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Abstrat

In this study, the in�uene of rystal orientation on the thermomehanial

fatigue (TMF) behaviour of the reently developed single-rystal superalloy

STAL-15 is onsidered, both from an experimental and a modelling perspe-

tive. Experimental results show that there is a strong in�uene of the elasti

sti�ness, with respet to the loading diretion, on the TMF life. However, the

results also indiate that the number of ative slip planes during deformation

in�uene the TMF life, where speimens with a higher number of ative slip

planes are favoured ompared to speimens with fewer ative slip planes. The

higher number of ative slip planes results in a more widespread deformation

ompared to a more onentrated deformation when fewer slip planes are a-

tive. Deformation bands with smeared and elongated γ′
-preipitates together

with deformation twinning were found to be major deformation mehanisms,

where the twins primarily were observed in speimens with several ative slip

planes. From a modelling perspetive, the rystal orientation with respet to
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the loading diretion is quanti�ed and adopted into a framework whih makes

it possible to desribe the internal rystallographi arrangement and its enti-

ties in a material model. Further, a material model whih inorporates the

rystal orientation is able to predit the number of slip planes observed from

mirostrutural observations, as well as the elasti sti�ness of the material with

respet to the loading diretion.

Key words: Single-rystal superalloy, Crystal orientation dependene,

Thermomehanial fatigue, Deformation mehanisms, Finite element

appliability

1. Introdution

The need for understanding thermomehanial fatigue (TMF) behaviour of

single-rystal nikel-based superalloys is growing for the gas turbine industry.

One way to inrease the turbine e�ieny is to inrease the turbine entry temper-

ature, and over a long period of time a lot of e�ort has been put into developing

materials that an withstand higher temperatures, see e.g. [1℄. However for the

new generation of gas turbines it is not only the turbine entry temperature that

needs to be inreased, the turbine engine will also operate under di�erent load

onditions ompared to what has been done previously. Thus, more gas turbines

have to be used as a omplement for the inreasing number of renewable energy

soures, for example when the wind is not blowing or when the sun is not shin-

ing [2℄. This means a higher number of starts and stops of the engine ompared

to earlier onditions when the engine instead run at steady-state ondition over

longer periods of time. As the temperature within the turbine is inreasing, new

and advaned ooling tehniques are implemented in the design of hot setion

omponents, suh as the gas turbine blade. These new ooling tehniques re-

sult in higher stresses and temperature gradients within the omponents. More

omplex stress gradients together with an inreasing number of start-ups and
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shut-downs means that TMF testing, where both mehanial strain and temper-

ature are yled, must be onsidered in manifesting realisti loading onditions.

In addition to TMF testing, the ability to model the TMF behaviour beomes

more important for the gas turbine industry when estimating the servie lives

of hot setion omponents. That the importane of understanding the TMF

mehanisms is growing is visible in the literature, where the area of TMF in

single-rystal superalloys is expanding [3, 4, 5, 6, 7, 8, 9, 10℄.

Gas turbine omponents made of single-rystal nikel-base superalloy material

are produed by investment asting, see e.g. [11℄. The preferred growth dire-

tion for nikel, and other fae-entered-ubi (FCC) alloys, is the [001] rystal

diretion [12℄. This diretion is also bene�ial from a fatigue point of view, sine

this diretion has the lowest sti�ness and therefore the best fatigue properties

under strain-ontrolled fatigue. In the asting proess a grain seletor is used

to single-out a grain whih is allowed to expand in the mould. This grain sele-

tor has a large in�uene on the rystallographi orientation of the omponent,

and it has been shown that the length and angle of the spiral of the grain se-

letor are ritial parameters [13℄. To further improve the rystal orientation

of the omponents in the asting proess, a ellular automation �nite element

(FE) simulation an be performed to investigate the grain density and texture

prior asting [14, 15℄. It is thus ruial that the asting proess is performed

with matter of preision, as the mould might exhibit a misalignment in rystal

orientation, and this ould later lead to unexpeted mehanial properties or

failure.

Sine single-rystal materials are anisotropi, the rystallographi orientation

will signi�antly in�uene the mehanial properties, suh as yielding [16, 17℄,

low-yle fatigue (LCF) [18, 19℄, fatigue-reep interation [20, 21℄, and reep

[22℄. During strain-ontrolled fatigue, materials with a low sti�ness are superior,

and pure nikel has the following sti�ness in the nominal main rystallographi

orientations: E〈001〉 = 125 GPa, E〈011〉 = 220 GPa and E〈111〉 = 294 GPa [12℄.

Even though gas turbine blades are asted with the [001] diretion upwards,
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properties in the other main orientations may be of interest. For example, rak

propagation is sometimes observed on the blade platform and this propagation

is signi�antly in�uened by the properties in other rystal orientations, suh

as the [011] diretion, or in a noth where a multiaxial state is present. Studies

onerning the rystal orientation in�uene on the TMF behaviour are rarely

seen in the literature, however it has been shown that the [001] rystallographi

diretion shows longer TMF life ompared to the [011] diretion when similar

mehanial strain ranges were ompared [23℄.

