
tests performed at strain rates of 8.0-107°,3.3.10 % and 1.3-10 3 s~! (Table 4). (b) Plot of strain rates vs. strain from creep tests performed at 420, 550 and 680 MPa
(Table 5). This data is represented in a Norton plot below in Fig. 11 and compared with low stress creep data.
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Fig. 7. STEM-DCI results obtained after constant strain rate testing at 3.3-10~*
s~ The test temperature and strain condition for each image is indicated on
the figures. (a,b) Material state S at 1023 K after 2 and 7.5% strain). (c,d)
Material states S and M at 1073 K after 2% strain. (e,f) KW-lock imaged in weak
beam dark field mode, material state M at 1073 K. (g/3g) taken close to [011]
and [001] poles, respectively. (foil normal: [001]). (g,f) Material states S and M
at 1223 K.

3.6. Microstructure after creep testing

Fig. 9 shows STEM micrographs which were obtained from creep
specimens after 1% deformation. The micrograph in Fig. 9a shows the
material state S which was interrupted during on-load straining after
creep at 1073 K and 800 MPa. A group of well aligned planar faults
extend diagonally across the image in orthogonal orientations.

These diagonal configurations indicate that, due to the precise [001]
orientation of the samples and the corresponding orientation of the
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tensile loading axis, high temperature plasticity proceeds by multiple
slip. A distribution of slip events between all four glide planes in the
horizontal y-channels and in the y'-particles minimizes the global sample
rotation in the early stages of creep. In fact, no macroscopic specimen
rotation was detected. Fig. 9b shows the material state M deformed at
1073 K and 800 MPa. It contains planar faults which are not aligned as
those seen in material state S exposed to the same creep conditions.
There appears to be a distinct absence of superdislocations in the
y-phase at this temperature. In the high temperature low stress creep
regime (1223 K, 400 MPa) no planar faults form, Fig. 9c and d. In the
case of material state M two y-particles are highlighted with a white
circle, where one can clearly see that two dislocations from the y-phase
jointly shear the y-phase where they form a superdislocation.
Comparing Fig. 9c and d, fewer dislocations and faults in the y’-phase are
observed when particles are smaller. Either cutting is less frequent when
particles are smaller or superdislocations are not trapped in the y' phase
because they can reach the other y/y' interface more rapidly. The pres-
ence of extended faulted structures, which is most apparent in Fig. 9a for
material state S, could indicate the activity of microtwinning as has been
observed in high stress, intermediate temperature creep of superalloys
[33-36]. High resolution images using an HAADF detector along a [110]
zone axis are shown in Fig. 10. In this condition, two sets of active {111}
planes are seen in edge-on configurations, such that twins on these glide
planes can be assessed directly. Examination of multiple regions indicate
that stacking faults are observed in the y' precipitates of both intrinsic
(Fig. 10b) and extrinsic (Fig. 10c) type. The presence of both fault fea-
tures suggests the activity of stacking-fault ribbons, as previously re-
ported for [001] tensile conditions by Rae and Reed [27] and others. No
multilayer fault structures consistent with microtwinning was observed.

