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a b s t r a c t 

Low temperature (1023 K) high stress (800 MPa) tensile creep behavior of the superalloy single crystal 

ERBO-1 (CMSX-4 type) is investigated. Three loading directions are compared: precise [001] and 15 °
deviations from [001] towards [111] and [011]. It is found that creep rates ˙ ε scale as ˙ ε [001] → [111] > ˙ ε [001] > 

˙ ε [001] → [011] already in the early stages of creep ( ε ≤ 1% ), where dislocation network formation and planar 

fault intersections cannot rationalize the observed rate effects. An analysis based on Peach-Köhler force 

calculations suggests, that fast creep rates are observed, when dislocations from two octahedral systems, 

which are required to react and form the leading part of a planar fault ribbon in the γ ’-phase, experience 

similar driving forces. Creep data, micromechanical calculations and TEM results are in good qualitative 

agreement. From a technological point of view, the results show that while 15 ° deviations from [001] 

towards [011] can be tolerated, deviations towards [111] must be avoided. 

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Ni-base superalloy single crystals (SXs) are used for blades in 

as turbines for aero engines and power plants [ 1 , 3 ]. The blades

re cast in a Bridgeman type of process, where the target direction 

or the longitudinal blade axis is < 100 > [ 1 , 3 ], a natural solidifica-

ion direction ( e.g. , [4] ). During high temperature service, centrifu- 

al forces cause creep, therefore there is need for < 100 > tensile 

reep data. However, the solidification process not always yields 

recisely < 100 > -oriented crystals and deviations up to 15 ° can 

ccur [2] . Creep anisotropy of SX is strongest in the low tempera- 

ure high stress regime, where dislocation and planar fault activity 

n specific microscopic slip systems governs strain accumulation. 

n the present work we study the effect of 15 ° deviations from 

recise < 100 > directions combining high-resolution creep testing 

ith micro mechanical analysis and analytical transmission elec- 

ron microscopy (TEM). We investigate a SX referred to as ERBO/1 

CMSX-4 type) which was creep deformed at 1023 K and 800 MPa. 

Precisely oriented miniature tensile creep samples were manu- 

actured as described in the literature [4–7] . In the present work, 

e focus on three uniaxial tensile creep directions illustrated in 

ig. 1 . Fig. 1 a shows the tensile directions in an orientation trian-

le. Two 15 ° deviations from the [001] loading axis (red point in 

ig. 1 ) are considered. The green point in Fig. 1 indicates a 15 ° de-

iation of the tensile loading axis from [001] towards [111], while 
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he blue point represents a deviation towards [011]. The 3D illus- 

rations in Fig. 1 b and c give a spatial impression of how the tested

pecimens were tilted out of the [001] crystallographic direction. 

1023 K and 750 MPa creep data are presented in Fig. 2 . Fig. 2 a

hows the tensile creep curves of the three experiments taken 

hrough to rupture in the conventional strain-time representation. 

n Fig. 2 b, we show the same data presented as creep rates vs. 

train in a log-linear-plot covering first 5% of deformation. Fig. 2 b 

lso contains the end points of three additional experiments (full 

ymbols), which were interrupted after 1% strain. While there is 

ome scatter, the data points of these interrupted tests are reason- 

bly close to the three curves recorded in the experiments taken 

hrough to rupture. 

Fig. 2 shows that the specimen with a 15 ° deviation towards 

111] (green data points in Fig. 2 ) deforms significantly faster than 

he one which was misoriented towards [011] (blue data points). 

he specimen oriented in a precise [001] direction yields deforma- 

ion rates which are in between (red data points). In SX technology 

aterial engineers must make allowances for deviations from pre- 

ise [001] deviations, and 15 ° deviations have been reported to 

ccur ( e.g. , [ 2 , 7 , 8 ]). 

As can be seen in Fig. 2 , 15 ° deviations of different crystallo- 

raphic nature can cause significantly different creep rates in the 

echnologically relevant low strain range < 2%. The results ob- 

ained in the present work clearly show that 15 ° deviations from 
c. This is an open access article under the CC BY license 
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Fig. 1. Three tensile creep directions considered in the present work. (a) Orientation triangle representation. (b, c) 3D projections showing 15 ° tilts towards (b) [111] and 

(c) [011] (For interpretation of the references to color in this figure, the reader is referred to the web version of this article). 