From an industrial perspetive in designing gas turbines, onerning the fatigue

life, it is of great signi�ane that the proper behaviour is predited in an FE-

simulation. As gas turbine blades are asted with the longitudinal diretion

parallel to the nominal [001] rystal orientation within an error margin of less

than 10 ◦
, thus the misalignment need to be addressed in an FE-analysis to

be able to fully apture the e�et of the misalignment. Furthermore, it has

been shown by FE-simulations that the variation in primary and seondary

rystal orientations in�uene the fatigue life [24℄, where the seondary rystal

orientation from the asting proess had a pronouned e�et on the LCF life

of a single-rystal turbine blade. Moreover, the e�et of aligning the seondary

rystal orientation to the noth of a test speimen and evaluating the LCF life

through FE-simulations was investigated in [25℄. The in�uene of rystal orien-

tation on a single-rystal turbine blade was evaluated in [26℄, and the onlusion

drawn was that the deterministi approahes for fatigue life assessment is only

valid in a ertain rystal orientation. In addition, it has been shown, through

FE-simulations, that the misalignment from the axial diretion of the rystal

orientation has a signi�ant e�et on the vibration harateristis of a turbine

blade made of the single-rystal nikel-base superalloy DD6 [27℄.

It is well reognised that, during strain-ontrolled fatigue, the fatigue life of a

single-rystal superalloy is highly dependent on the rystal orientation due to

their anisotropi elasti properties, see e.g. [28℄ regarding a LCF loading ondi-

tion. There it was shown that when the elasti sti�ness is taken into aount, the
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in�uene from the rystal orientation on the fatigue life almost disappears. The

aim of this study is to investigate this onept from a TMF perspetive; does the

material sti�ness solemnly in�uene the TMF life or are there other fators that

may in�uene the TMF life? Based on this, out-of-phase (OP) TMF testing of

STAL-15, whih is a reently developed high hromium ontaining single-rystal

nikel-base superalloy with exellent oxidation/orrosion properties aiming for

land-based gas turbine appliations [29, 30, 31℄, was onduted. In addition,

the aspets in dealing with the rystal orientation dependene in an FE-ontext

are also aounted for.

2. Experiments

2.1. Methods

The single-rystal nikel-based superalloy STAL-15, with hemial omposition

Ni, 4.5Al, 4.9Co, 15.6Cr, 0.1Hf, 1.0Mo, 8.1Ta and 0.25Si in wt.% was onsid-

ered in this study. The material was solution heat treated for 5 h at 1300 ◦
C

before a two-stage ageing proess at 1100 ◦
C for 6 h followed by 850 ◦

C for

20 h was performed. Smooth TMF speimens with an approximate diameter

of 6.35 mm and a parallel length of 25 mm were mahined from ast bars. An

Instron servohydrauli TMF mahine with indution heating and fored air ool-

ing was used, where the mahine was arefully aligned prior testing to prevent

bukling of the speimens. Thermoouples were spot-welded on the speimens

to ontrol the temperature. A strain-ontrolled OP TMF yle ranging from

100 − 850 ◦
C at Rε = −∞ with a heating rate of 5 ◦

C/s was used with a 5

min dwell time applied at maximum temperature during eah yle, see Fig.

1. A high-temperature extensometer with a gauge length of 12.5 mm was used

to ontrol the mehanial strain ranges whih were hosen in order to obtain

realisti fatigue lives ompared to real gas turbine blades. In total, twelve TMF

tests were performed in this study, see Table 1 for further details regarding the

testing onditions and experimentally obtained data.
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Table 1: Material data of the TMF test speimens.

Group Speimen ∆εmech % ∆εin % θ ◦ φ ◦ Eexp GPa Nf

1

A 1.0 0.018 3.9 3.0 118.1 477

B 1.1 0.051 1.3 5.7 109.8 515

C 0.9 0.0045 1.0 33.0 114.5 1346

D 1.2 0.099 3.2 33.4 101.5 428

E 1.24 0.105 2.0 23.4 105.6 255

F 1.31 0.179 1.9 25.4 109.5 223

2

G 0.6 0.063 38.8 32.8 245.2 224

H 0.5 0.005 31.4 0.1 191.6 696

I 0.45 0.017 40.2 33.3 234.8 490

J 0.35 0.004 42.6 26.7 233.1 1098

K 0.64 0.096 40.3 22.0 208.7 36

L 0.33 0.007 41.4 28.1 234.6 6380

The rystallographi orientation (load diretion), in aordane with the stereo-

graphi triangle, that the respetive speimens have an be seen in Fig. 2. Two

main groups of speimens an be observed; one lose to the [001] orner of the

stereographi triangle (A-F) and another luster of speimens between the [011]

and [111] orners (G-L), heneforth alled group 1 and group 2. The rystal ori-

entation of the respetive speimen was determined using x-ray di�ration and

is quanti�ed by the primary and seondary rystallographi orientation angles,

θ and φ. Sine only smooth test speimens were investigated, no regard was

taken to the diretion of the seondary rystal orientation as it has no in�u-

ene on the observed fatigue behaviour. The experimental moduli of elastiity

Eexp was measured between 100 ◦
C and 250 ◦

C during the �rst TMF yle for

eah speimen. The number of yles to failure Nf was determined as a global

load-drop of 10 % from the trend line of the maximum tensile stress ourring

in eah yle. The trend line was adopted to the maximum tensile stress urve

between 30 % and 70 % of the number of yles until the test was terminated,
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Table 2: The elasti sti�ness onstants of STAL-15, units in GPa.

Temp.