4. Discussion
4.1. Yield stress anomaly (YSA)

In agreement with what has been reported in the literature [5,
37-40], single crystal Ni-base superalloys show a remarkable charac-
teristic: yield stresses increase with increasing temperature, with a yield
stress maximum above 1000 MPa at 1073 K. Superalloys inherit this
property from their major constituent, the ordered y-phase. This
behavior of ordered intermetallic phases has been attributed to the cross
slip of dislocations from octahedral to cube planes, resulting in the
formation of sessile dislocation configurations (KW locks), which rely on
thermally activated processes [5,32,41-43]. Indeed, KW locks are
observed to be present below and at the YSA peak, Fig. 7 c-e, and Fig. 8b.
However, the present work also indicates that stacking fault shearing of
Y commences at 1073 K, the temperature of the YSA maximum stress
peak. Stacking faults, on the other hand, are not observed below the
peak at 1023 K. These observations therefore indicate that the yield
strength anomaly in superalloys may result from an interplay between
APB-coupled dislocation glide and stacking fault shearing. The former
involves the configuration of identical 2<101> channel dislocations,
enabling them to cooperatively enter the y' particles. Glide of a<101>
APB coupled dislocations on {111} planes can occur athermally, while
KW lock formation by cross-glide onto {001} planes requires thermal
activation. The formation of stacking faults within the y’ particles is
attributed to the configuration of dissimilar 4<101> channel disloca-
tions, forming a leading 1/3<112> partial dislocation, which then can
enter the particle, leaving behind an SISF. Previous detailed analysis of
the 1/3<112> leading partials in crept material structures [44-47]
indicate that its glide requires significant thermal activation due to local
atomic reordering to eliminate wrong nearest-neighbor bonds, and
segregation of Co and Cr which is commonly reported after deformation
at intermediate temperature.

A hypothesis to explain the yield strength anomaly in this superalloy
is the following: Below the YSA peak, APB shearing of coupled <101>
dislocations occurs, as indicated by the presence of KW locks. Note that
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Fig. 8. (a) Number of Kear Wilsdorf locks per area in the material state S after CSR testing at 1023 and 1073 K. (b) Share of superlattice stacking faults and Kear
Wilsdorf locks. Here the number ratio of SF and KW faults to total number of defects in the y-particles is reported for materials state S and M at 1073 K.

Fig. 9. STEM-DCI micrographs taken after 1% plastic strain of creep testing. (a)
and (b): 1073 K, (c) and (d) 1223 K. (a) and (c) Material state S (small parti-
cles). (b) and (d) Material state M (medium particle size).

at this temperature, strong work hardening is also observed, and TEM
analysis indicates that the density of KW locks increases with increasing
strain, Fig. 8a. At the peak temperature, KW locks continue to form,
potentially more frequently leading to the increased yield strength.
However, at this temperature, there is sufficiently rapid diffusion to
enable climb and re-configuration of dissimilar 2<110> dislocations, as
well as reordering and Co/Cr segregation, such that 1/3<112> partials
can successfully enter and shear the y' particles. This hypothesis is
further supported by the fact that no stacking faults were observed at
1023 K, even in the specimen deformed to 7.5%. As stacking fault
shearing becomes possible, /2<101> channel dislocations are consumed
by this more rate-dependent process, and fewer channel dislocations are
available to undergo APB coupled shearing. It is also noted that instead
of strong work hardening as seen below the peak at 1023 K, a yield point
followed by flow softening is found consistently on the flow curves for
CSR tests at 1073 K, Fig. 3 d to f. The presence of gradual softening after
a yield plateau has been also reported by Wang-Koh and coworkers [48]
in single crystal CMSX-4 deformed in tension at 1023 K. The yield
plateau is attributed by these authors to the initial activation of APB

coupled shearing at small strain by the operation of a single /2<110>
slip system. In their study, a single slip system is initially activated since
the tensile axis of single crystals is approximately 5° away from precise
[001] alignment. The yield plateau persists for several percent plastic
strain, and then gives way to a softening response, which is attributed to
the onset of stacking-fault shearing based on direct TEM investigation of
samples interrupted at various strain levels through this transition.
These authors [48] also suppose that stacking fault shearing is more
strongly time-dependent and diffusion-mediated than is APB-coupled
shearing of similar }2<101> dislocations. Following similar reasoning,
the distinctive, sharp yield point (YSA stress maximum) observed in the
present work is attributed to the fact that the single crystal samples are
precisely aligned along [001] such that multiple slip systems of /2<101>
dislocations are activated in the y channels from the onset of plastic
deformation. Consequently, the reaction of dissimilar »<101> dislo-
cations can occur immediately at small plastic strains, near the yield
point, and enable diffusion-mediated stacking fault shearing to
commence. A summary of the observed mechanisms operative in the y’
particles below and at the YSA peak is given in Table 6. This Table also
includes observed mechanisms at higher temperature for CSR and under
selected creep conditions.