Fig. 2. Uniaxial tensile creep data for ERBO/1 (CMSX-4 type) recorded at 1023 K and 800 MPa. (a) Full creep curves presented as strain vs. time. (b) Creep data up to 5% 

presented as creep rate vs. strain in a log-linear-plot. The end points of three additional experiments are shown, which were interrupted after 1% strain (For interpretation 

of the references to color in this figure, the reader is referred to the web version of this article). 
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argeted [001] directions towards [111] show the highest creep 

ate. 

From a fundamental point of view, a link exists between dis- 

ocation glide and climb processes and creep. Therefore, an effort 

as made to calculate the Peach-Köhler glide and climb forces (PK 

orces) normalized by the applied stress of 800 MPa and the mag- 

itude of the Burgers vector b = 2.49 • 10 −10 m, which control 

islocation mobility in the three cases considered. We focus on lo- 

ations in the middle of the γ -channels and in the center of γ ’- 

articles [8] . The superposition of the applied stress σ a and the 

isfit stress σ m 

is considered while, in a first order approxima- 

ion, the interactions with stress fields of other dislocations are 

eglected. Based on these stress states, PK forces F acting on dis- 

ocations with line segment directions ξ and Burgers vector b are 

efined as [ 8 , 9 ]. 

 = b · ( σa + σm 

) × ξ (1) 

The PK glide and climb forces, F g and F c , are obtained as 

 g = ( F · ξg ) ξg and F c = ( F · ξc ) ξc (2) 

here ξg and ξc represent unit vectors in the glide and climb di- 

ections, respectively. Calculations were performed for the twelve 

ctahedral microscopic crystallographic slip systems in the γ - 

hannels (Numbered 1–12 in Table 1 ) and for the < 112 > {111}

lanar fault systems [ 2 , 7 ] in the γ ’-phase (numbered 13–24 in

able 1 ). 

The resulting PK glide and climb force components were cal- 

ulated for the three type of tensile loading conditions and the 
2 
hree types of γ -channels (characterized by their normal directions 

0 01], [10 0] and [010]). All data are presented in Tables S1–S3 of 

he supplementary material. 

The results summarized in Table S1 (supplementary material) 

ndicate that [001] tensile loading results in an equal activation of 

 octahedral slip systems. Out of the full data set presented in S1, 

nly dislocation systems 2 and 3 (reacting dislocation families) and 

he planar fault system 15 (containing a reaction product of the 

ystems 2 and 3) are presented in the upper part of Table 2 (first

ata triple in Table 2 ). There are other symmetry related triples, 

hich fulfill the same condition (see Table S1, supplementary ma- 

erial). 

It is easy to imagine that equal activation of four planar fault 

ystems 15, 18, 21 and 24 results in strain hardening, and it seems 

easonable to assume that this is why the high symmetry [001] 

ystem shows lower creep rates at higher strains, see Fig. 2 b. This 

s in line with what has been proposed by Yu et al. [10] . 

A deviation of 15 ° from [001] towards [111] results in the 

astest creep rate, Fig. 2 b. Here the second triple of data lines 

hown in Table 2 indicates that the two dislocation families, which 

re required for the reaction outlined by Eq. (3 ), have equally high 

esolved shear stresses and the resolved shear stress which pro- 

otes planar fault glide activity is highest. In contrast, in the case 

here the loading direction deviates by 15 ° from [001] towards 

011], one of the reaction partners is strongly activated while the 

ther sees a considerably lower driving force (third data triple in 

able 2 ). This creep loading direction results in the lowest creep 

ates, Fig. 2 b. 
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Table 1 

Twelve microscopic crystallographic octahedral dislocation glide systems (1–12) and twelve 

planar fault glide systems (13–24). 

Octahedral < 110 > {111} slip systems Planar fault < 112 > {111} slip systems 

Slip system no. Plane Burgers vector Slip system no. Plane Burgers vector 

1 (111) [ ̄1 10] 13 (111) [ ̄2 11] 

2 (111) [ ̄1 01] 14 (111) [1 ̄2 1] 

3 (111) [0 ̄1 1] 15 (111) [ ̄1 ̄1 2] 

4 ( ̄1 11) [110] 16 ( ̄1 11) [211] 

5 ( ̄1 11) [101] 17 ( ̄1 11) [ ̄1 ̄2 1] 

6 ( ̄1 11) [0 ̄1 1] 18 ( ̄1 11) [1 ̄1 2] 

7 (1 ̄1 1) [110] 19 (1 ̄1 1) [ ̄2 ̄1 1] 

8 (1 ̄1 1) [ ̄1 01] 20 (1 ̄1 1) [121] 

9 (1 ̄1 1) [011] 21 (1 ̄1 1) [ ̄1 12] 

10 (11 ̄1 ) [1 ̄1 0] 22 (11 ̄1 ) [ ̄2 1 ̄1 ] 

11 (11 ̄1 ) [ ̄1 0 ̄1 ] 23 (11 ̄1 ) [1 ̄2 ̄1 ] 

12 (11 ̄1 ) [0 ̄1 ̄1 ] 24 (11 ̄1 ) [ ̄1 ̄1 ̄2 ] 

Table 2 

Normalized Peach-Köhler force glide and climb components calculated for the three loading conditions considered. 