◦
C C11 C12 C44 C11 − C12

20 234.6 147.9 123.2 111.3

100 231.8 147.1 120.1 111.7

200 228.1 146.1 116.2 111.9

300 224.3 145.2 112.4 112.0

400 220.4 144.4 108.6 111.8

500 216.3 143.5 104.9 111.5

600 212.1 142.8 101.2 110.9

700 207.8 142.0 97.6 110.2

800 203.3 141.3 94.0 109.3

900 198.7 140.7 90.5 108.1

1000 193.9 140.1 87.1 106.8

100− 250 229.0 146.4 117.2 111.8

where the termination riterion was de�ned as 60 % load-drop, see Fig. 3.

The elasti sti�ness onstants of STAL-15 have been estimated from resonane

measurements [32℄. Furthermore, the elasti sti�ness onstants are almost linear

dependent with respet to temperature, and it is thus reasonable to determine

a set of linear interpolated onstants for the range of 100 − 250 ◦
C, as the

experimental modulus of elastiity have been evaluated in the same range. The

estimated and interpolated onstants an be found in Table 2.

After the performed TMF tests, all speimens were investigated by stereomi-

rosopy before they were ut parallel to the loading diretion for further investi-

gation by sanning eletron mirosopy (SEM). The SEM samples were prepared

by mehanial grinding and polishing, and no samples were ethed. For the SEM

investigation, a Hitahi SU70 FEG-SEM with an annular baksatter detetor,

making it possible to produe images by eletron hannelling ontrast imaging,

was utilised. By use of an eletron baksatter di�ration (EBSD) system by
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HKL Tehnology, orientation imaging mirosopy was performed.

2.2. TMF behaviour

The results from the OP TMF tests an be found in Fig. 4, where a omparison

of equivalent mehanial strain ranges show that speimens from group 1 display

longer TMF lives ompared to the speimens in group 2. This is due to the

lower sti�ness shown by the speimens lose to the [001] orner ompared to

speimens along the [011]− [111] side. In Fig. 5 the inelasti strain ranges at

half life are plotted versus yles to failure. The general trend is that the larger

inelasti strain range obtained results in a shorter TMF life, whih is expeted.

The di�erene in TMF life between the two groups is muh smaller when the

inelasti strain range is onsidered instead of the mehanial strain range. Thus,

showing that the elasti sti�ness have an important role on the TMF lives of the

speimens, whih have also been shown earlier for LCF onditions [28, 33, 34℄.

However, group 1 still shows slightly better TMF life ompared to group 2

meaning that even though the material sti�ness is of great importane, there

are also other fators that in�uene the TMF life.

Further, Fig. 6 shows the peak stresses at half life versus number of yles to

failure. Notable is that the stress level on the tensile side of the TMF yle is

slightly higher for speimens in group 1 ompared to speimens from group 2.

This result an be ompared to another study, where the same type of tests were

performed on the alloy CMSX-4 [23℄. In that study, the [001] rystallographi

diretion was ompared to the [011] diretion and the tensile peak stress at

half life was higher for [011] ompared to [001], hene an opposite behaviour.

Regarding the stress levels on the ompressive side of the TMF yles, they are

similar for group 1 and group 2.
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2.3. Frature surfae appearane and deformation mehanisms

From the fratography study lear deformation bands are visible on the spe-

imens surfae and fratures have ourred along suh deformation bands in a

rystallographi mode, see Fig. 7. All deformation bands and frature surfaes

are onsistent with slip along one of the {111} rystallographi planes. Most

speimens from group 2, tend to show a behaviour where all deformation bands

as well as the frature surfaes are oriented the same way, meaning that only

one type of {111} slip plane has been ative during deformation, see Fig. 7a).

On the other hand, the speimens from group 1 show deformation bands and

fratures in several diretions instead, meaning that the deformation in these

ases have ourred along more than one of the {111} planes, see Fig. 7b).

Hene, in these ases several di�erent type of {111} slip planes were ative dur-

ing the deformation. Stereomirosopy and SEM was used to determine the

number of ative slip planes for eah speimen, and the results are displayed in

Table 3. It is to be pointed out that this approah in determining the number of

ative slip planes is not guaranteed to �nd all ative planes, however it gives the

number of dominant slip planes. From literature it is well known that for FCC-

strutures the nominal [001] rystal diretion have eight equivalent slip systems,

the nominal [011] diretion have four, while the nominal [111] diretion have six

equivalent slip systems. Note that an otahedral {111} slip plane ontains three

slip systems. It is therefore expeted that speimens from group 1, whih are

lose to the [001] orner in the stereographi triangle, show a higher number

of ative slip planes during deformation ompared to the speimens in group 2,

whih are loated in between the [011] and [111] orners of the stereographi

triangle. The possibility that the number of ative slip planes might be an in-

�uening fator of the TMF life is onsidered in more detail in the Disussion

setion.

Virgin mirostruture of STAL-15 onsists of uboidal L12-ordered γ
′
-preipitates

with a size of approximately 0.4 µm in a matrix of γ. The previously disussed

deformation bands on the speimens surfae, appear as bands with smeared

9



Table 3: The number of ative slip planes (dominant deformation) in eah speimen.