4.2. CSR vs. creep in different stress/temperature regimes

In the previous section we discussed dislocation mechanisms which
rationalize YSA of Ni-base superalloys at temperatures below 1073 K. In
this temperature regime (1023 K < T < 1073 K), the yield stress in-
creases with increasing temperature, Fig. 5a. In contrast, in this same
temperature regime, the creep response exhibits no anomaly in strength,
as shown in Fig. 5b. As summarized in Table 6, under creep conditions,
stacking fault shearing is observed predominantly at 1073 K, while no
KW locks are found. This evidence further supports the connection be-
tween KW lock formation and the YSA observed under CSR conditions.
Thus, under the lower strain rate conditions in the creep tests, the
diffusion-mediated stacking fault shearing process appears to dominate,
with some evidence for superdislocation shearing also observed (for
material state M). At higher temperature (1273 K), stacking faults are no
longer observed and diffusion-controlled climb processes play a central
role, with superdislocation shearing of y° dominating. These mecha-
nisms have been described extensively in the literature [29-49].

An even broader view of the high temperature plasticity (creep and
CSR) response over 8 orders of magnitude in strain rate is shown in
Fig. 11 at 1223 K, which includes minimum creep rate data in the low
stress range previously published for the same alloy [50]. The pre-
dominant shearing process observed in the y' particles at these condi-
tions are also indicated in Fig. 11. Several features are notable. (1) The
strain rate/stress data pairs from CSR tests and creep tests can be rep-
resented by a continuous curve, suggesting that there is some continuity
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Fig. 10. Stacking faults in deformed microstructure after creep at 1073 K and 800 MPa (lower mag overview micrograph in Fig. 9a, particle size: S, foil normal
[011]). (a) ADF-STEM image shows the stacking faults along two (111) planes. Filtered HRSTEM images in (b) and (c) document presence of both superlattice

intrinsic (SISF) and extrinsic (SESF) stacking faults, respectively.

Table 6

Compilation of the observed deformation mechanisms pertinent to y’ phase in
the present study. KW: Kear-Wilsdorf locks. SF: stacking fault shearing. SD:
Superdislocation Y particle shearing. The predominant mechanism for a given
condition is boldfaced. These assessments are based on samples arrested at small
strain levels (approx. 2%).

Y particle size CSR Creep
S M S M
Low Temp. (1023 K) KwW - - -
Peak Temp. (1073 K) KW + SF KW + SF SF SF + SD
High Temp. (1223 K) SF + SD SF + SD - SD
o/ MPa
100 200 400 600 1000
2 1 1 1 1
-3 O Creep, low stress, [50]
-4+ o Creep, high stress : : A\ 16
54 A CSR :
= :
»n -6 : :
7] 0
g -8 ;
94 : :
0] 5g 5 1223 K; M
14 :
-12 T T T — T : T
20 2.2 2.4 2.6 2.8 3.0
log (¢ / MPa)
SD 'SF+SD ISF+SD

Fig. 11. A Norton plot showing stress/strain-rate data from low and high stress
creep and CSR tests at 1223 K. Results from current study are shown, along with
data from a previous work [50]. The predominant mechanisms in the y' parti-
cles are also indicated, SD is for superdislocation shearing and SF is for stacking
fault shearing.