Channels are characterized by the directions, which are normal to the extension of the channel. 

Channel [001] Channel [100] Channel [010] 

Slip system no. Line seg. F g F c Line seg. F g F c Line seg. F g F c 

Precise [001] tensile loading orientation-slow (intermediate) creep rate 

2 [ ̄1 10] 0.633 - 0.462 [0 ̄1 1] 0.184 0.173 [10 ̄1 ] 0.408 0.289 

3 [ ̄1 10] 0.633 - 0.462 [0 ̄1 1] 0.408 0.289 [10 ̄1 ] 0.184 0.173 

15 [ ̄1 10] 0.471 - 0.717 [0 ̄1 1] 0.471 0.358 [10 ̄1 ] 0.471 0.358 

15 ° deviation from [001] towards [111]-fastest creep rate 

2 [ ̄1 10] 0.650 - 0.238 [0 ̄1 1] 0.201 0.061 [10 ̄1 ] 0.426 0.177 

3 [ ̄1 10] 0.650 - 0.238 [0 ̄1 1] 0.426 0.177 [10 ̄1 ] 0.201 0.061 

15 [ ̄1 10] 0.492 - 0.459 [0 ̄1 1] 0.492 0.229 [10 ̄1 ] 0.492 0.229 

15 ° deviation from [001] towards [011] – slowest creep rate 

2 [ ̄1 10] 0.707 - 0.351 [0 ̄1 1] 0.258 0.226 [10 ̄1 ] 0.483 0.125 

3 [ ̄1 10] 0.578 - 0.226 [0 ̄1 1] 0.354 0.250 [10 ̄1 ] 0.129 -0.024 

15 [ ̄1 10] 0.483 - 0.517 [0 ̄1 1] 0.483 0.367 [10 ̄1 ] 0.483 0.150 
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Table 3 

Projected fault areas per volume A PF /V in μm 

−1 for the three material states 

considered. 

Specimen Precise [001] [001] → [111] [001] → [011] 

Figures 3a (part of S1) 3b (part of S2) 3c (part of S3) 

A PF /V in μm 

−1 0.04 0.16 0.05 
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Wu et al. [11] and Bürger et al. [12] have shown, that a a/ 2 ·
 ̄1 ̄1 2] ribbon required for γ ’-phase cutting can form by a reaction 

f two ordinary γ -channel dislocations a/ 2 · [0 ̄1 1] and a/ 2 · [ ̄1 01] 

 11 , 13 ]. When these two γ -channel dislocation families experi- 

nce similar driving forces, the probability of the reaction outlined 

n Eq. (3 ) and subsequent γ ’-phase cutting increases. In the γ ’- 

hase they create a leading super partial ( a/ 3 · [ ̄1 ̄1 2] ) and a su-

erlattice intrinsic stacking fault (SISF). A Shockley partial segment 

 a/ 6 · [ ̄1 ̄1 2] ) remains temporarily deposited in the γ -channel at the 

/ γ ’-interface: 

/ 2 ·
[
0 ̄1 1 

]
+ a/ 2 ·

[
1̄ 01 

]
→ a/ 3 ·

[
1̄ ̄1 2 

]
+ SISF + a/ 6 ·

[
1̄ ̄1 2 

]

(3) 

Deformation substructures were studied by scanning TEM 

STEM) for the material states, which were deformed to 1% strain. 

hin STEM foils perpendicular to the creep loading directions 

ere obtained by double jet electrochemical polishing in a Struers 

enuPol 5. STEM investigations were performed using FEI Tecnai 

20 G2 S-Twin and Jeol JEM 2100 microscopes operating at 200 kV. 

arge foil regions were inspected and montages (two per material 

tate) were recorded covering projected thin foil areas larger than 

50 μm ² containing close to 100 γ ’-particle sections each. Fig. 3 

hows representative parts of the montages (which are presented 

n the supplementary material in Figs. S1–S3). All STEM montages 

ere taken with g = (200) with the transmitted beam parallel 

lose to the [001] crystallographic direction. In all cases foil thick- 

esses were determined as described in [14] . Image analysis was 

sed to determine the projected foil areas and the total projected 

ault areas. The results for the individual montages are compiled in 

able S4. Average values for the three material states are listed in 

able S5. 
3 
From the average results obtained from the montages in the 

upplementary material (Figs. S1–S3, Tables S4 and S5) projected 

ault areas A PF per montage foil volume V were obtained which 

re listed in Table 3 . 