Speimen A B C D E F G H I J K L

Ative slip planes 3 2 2 2 3 2 1 1 1 1 1 2

γ′
-preipitates within the mirostruture, see Fig. 8. These bands are parallel

to the frature surfae and are strething over long distanes within the spei-

mens. It is learly visible that the deformation from TMF yling is loalised

to these deformation bands for all tested speimens. Along the frature surfae

rerystallization has ourred whih is probably also assisted by high tempera-

ture oxidation during the TMF yling. Further, Fig. 9 displays an image at

a higher magni�ation of a deformation band and it is one again visible that

the previously uboidal preipitates are smeared and elongated inside the band.

For single-rystal nikel-based superalloys, the ability to resist deformation is

strongly dependent on the strength of the γ′
-preipitates. Hene, if the γ′

-

preipitates beomes smeared and elongated during TMF yling, the material

weakens and the risk of failure inreases.

Speimens from group 1 tend to show deformation twinning within the γ/γ′
-

mirostruture in addition to the deformation bands, see Fig. 10a) and b)

where a large number of twins parallel to eah other an be observed. The

twins ut through the strengthening γ′
-preipitates and extends over several

tens of mirometers. That this really is a twinning phenomena is on�rmed

by orientation imaging mirosopy by EBSD where a 60 ◦
misorientation is

deteted between the twins and their surroundings, see Fig. 10) and d) for

the EBSD map and the orresponding misorientation pro�le. Aording to the

EBSD data and with support from [35℄ it is highly probable that the twins are

formed along the 〈112〉{111} slip system, whih also is the usual twin system

for FCC metals. Deformation twinning has previously been reported as a major

deformation mehanism for other alloys during TMF [3, 4, 5, 6, 7, 23℄. However,

in the ase for STAL-15, deformation twinning seems to be a minor deformation

mehanism. The fat that twins are only found in speimens from group 1 and
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how this may in�uene the TMF life is further disussed in the Disussion

setion.

3. Appliability to �nite element simulations

The rystallographi orientation of the single-rystal superalloy have a profound

impat on the mehanial response of a single-rystal omponent, as the single-

rystal superalloy is highly anisotropi. Thus, a resulting misalignment from the

asting proess an generate unintended mehanial behaviour that needs to be

aounted for in e.g. an FE-analysis. This an surely be performed in a number

of ways, see e.g. [26, 36℄, a di�erent way to aount for this misalignment in an

FE-ontext is desribed below.

3.1. Misalignment onsiderations

One of the most ommon approahes is to onsider a loading in either of the

three nominal rystal orientations [001], [011] and [111], due to the e�et these

an have in a multiaxial ondition, e.g. a noth, regarding the mehanial

properties. Initially, onsider a speimen with a perfet aligned rystal loaded

in the nominal [001] rystallographi orientation, where the loading axis is e.g.

alinged with the z-axis in the global FE-oordinate system, see Fig. 11a). From

the asting proess the two angles θ and φ, as desribed in the experimental

setion, are quanti�ed with respet to the nominal [001] rystal orientation.

Subsequently, to ahieve a [011] or a [111] rystallographi orientation in the

FE-ontext the perfet aligned rystal is transformed with a positive rotation

around the [100]-axis (x-axis) with respet to θ and respetively around the

[001] with the angle φ, see Fig. 11b) and ). Thus, this proess is used to

de�ne the rystal orientation, as preisely as possible by taking the two angles

into onsideration, that is present in the individual speimen with respet to

the global FE-oordinate system. Hene, generating a slightly misalignment
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ompared to the nominal orientation, under the irumstanes that θ and φ do

not oinide with a nominal rystal orientation. The response obtained from

an FE-analysis and all the internally de�ned rystallographi entities (suh as

stresses and strains) in the material model will be based on this misalignment,

see e.g. [37℄. To take this into onsideration, in quantifying all the internal

rystallographi entities in the FE-model, the rystal orientation with respet

to the global FE-oordinate system is thus de�ned as a two-step transformation,

as depited in Fig. 11, from the nominal [001] orientation aording to

A = Q2Q1X (1)

where Q1 is the transformation tensor with respet to θ around the [100]-axis,

Q2 is the transformation tensor with respet to φ around the [001]-axis and X

is a tensor that ontain the nominal rystal orientation [001] aligned with the

global FE-oordinate system. The outome A ontain the rystal orientation,

in whih the �rst row orrespond to the [100] rystal orientation and the seond

to the [010] rystal orientation de�ned in the global FE-oordinate system, thus

inorporating the misalignment aording to θ and φ. These two rows, named a1

and a2, onstitutes the rystal orientation vetors whih are input parameters to

an FE-simulation. The third rystal orientation vetor a3 (third row) an also be

extrated and used as input, but as the three are mutually orthogonal the third

an be obtained by regular ross produt in the material model. These vetors,

based on the misalignment, are then used to de�ne all matter of rystallographi

related entities in a material model, suh as rystallographi shear stresses and

the elasti sti�ness.