10

of mechanisms regardless of the deformation mode, and that CSR and
creep tests for similar conditions can be expected to yield similar me-
chanical behavior. The stress exponent n is a useful technological
parameter to describe stress dependencies of secondary creep rates in a
limited stress range [19,51,52]. (2) Indeed, the same two y' shearing
processes associated with stacking faults and superdislocations are
operative over this broad range of conditions from 400 to 900 MPa (3)
Nevertheless, extrapolating from CSR to creep conditions using a simple
Norton plot will likely lead to systematic overprediction of creep
strength. (4) There is a distinct decrease in the stress exponent with
decreasing stress/strain rate, with a value of about 6 for the lowest
stresses/strain rates. (5) The change in stress exponent at the lowest
stress range correlates with a transition from SD + SF dominating at
higher strain rate to superdislocations dominating y’ shearing at low
strain rates.

Thus, there appears to be a linkage between transitions in CSR/creep
behavior and transitions in the y’ shearing processes. These correlations
which required extensive TEM level investigation, can help guide
further modeling of the overall creep response. It should be noted that y'
shearing processes must be closely linked with deformation processes
that are occurring in the y channels. This point has been made numerous
times [e.g. 5,28,29,31, 51, 54-58], and is additionally supported in the
present work. That y' shearing is not the only rate limiting process in
creep/CSR conditions is further emphasized by the fact that the shearing
by superdislocations or stacking faults are both supposed to be diffusion
controlled, and thus only weakly dependent on stress [30,54-58]. That
the actual stress exponents are large, and increase with stress/strain
rate, indicates that further model development is needed to include
climb and plasticity events in the y channels, coupled with y’ shearing
mechanisms, in order to develop a comprehensive deformation model
for a broad range of conditions.

4.3. Effect of particle size on yield stress maxima in CSR tests

There is general agreement on the fact that the size of y-particles
affects high temperature strength. However, in the case of single crystal
superalloys, different results have been reported, Fig. 12. Our results on
ERBO/1 clearly show that at a constant volume fraction, an intermediate
particle size (material state M) results in the highest maximum yield
stress. It is difficult to comment on the results of other authors, where
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Fig. 12. Dependence of the apparent yield stress peak measured in high temperature CSR tests on particle size. (a) Results from the present work (f,.: 66%) and from
Sengupta et al. [38] (f,: 70%). (b) Results reported by Shah et al. [37] (f,: not reported) and Sun et al. [39] (f,: 68 and 70%).

information on precise specimen orientations and particle volume
fractions is missing or incomplete [37-39]. As one would expect, results
differ in different temperature/stress regimes and for different alloys.
While our results presented in Fig. 12a clearly show that there is a YSA
stress maximum for the medium particle size, other researchers have not
observed a maximum and report decreasing or increasing [38,39] yield
strength values with increasing particle size, Fig. 12a and b.

With the aid of Fig. 13 the particle size dependence of the yield stress
peak at 1073 K is now discussed. At a constant volume fraction of 66%,
the dependence of the average channel width w on average particle size
d is given by:

w=1/d*/0.66 —d

Fig. 13a shows this dependence together with the experimental
values (mean values and scatter bands) which were determined in the
present work. It is clear that y-channels widen when y-particle sizes
increase at constant volume fraction. Particle strengthening of alloys
with coherent ordered particles has received considerable attention in
the literature, where mostly small and widely spaced particles were
considered in between which dislocations bow out [59,60]. SXs have
high-volume fraction of particles where dislocations squeeze into nar-
row y-channels. The accumulation of plastic strain relies on two coupled
processes: Dislocation plasticity in the y-channels and cutting of
y-particles. It seems reasonable to assume that dislocation plasticity in
the y-channels is promoted when y-channels widen, i.e. when particle
sizes increase at a constant volume fraction, Fig. 13a. By this reasoning,
for material state L, there should be the greatest opportunity for matrix
dislocations to enter and configure themselves at the y/y interface, and
then shear the ¥/, either by coupled APB shearing or stacking fault for-
mation. Thus, in materials state L, the necessary precursor to shearing
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(channel activity) is easiest relative to the other two material states.