Even though the microstructures of Ni base SX superalloys 

how a high intrinsic scatter, the results presented in Figs. 3 and 

1–S3 and in Table 3 allow to conclude that the material state 

hich deforms fastest ([001] → [111]) exhibits the highest vol- 

me density of planar faults. The metallographic data do not al- 

ow to differentiate between the two material states which creep 

t slower rates (precise [001] and [001] → [011]). 

Previous work has addressed the effect of crystallographic load- 

ng directions on creep [ 10 , 15–22 ]. For Mar-M200 tested at 1033 K

t was reported that a creep tensile loading direction which de- 

iated from < 100 > towards < 111 > resulted in faster creep 

ates than observed for precise < 100 > directions and loading di- 

ections which deviated towards < 110 > [15] . At a temperature 

hich was only 100 K higher, this behavior changed (Mar-M200 

reep tested at 1130 K): Now deviations from < 100 > towards 

 111 > yield lower creep rates and it was proposed that this was 

ue to the formation of interfacial networks, which were stabilized 

y dislocation reactions resulting in the formation of junctions. It 

as further proposed that these reactions do not occur in ten- 
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Fig. 3. Selected representative parts of full STEM montages shown in the supple- 

mentary material in Figs. S1–S3. (200) g-vectors shown as insets (diffraction spots) 

and as arrows. Images: (a) Precise [001] tensile loading direction. (b) 15 ° deviation 

from [001] towards [111]. (c) 15 ° deviation of the tensile loading direction from 

[001] towards [011]. 
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4 
ile creep specimens with loading directions which deviate from 

 100 > towards < 110 > [16] . These early papers inspired many

f the studies, which followed. They differed in the types of alloys 

hich were investigated and the creep regimes which were con- 

idered [ 10 , 17–23 ]. 

Yu et al. [10] investigated a SX of type DD6 and considered de- 

iations from the [001] direction towards [011] and [111]. In agree- 

ent to what was found in the present work, deviations towards 

011] (from [001]) and precise [001] orientation showed similar 

ow creep rates, while the specimen with a deviation from [001] 

owards [111] crept much faster. Yu et al. [10] present diffraction 

ontrast TEM results showing a high density of planar faults in 

he γ ’-phase for a crept specimen loaded in a direction, which de- 

iated from [001] towards [111]. They attributed the correspond- 

ng high creep rate to the dominance of only one < 211 > {111} 

lip system. The slower creep rates for the other two directions 

re rationalized by a strain hardening argument, where multiple 

 211 > {111} slip systems intersect. 

Kakehi et al. [18] also found that orienting towards [-111]/[011] 

esults in faster/slower creep as compared to a precise [001]- 

irection. They ascribed the effect of crystallographic loading di- 

ections on creep rates to different interface dislocation network 

onfigurations. 

Unfortunately, the two studies [ 10 , 18 ] do not focus on the early

tages of creep strain accumulation. Fig. 2 b shows that already at 

he first local minimum, creep rates differ by an order of magni- 

ude. Our explanation of the orientation effects differs from sce- 

arios, which rely on planar fault intersections [10] and differences 

n interface dislocation networks [18] . While it was shown that 

islocation network reactions can rationalize creep anisotropy in 

he high temperature low stress creep regime [ 24 , 25 ], different el- 

mentary deformation processes are observed at low temperatures 

nd higher stresses [ 8 , 11 ]. As far as the < 112 > {111} strain hard-

ning argument [10] is concerned, we find that up to 1% strain 

here are less planar faults in the creep specimen which deviated 

rom [001] towards [011], Fig. 3 . 

Creep rates are governed by channel dislocation reactions, 

hich precede γ ’-cutting. This has first been suggested by Rae and 

o-workers, who referred to a window of opportunity [ 13 , 26–28 ] 

hich opens when appropriate channel dislocation reactions oc- 

ur. Wu et al. [ 8 , 11 ] showed how channel dislocation reactions of

wo dislocation families with different Bur gers vectors result in the 

ormation of the first part of a < 112 > ribbon in the γ ’-phase, Eq.

3 ). 