3.2. Anisotropi elasti sti�ness

As previously mentioned single-rystal superalloys are elastially anisotropi,

and an important objetive is to be able to desribe the orresponding elasti

sti�ness relative to the loading diretion in an FE-simulation orretly. Thus,
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the elasti behaviour of the single-rystal superalloy using an anisotropi elasti

tangent sti�ness tensor, as de�ned in [37℄ based on [38℄, has been adopted. The

anisotropi elasti tangent sti�ness tensor onsists of two parts, one isotropi

and one anisotropi, where the latter is dependent on the strutural tensorsM 1

and M2. These are omposed of the respetive rystal orientation vetor a1

and a2 through a dyadi produt aording to

M 1 = a1 ⊗ a1 (2)

M 2 = a2 ⊗ a2 (3)

The following form of the elasti sti�ness tensor was used

C
e =λI ⊗ I + µ(I⊗I + I⊗I) + 2η(M1 ⊗M1 +M2 ⊗M2

+M1 ⊗M2 − I ⊗M 1 − I ⊗M2)ms

(4)

where λ, µ are the Lamé onstants, η is an additional third elasti onstant,

and where the subsript ms denotes major symmetry. Furthermore, I is the

unit tensor and the presented dyadi produts are de�ned using standard index

notation as (a⊗ b)ij = aibj, (A⊗B)ijkl = AijBkl, (A⊗B)ijkl = AikBjl and

(A⊗B)
ijkl

= AilBjk. It is to be pointed out that Voigt notation has been

applied throughout the alulations of the sti�ness tensor for simpliity reasons.

The use of strutural tensors is a way to mathematially desribe a prevailing

anisotropy due to an existing internal struture in the material, in this ase the

rystallographi orientation. It an be shown, see [12℄, that the elasti sti�ness

tensor in Voigt notation has the following appearane for a nominally loaded

[001] oriented rystal using the elasti sti�ness onstants presented in Table 2

C
e =





























C11 C12 C12 0 0 0

C12 C11 C12 0 0 0

C12 C12 C11 0 0 0

0 0 0 C44 0 0

0 0 0 0 C44 0

0 0 0 0 0 C44





























(5)

13



Table 4: The elasti onstants for the investigated temperature interval, units in GPa.

Temp.

◦
C λ µ η

100− 250 −5.4 117.2 −151.8

Thus, by applying a nominal [001] rystal orientation (θ = 0 and φ = 0) in

Equation (1) and alulating the respetive strutural tensor, and subsequently

inserting these into the elasti sti�ness tensor expression, the three elasti on-

stants de�ned in Equation (4) an be reeived by omparison of Equation (5),

hene



















λ = C11 − 2C44

µ = C44

η = C11 − C12 − 2C44

(6)

Based on these expressions and the interpolated values presented in Table 2,

the three elasti onstants an be determined for the investigated temperature

interval as seen in Table 4. It is to be pointed out that these parameters are

temperature dependent and yields the desired properties of the sti�ness tensor

during a TMF yle. Furthermore, as no temperature gradients are present

in the ontext of a homogeneous smooth test speimen, the need for thermal

expansion is not neessary.

3.3. Uniaxial moduli of elastiity

The uniaxial response was investigated to evaluate the uniaxial moduli of elas-

tiity in the orresponding rystal orientations. The basi elasti relationship

between stress and strain follows

σ = C
e:ε (7)

and to obtain the uniaxial moduli of elastiity a uniaxial loading was applied

in the z-diretion. Thus, with the orresponding stress tensor in Voigt nota-

tion σ =
[

0 0 σz 0 0 0
]T

we reeive, through the inverse relationship
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of Equation (7), the strain in the z-diretion due to the on�guration of the

anisotropi elasti sti�ness tensor. Furthermore, by assuming uniaxial elastiity

we an presume that Hooke's law is valid and that the following holds

Enum =
σz

εz
(8)

where Enum is the numerially determined moduli of elastiity for the temper-

ature interval in question, and it orresponds to Ce(3, 3) whih have di�erent

properties due to the rystal orientation that is present. The representation of

the di�erent uniaxial moduli of elastiity that is obtain for the di�erent rystal

orientations an be seen in Fig. 12, where all the rystal orientations in the

stereographi triangle are visualised. Here, it is obvious that orientations near

the nominal [001] rystallographi orientation experiene the lowest sti�ness,

the opposite is true for orientations near the nominal [111] rystallographi ori-

entation, and orientations near the nominal [011] rystallographi orientation

lie in between, but loser to the [111] than the [001] orientation. The respetive

uniaxial moduli of elastiity for the test speimens, determined by the numerial

proedure above, and the ratios ompared to the experimental value Enum/Eexp

an be found in Table 5. The ratios are visualised in Fig. 13, and as an be

seen, the proedure to quantify the numerial moduli of elastiity gives values

that do not satter as muh as the experimental ones.

During the experiments it was derived from the mehanial strain range and the

inelasti strain range, depit in Fig. 4 and 5, that the elasti sti�ness in�uene

the TMF life. To further investigate the in�uene of the elasti sti�ness on the

TMF life, the mehanial strain range was weighted by the respetive numerial

moduli of elastiity and plotted versus the number of yles to failure, see Fig.

14. A urve �t was made for eah of the two groups, and one again, f. Fig. 5,

it is visible that the di�erene between the two groups is muh smaller when the

elasti sti�ness is taken into onsideration. However, there is still a di�erene

between the groups whih strengthens the statement that other fators than

that the elasti sti�ness solemnly in�uene the TMF life, e.g. the number of
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Table 5: The numerial uniaxial moduli of elastiity and ratio ompared to the experiments

for the analysed temperature interval.

Speimen Enum GPa Enum/Eexp

A 116.4 0.9855

B 115.0 1.0475

C 114.9 1.0039

D 115.9 1.1417

E 115.2 1.0914

F 115.2 1.0522

G 238.3 0.9719

H 187.2 0.9773

I 244.5 1.0414

J 243.9 1.0462

K 229.8 1.1009

L 242.5 1.0335

ative slip planes.