Conversely, material state S has narrow channels; however, it can be
argued that dislocations which are still present at the interface can enter
and shear the smaller y' particles more easily since the is particles are
more rounded than those in states M and L, which are more cuboidal in
shape. The importance of y' particle curvature in determining the ease of
dislocation entry has been quantitatively explored by Zhou et al. [58]
using phase filed calculations. They find that particles with small radius
of curvature (i.e. the curved interfaces of state S, as evidenced in the
FFTs of Fig. 1) should be more easily sheared due to local line tension
effects. Finally, by these arguments, material state M is strongest
because it has the optimum combination of y-size (particles are not
small enough to be easily cut) and y-channel width (channel dislocation
activity not too strongly promoted). An additional trend noted earlier is
that the rate of work hardening at 1023 K (below the YSA peak) depends
on material state, with the rate of hardening increasing from S to M to L,
as shown in Fig. 3a—c. The dramatic hardening at this temperature is
attributed KW lock formation. These results imply that the rate of KW
lock formation could be dependent upon the size of the y' particles, with
more frequent locking occurring in larger particles. This hypothesis
seems reasonable considering that the probability of initiating a
cross-slip event from {111} to {001}, and beginning the KW lock for-
mation process, should scale with the length of the APB-coupled dislo-
cation aligned along screw orientation in the y' particle.

Two microstructural findings require further discussion. At 1223 K
the material state S shows very few planar faults following CSR testing
(this result is not shown for brevity). We suggest that in this case,
diffusion-controlled climb of dislocations out of y-channels is dominant
and y'-phase cutting is not required for dynamic recovery. In a first order
approximation we can estimate the diffusion distance x associated with
the test time t, which in our case is 60 s (test is interrupted after 2% at an
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Fig. 13. Schematic illustrations for discussing Particle size dependency of the YSA maximum observed for ERBO/1 in Fig. 12a. (a) At a constant volume fraction of
61% (material state S) and 66% (material states M and L), channel widths w increase with increasing particle size d. (b) Climb distance x required to bypass particles
without cutting. Available time of high temperature exposure allows for overclimbing of small particles in material state S, the particles of material states M and L are

too large and must be cut.
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imposed strain rate of 3.3.10 s

x=2-vD-t (6)
In Equation (6), D represents an appropriate diffusion coefficient. Using
a value of 10716 m?/s (close to the value reported for the diffusion of Re
in pure Ni between 1173 and 1273 K [5]), we obtain a diffusion distance
of 159 nm. This value is shown as a horizontal line in Fig. 13b. The
maximum required climb distance plotted on the y-axis, is given by half
of the particle size, which is the maximum climb distance which a
dislocation has to overcome by climb in order to get out of a central
y-channel region between two y'-particles. This estimate is in line with a
scenario where 60 s are sufficient for diffusion-controlled climb of dis-
locations around particles in material state S. In material states M and L,
the diffusion distances cannot be overcome in this short time period, and
thus the more efficient shearing processes (in terms of
diffusion-mediated events [58]) associated with pair-wise cutting of
superdislocations is active instead.

4.4. Effect of particle size on minimum creep rates during creep testing

Results on the dependence of minimum creep rates on particle sizes
are presented in Fig. 14. The results of the present work are shown in
Fig. 14a. There is a clear creep rate minimum for the material state M at
creep temperatures of 1023 and 1073 K, full and half empty diamonds in
Fig. 14a. This minimum is no longer clearly detectable at 1223 K (empty
diamonds in Fig. 14a). At this temperature diffusion is faster. The creep
tests take significantly longer than the CSR tests mentioned above, and
dislocations have enough time to overcome the distances required for
the diffusion-controlled climb. Therefore, recovery processes associated
with shearing of y' particles are not predominantly activated, as evi-
denced by the STEM micrographs in Fig. 9c and d. This would explain
why at this temperature the influence of y' particle size on the minimum
creep rate is minimal. Even though at 1073 K the deformation