Clear physical evidence for the importance of equal resolved 

hear stresses acting on the two reacting dislocation families has 

een provided by Bürger et al. [12] who compared shear creep 

eformation of two macroscopic crystallographic shear systems 

 110 > {111} and < 112 > {111} at 1023 K and a shear stress of

00 MPa. Bürger et al. [12] showed that the < 112 > shear load- 

ng direction resulted in faster creep because the two microscopic 

rystallographic shear systems required to fulfil Eq. (3 ) were both 

ubjected to resolved shear stresses of 0.87. Note, that the activa- 

ion of each of these two slip systems is less than the activation 

f the one which governs < 110 > {111} shear creep deformation. 

owever, what matters is that the two slip systems, which are re- 

uired to react according to Eq. (3 ), are equally strongly activated. 

sing diffraction contrast TEM, Bürger et al. [12] found that while 

ultiple planar faults are found after 1% shear deformation in the 

acroscopic < 112 > {111} plane, these planar defects were absent 

uring < 110 > {111} shear loading. It was also pointed out [ 8 , 12 ]

hat climb forces acting on the approaching octahedral dislocations 

ake the reaction described by the Eq. (3 ) possible. 

The present work shows, that the analysis of Bürger et al. 

12] not only helps to rationalize low temperature high stress shear 

reep of superalloy single crystals. It also sheds light on the ques- 
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Fig. 4. Schematic illustrations of cutting / non-cutting scenarios. Dislocation families 2 and 3 from Table 2 are considered. Different resolved shear stresses are schematically 

illustrated by different line thicknesses. (a) Loading directions deviating by 15 ° from [001] towards [111]. (b) Loading directions deviating by 15 ° from [001] towards [011]. 

No cutting occurs when there is an imbalance of the intensity of activation of the two potential reaction partners (different Peach-Köhler forces represented by different 

thicknesses of dislocation line segments. For details, see text. 
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ion of whether one can accept 15 ° deviations from targeted 

001] directions during tensile creep. The creep data presented in 

ig. 2 clearly show that there is a significant difference in creep 

etween behavior between cases where this deviation occurs to- 

ards < 111 > and < 011 > directions. The resolved shear stress 

nalysis (results summarized in the supplemental material S1 to 

3) in combination the creep data shown in Fig. 2 and the TEM 

esults from Fig. 3 clearly show, that the analysis performed by 

ürger et al. [12] rationalizes even the observations made in the 

resent work where specimens were loaded in tension. 

Our mechanistic interpretation shows that external resolved 

hear stress arguments alone are not sufficient. Instead, local 

tress states need to be considered including characteristic misfit 

tresses. The results summarized in Table 2 show that the differ- 

nt types of γ -channels are not equivalent in terms of PK driv- 

ng forces, a fact which has been experimentally demonstrated by 

29] . In further studies, an attempt must be made to incorporate 

islocation-dislocation interactions, which contribute to the overall 

tress state [30] . 

Our explanation differs from what was suggested in previous 

tudies. It underlines the importance of γ -channel dislocation re- 

ctions which precede γ ’-phase cutting by planar faults. A γ ’ cut- 

ing process proceeding in a {111} plane is depicted in Fig. 4 a. Two

lack lines show two dislocations in the γ -phase from dislocation 

amilies 2 and 3 listed in Table 1 . Same line thicknesses reflect 

qual PK glide forces (see Table 2: normalized glide forces: 0.650). 

ig. 4 b shows a scenario, where dislocations from the same two 

amilies exhibit different Peach-Köhler glide force (represented by 

ifferent line thicknesses). The normalized glide forces acting on 

he leading and trailing dislocations 3 and 2 are 0.578 and 0.707, 

able 2 . 

In summary, we find that the differences in creep rates in the 

arly stages of low temperature and high stress tensile creep be- 

ween precisely oriented [001] specimens and specimens which 

eviate by 15 ° towards [111] and [011] directions do not rely on 

islocation networks or multiple planar fault slip. Instead, they are 

overned by dislocation reactions between γ -channel dislocation 

amilies with different Burgers vectors, which fulfill Eq. (3 ). High 

reep rates are observed when the reacting partner dislocations are 

riven by similar Peach-Köhler glide forces. In the present work 

e successfully apply insight gained in previous work [ 8 , 11 , 12 ] to

he technical issue of 15 ° deviations of cast SX from precise [001] 

irections and their effect on creep. The results obtained in the 

resent work suggest that 15 ° deviations from [001] in [011] di- 

ections can be tolerated, while deviations towards the [111] direc- 

ion cannot be accepted. 
5 
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