3.4. Crystallographi resolved shear stress

During plasti �ow in a single-rystal slip will our along the slip planes, whih

indue shear stresses. If enough slip is present so alled persistent slip bands will

appear [39℄, and as ould be seen in the mirosopy observations the speimens

exhibit deformation bands aross the surfae. When a slip plane is plastially

deformed it is said to be ative, and slip might be loated on one or several type

of {111} planes. Moreover, it has been shown that these rystallographi slip

planes may at as rak initiation points [25, 40, 41℄ that may lead to failure of

the omponent. Hene, the ative slip planes whih the main deformation ours

on is interesting from a failure perspetive, and to be able to observe a ompara-

ble behaviour between the experiments and FE-simulations the rystallographi

resolved shear stresses on the slip planes are evaluated.
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When a material �ows plastially it usually hardens due to aumulation of dis-

loations on the rystallographi slip planes. Work hardening might be present

in single-rystal materials, e.g. opper and aluminium, and an be desribed by

using a work hardening matrix able to quantify the self-hardening and latent-

hardening e�ets of the rystal, see e.g. [42℄ regarding modelling of work hard-

ening in single-rystals. However, in single-rystal nikel-base superalloys there

is typially very little work hardening, see e.g. [37℄, as the strengthening γ′
-

preipitates e�etively stops the disloation movement [43, 44℄. Furthermore,

it is to be noted that the dominant deformation mehanism ourring in the

material investigated in this paper, STAL-15, is due to slip. Thus, the twinning

mehanism is of less onern regarding the damaging e�et it has on the TMF

behaviour. In the single-rystal nikel-base superalloys CMSX-4 and MD2 TMF

damage is, on the ontrary, attributed to twinning [3, 45℄. The ambition here

is to evaluate the damaging mehanism in the material during TMF and not to

evaluate and desribe/model the onstitutive behaviour of the material. Hene,

no evolution and oupling of twinning and slip resistane have been aounted

for in the present study, a general desription of this oupling an e.g. be found

in [46℄.

Based on the framework derived earlier in quantifying the misalignment in the

speimens, and how these are taken are of in an FE-analysis, the resolved shear

stress on all rystallographi otahedral slip systems (α = 1, 2, . . . , 12) of the

speimens are numerially quanti�ed by applying a tensile load to investigate if

the slip system is ative or not. The proess is performed by a simple projetion

of a tensile load, in the z-diretion, down on the respetive slip plane nα
and

diretion sα using a Fortran sript. The proedure is based on the rystal

plastiity model developed in [37℄, whih later was expanded to inorporate

reep relaxation under TMF loading onditions [47℄. Regard is only taken to

the resolved shear stress whih ats along the slip diretion (Burgers vetor)

that the rystal might plastially deformed in, other non-Shimd stresses are

of ourse essential to desribe the marosopi behaviour of the single-rystal
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Table 6: Crystallographi diretion vetors of the resolved shear stress.

α nα sα

1 (111) [011̄]

2 (111) [1̄01]

3 (111) [11̄0]

4 (11̄1̄) [01̄1]

5 (11̄1̄) [1̄01̄]

6 (11̄1̄) [110]

7 (1̄11̄) [011]

8 (1̄11̄) [101̄]

9 (1̄11̄) [1̄1̄0]

10 (1̄1̄1) [01̄1̄]

11 (1̄1̄1) [101]

12 (1̄1̄1) [1̄10]

superalloy, but these are not onsidered here. The rystallographi diretion

vetors, nα
and sα, whih the tensile load is projeted on an be seen in Table 6.

It is to be noted that the rystallographi diretion vetors are omposed of the

three rystal orientation vetors a1, a2 and a3, where e.g. [101̄] is represented

by [1 · a1 + 0 · a2 − 1 · a3], hene addressing the misalignment throughout the

proedure. This is also true in an FE-ontext, where the rystal orientation

vetors are input parameters. The projetion is performed in aordane with

τα = sα · σ · nα
(9)

For the respetive speimen the sript then normalises the alulated resolved

shear stresses with regard to the maximum resolved shear stress obtained on

one of the slip systems in that speimen. A omparison to nominally oriented

speimens, hene [001], [011] and [111] rystal orientations, have also been per-

formed, as in whih eight, four and six slip systems are ative respetively. The
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normalised resolved shear stresses and the maximum values due to a tensile

load of 10 MPa in the z-diretion an be found in Table 7. For the normalised

stresses, unity represents the slip system(s) that attained the maximum value(s),

thus an ative slip system. Further, it is to be pointed out that some values are

very lose to unity, this/these slip system(s) are ative but not the one whih

the main deformation ours along. All responses are given in absolute, as a

negative resolved shear stress only orrespond to a negative diretion ompared

to the slip diretion in the above projetion. Another aspet is that a slip plane

ontain three slip systems, and it is vital to observe whih slip systems that

are ative in orrespondene to the respetive slip plane. It might be that two

ative slip systems are loated on the same plane, thus only one ative slip plane

is reeived.