10°
(a) @ 1023 K / 800 MPa
© 1073 K/ 800 MPa
01223 K/ 400 MPa
-6
o 109
-E o\()/o
£
‘W
" \‘-/‘
resent work
10* . . ; pee
0 200 400 600 800 1000
particle size / nm
10°
(c) Nathal et al. 1987,
1273 K/ 124 MPa
MacKay et al. 1984,
" 1255 K/ 234 MPa
T 10 A Sunetal. 2014,
5 1373 K / 137 MPa
)
1074
10° : . ; ;
0 200 400 600 800 1000

particle size / nm

Materials Science & Engineering A 899 (2024) 146403

mechanisms which govern the material response to CSR and creep
loading differ (YSA vs. regular temperature dependence), particle sizes
show comparable effects. The material state M shows the highest me-
chanical resistance, in both, CSR testing (highest yield stress, Fig. 11a) as
well as in creep testing (lowest minimum creep rate, Fig. 4). Two groups
reported creep rate minima for intermediate particle sizes previously
[61,62] (Neumeier et al. [61] for volume fractions of 70%; Nathal et al.
[62] without mentioning volume fractions), Fig. 14b and c. Other re-
searchers, who have not documented their particle volume fractions,
report increasing [63] and decreasing [64,65] tendencies, Fig. 14c and
d. The best creep resistance of the material state M is again, like in CSR
testing, a consequence of the interaction of dislocation processes in the
y-channels and the cutting of y'-particles. In case of material state S,
particle cutting by planar faults is essentially absent after CSR (1223 K,
maximum yield stress: 700 MPa) and creep testing (1223 K, 400 MPa),
Figs. 7f and 10c. For material state M, cutting of y-particles is observed
at 1223 K. However, it occurs by planar fault cutting in CSR-testing,
while it proceeds by pairwise cutting of two individual dislocations
which move by a combined process of glide and climb, which has been
described in the literature for the high temperature low stress creep
regime [29,30,54-56]. Four of these cutting events are highlighted by a
white circle in Fig. 9d.

4.5. Onload straining

Onload straining, as shown in Fig. 4, has been observed previously
and has been discussed in the literature [27,53,66-71]. This effect is
intriguing, because the material reacts with a significant accumulation
of strain (e.g. 5%) in short time intervals (long enough to be recorded, e.
g. 1 h) before normal secondary and tertiary creep set in and rupture
occurs after much longer times (order of magnitude, i.e. 100 h). It was
reported that onload straining reacts to the particle size and the precise
orientation of specimens [27,53,66-71]. Rae et al. [27,66] have sug-
gested that onload straining is a high stress effect, which ceases when
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Fig. 14. Dependence of minimum creep rate on particle size reported by different authors. (a) Results from present work (f,-: 66%). (b) Results from Neumeier et al.
[61] (f,: 71% [Re] and 73% [ReRul). (c) Results from Nathal et al. [62] (£, : not reported), MacKay et al. [63] (f,: not reported), Sun et al. [64] (f,: not reported). (d)

Caron et al. [65] (f,: not reported).
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lower stresses are applied. In the present work, at 1023 K and 800 MPa,
all three material states show onload straining. In contrast, after a
temperature increase of 50 K, only material state S exhibits onload
straining, Fig. 4c and d. It is interesting to compare the TEM micrographs
shown in Fig. 9a (material state S, onload straining) and b (material state
M, no onload straining), which both show planar faults in the y-phase.
Fig. 9a (material state S) clearly shows that individual planar faults form
macroscopic bands. The planar faults in Fig. 9b (material state M) can
also be part of more than one particle, however no macroscopic bands
are observed. In our case (precisely oriented specimens), multiple slip
events govern deformation which does not lead to lattice rotations as
suggest by MacKay and Maier [68], Fig. 9a. The fact that onload
straining ceases for material states M and L, when increasing the tem-
perature from 1023 to 1073 K at a constant stress, is in line with a view
that an increase of temperature promotes a more homogeneous defor-
mation. Our CSR results show no sign of a sudden macroscopic strain
burst. This suggests that onload creep straining also requires time.