In Table 7 attention is drawn to that the maximum value of the shear stress is

reeived in the speimen with few ative slip systems onsisting of peak stresses

versus speimens with lower shear stresses more evenly distributed on several slip

systems. The intermutual omparison (normalisation) of the shear stresses on

all the slip systems are performed to de�ne a omparative measure of the shear

stresses if the system is ative or not. In this work the omparative measure

of 1− 0.9 de�nes an ative system, 0.89− 0.7 onstitutes nearly ative systems

and those that are less are not ative. One an trail bak to the basi rystal

plastiity yield riterion, in whih the resolved shear stress on a slip system �ows

plastially if a ritial resolved shear stress is reahed (Shimd's law), see e.g.

[48℄. Thus, it is reasonable to assume that a system with a omparative measure

of about 1 is ative. Consider speimen H, whih has the highest shear stress

of all the speimens, with two ative slip systems (1.0 and 0.999) and all other

slip systems are experienes onsiderably less shear stress. The next is speimen

K, whih has one ative system and two system lose to be ative (0.838 and

0.742), followed by L, G, J and I with dereasing maximum shear stresses and

more evenly distributed stresses in stages. Finally, group 1 follows with even

smaller shear stresses and thus more ative slip systems. Furthermore, it is also
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Table 7: The normalised and the maximum resolved shear stress of all slip systems for eah speimen and the nominal [001], [011] and [111] rystal

orientations.

α τα

[001] [011] [111] A B C D E F G H I J K L

1 1.0 0.0 0.0 0.935 0.978 0.995 0.981 0.981 0.983 0.384 0.390 0.351 0.200 0.232 0.253

2 1.0 1.0 0.0 0.999 0.999 0.999 0.997 0.999 0.999 0.669 0.999 0.640 0.659 0.742 0.665

3 0.0 1.0 0.0 0.065 0.020 0.005 0.016 0.018 0.016 0.285 0.610 0.289 0.459 0.510 0.412

4 1.0 0.0 0.0 0.929 0.975 0.976 0.925 0.955 0.957 0.226 0.389 0.201 0.126 0.162 0.157

5 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

6 0.0 1.0 1.0 0.071 0.025 0.024 0.075 0.045 0.044 0.774 0.611 0.799 0.874 0.838 0.843

7 1.0 0.0 1.0 0.935 0.980 0.995 0.984 0.982 0.984 0.715 0.391 0.711 0.542 0.491 0.588

8 1.0 0.0 0.0 0.873 0.956 0.971 0.911 0.938 0.942 0.241 0.242 0.223 0.175 0.187 0.193

9 0.0 0.0 1.0 0.063 0.024 0.024 0.073 0.044 0.042 0.474 0.148 0.488 0.367 0.303 0.395

10 1.0 0.0 1.0 0.928 0.975 0.976 0.922 0.954 0.956 0.105 0.388 0.160 0.215 0.096 0.178

11 1.0 0.0 1.0 0.872 0.956 0.971 0.908 0.937 0.941 0.090 0.241 0.137 0.167 0.071 0.142

12 0.0 0.0 0.0 0.056 0.019 0.005 0.014 0.017 0.015 0.015 0.147 0.023 0.048 0.025 0.036

ταmax MPa 4.082 4.082 2.722 4.341 4.173 4.141 4.262 4.209 4.201 4.415 4.792 4.332 4.402 4.595 4.429

2
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to be noted that speimen H is the most divergent oriented speimen in group

2, whih might be a reason for the di�erene in ative slip systems.

4. Disussion

The objetive of this paper was to study the rystal orientation in�uene on the

TMF behaviour of a single-rystal nikel-based superalloy; both from an exper-

imental and a modelling perspetive. Experimental results show that there is

a strong orientation dependene on the TMF life under strain-ontrolled TMF,

where speimens with a low sti�ness also show the longest TMF life (when equiv-

alent mehanial strain ranges are ompared), see Fig. 4. Hene, the TMF life

is highly dependent on the elasti sti�ness, whih have to be onsidered due to

the elasti anisotropy shown by single-rystal superalloys [18, 28℄. Furthermore,

this study reveals that the number of ative slip planes in the material may also

be one fator whih in�uene the TMF life. In the ase where several type of

{111} slip planes are ative a longer TMF life, with respet to the inelasti strain

range, is found ompared to the ase where only one slip plane is ative, see

Fig. 5. Several slip planes result in a widespread deformation where the amount

of plasti deformation within eah deformation band is relatively low, whih is

good sine rak growth during TMF is preferred along these bands. However,

when only one slip plane is ative the plasti deformation is more onentrated

whih seems to be detrimental for the TMF life. Even when the elasti sti�ness

is taken into onsideration, speimens with several slip planes result in a longer

TMF life, see Fig. 14. Here it is visible that the two groups merge at low strain

ranges, this is expeted as a result of the weighting with respet to the moduli

of elastiity and the low amount of plastiity whih is present. An inreasing

number of yles to failure is reeived as the in�uene of the inelasti strain is

diminishing, and the in�uene of the number of ative slip planes is thus also

diminishing. The material behaviour is moving towards an elasti state. This

behaviour is di�erent from what has been reported earlier regarding LCF [28℄,
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where the rystal orientation in�uene disappeared for all investigated mehan-

ial strain ranges when the elasti sti�ness was taken into aount. Hene, here

it seems to be a di�erene between LCF and TMF whih might be attributed

to the very loalised deformation that has been shown to our during TMF

[3, 23℄. Deformation bands, with smeared and elongated γ′
-preipitates, are

reated during TMF yling and the TMF life is ertainly dependent on the

ability to resist rak propagation along the deformation bands

Further, deformation twins are found to be one deformation mehanism o-

urring during TMF and the reation of twins seems to depend on in whih

rystallographi diretion the material is loaded. The in�uene from twins on

the TMF life has been reported earlier, see e.g. [3, 4, 5, 6, 7, 23℄, and in this

study it seems that the formation of twins, see Fig. 10, is preferred ompared

to formation of the loalised deformation bands with smeared and elongated

γ′
-preipitates, see Fig. 8 and 9, when a good TMF life is desired. The rea-

son for this is likely to be attributed to the fat that when the γ′
-preipitates

are smeared and elongated, they lose their strengthening e�et to a greater

extent ompared to when twinning ours, where the twins ertainly ut the

γ′
-uboidals but preserving their shape.