5. Summary and conclusions

In the present work, the Ni-base single crystal superalloy ERBO/1
(CMSX-4 type) was subjected to high temperature constant strain rate
(CSR) and constant load creep testing. Microstructures were analyzed
comprehensively using scanning electron microscopy for y volume
fractions, particle sizes and shapes, channel widths, and using scanning
transmission electron microscopy for analysis of dislocation and planar
fault structures. Experiments were performed at temperatures between
1023 and 1223 K. We use different heat treatments to establish three
material states, which exhibit similar y-volume fractions above 60% and
differ in the size of the cuboidal coherent y-particles. The three material
states exhibit average cube edge lengths of 235 (material state S), 386
(material state M) and 549 nm (material state L). From the results ob-
tained in the present study the following conclusions can be drawn.

(1) In CSR testing (imposed deformation rate: 3.3.10~* s7!) ERBO1
shows a yield stress anomaly (YSA), with a sharp stress maximum
at 1073 K (yield point behavior). While the strength observed in
CSR testing increases up to this temperature, this does not hold
for constant stress creep testing. When increasing the tempera-
ture from 1043 to 1103 K, secondary creep rates increase from
2:1078 t0 3-1077 s~ L. The difference in typical strain rates used in
CSR and creep testing is clearly of critical importance.

Direct TEM investigation confirms that different deformation
mechanisms operate in the two testing modes in the regime of the
YSA. In CSR testing, APB shearing of y' by superdislocations and
formation of KW locks, dominate below the YSA maximum, while
diffusion-mediated stacking fault shearing of y' commences at the
temperature of the YSA maximum. It is postulated that a higher
frequency of KW lock formation may indeed lead to the YSA, but
that the maximum and subsequent softening at higher tempera-
ture is due to the onset of time- and temperature-dependent
stacking fault shearing. In contrast, under creep conditions,
shearing by stacking faults is observed at similar temperatures
without any evidence for KW lock formation or superdislocations
within the y' particles.

(3) Athigher temperature (1223 K), above the YSA regime, the strain
rate/stress data pairs from CSR and creep tests can be rationalized
by a continuous curve on a Norton plot over 8 orders of magni-
tude is strain rate. Direct TEM investigation indicates a transition
in y shearing processes from superdislocation dominated
behavior at low strain rates, to a combination of superdislocation
and stacking fault shearing at higher strain rates (after both creep
and CSR testing).

The material state M shows the highest strengths, featuring the
highest yield stress maximum (CSR testing) and the lowest sec-
ondary creep rates (creep testing). It is hypothesized that material

(2

—

4
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state S is softer because small particles can be easily cut or by-
passed by climb (particles are not cut when deformed at 1223
K). Prior to planar fault cutting, dislocations need to enter
y-channels. This is easier for material state L than for material
state M. The material state M is strongest, because its particles are
large enough to make cutting difficult while channels are not yet
sufficiently wide for easy channel entering of dislocations. This
qualitative explanation of dependence of high temperature
strength on average particle size also holds for creep loading
conditions.

In the low temperature high stress creep regime, onload straining
is observed during creep testing, where in the very early stages of
creep, strains of the order of 5% accumulate in a short time in-
terval (order of magnitude: 1 h). Subsequently, creep seems to
proceed by normal secondary and tertiary creep (order of
magnitude of duration of creep test: 100 h). For material state S,
TEM micrographs show evidence for the activation of all four
glide systems with corresponding Schmid factors of 0.41. At
1023 K and 700 MPa, all three material states show onload
straining. In contrast, at 1073 K and 700 MPa, onload straining is
only observed for material state S. Further work is required to
fully explain the phenomenon of onload straining.

(5)
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