The number of ative slip planes during deformation of the single-rystal agree

well between the numerial and experimental observed numbers, f. Table 3 and

7 . As the number of ative slip planes are di�ult to determine experimentally,

the least number of ative planes are stated and there is a possibility that more

are ative, but these ould not be veri�ed. In addition, the ones observed are the

planes where the main deformation ourred and others might still be ative but

to a muh lower degree. When investigating the numerially obtained resolved

shear stresses it an be observed that group 1 exhibits more or less eight ative

slip systems (four slip planes) throughout the analyses and that group 2 show

a little more errati response, where approximately one ative plane is obtained

per speimen. The question arising is; at what omparative level of shear stress

is the plane onsidered to be ative? As pointed out in the previous setion
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the omparative measure was de�ned for an ative plane. One an of ourse

disuss the levels of this measure, but it is a qualitatively measure whih gives

an indiation of ative planes with respet to the mirostrutural observations.

Furthermore, it is to be noted that it is always slip system 5 whih exhibits

the maximum resolved shear stress in all of the speimens. This is due to that

the proedure is numerially dependent on the rystal orientation, as that slip

system might be favourable positioned after the performed transformations in

omparison to the applied tensile load.

The elasti sti�ness onstants were estimated from resonane measurements and

later used in the proedure to obtain numerially usable parameters to be ap-

plied in an FE-ontext. The misalignment in the speimens were onsidered

when the respetive numerial uniaxial moduli of elastiity was obtained. From

the omparison of the numerial modulus of elastiity with respet to the ex-

perimental ones, obtained from the performed TMF tests, a good agreement

was ahieved, see Fig. 13. A possible soure of error an be the estimation of

the resonane measurements, and it has been the authors assumption that a

nominal [001] rystal orientation has been used in the resonane measurement

estimations. This might not be the ase, thus giving some possible errors in the

evaluation proess of the elasti onstants λ, µ and η. In addition, the experi-

mental modulus of elastiity satter largely, espeially for group 1, and one an

reason that a statistial satter might be present in the material, arising from

e.g. mirostrutural features.

The industrial relevane in using the above de�ned proedure, is that during a

design proess of a gas turbine omponent, the in�uene of the rystallographi

orientation is easily aounted for by the two angles θ and φ obtained in the

asting proess. By inorporating the angles through the rystallographi orien-

tation vetors a1 and a2, the elasti and plasti behaviour in an FE-simulation

an be orretly desribed of the asted omponent. The framework de�ned

in this study an be applied in an industrial ontext to investigate if a single-

rystal gas turbine omponent with a known misalignment from the nominal
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primary orientation [001] is aeptable to be used or not. The TMF life of the

omponent an be quanti�ed, as the moduli of elastiity and the number of

ative slip planes are predited by the material model during an FE-simulation.

A omparison to a nominal oriented omponent an be made to see the ef-

fets of the misalignment, and thus determining if it is aeptable or not. This

an be performed on a design level, in quantifying the allowable satter in the

primary rystal orientation of the omponent. Thus, a more aurate fatigue

response an be predited and the industrial value, suh as degree of e�ieny,

maintenane onern, and pro�t, will inrease.

5. Conlusions

• The elasti sti�ness of the material with respet to the loading diretion is

the strongest fator in determining the TMF life of a single-rystal nikel-

based superalloy.

• However, the number of ative slip planes during deformation also in�u-

enes the TMF life. A higher number of ative slip planes seems to be

bene�ial sine the deformation in this ase beomes more widespread.

On the other hand when only one slip plane is ative, the deformation is

more onentrated whih seems to be detrimental for the TMF life.

• Deformation twinning is a more favourable deformation mehanism om-

pared to smeared and elongated γ′
-preipitates where the uboidal pre-

ipitates lose their strengthening e�et.

• The elasti anisotropy of the material in an FE-simulation an be quali-

tatively desribed by using the presented method based on the strutural

tensors of the rystal orientation.

• It was also shown that in an FE-ontext the number of ative slip planes

were orretly quanti�ed in omparison to the mirostrutural observa-
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tions. A material model, apable of managing the in�uene of rystal

orientation, is thus able to predit the behaviour of the material.
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Figure 1: The OP TMF yle whih was used in the experiments of this study, where i =

A,B, . . . , L represents the respetive tests.
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Figure 2: The orientations of the investigated test speimens in the stereographi triangle.
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Figure 3: Evaluation of the number of yles to failure in the 10 % load-drop proedure.
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Figure 4: Mehanial strain range versus number of yles to failure.
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Figure 5: Inelasti strain range at half life versus number of yles to failure.
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Figure 6: Peak stress at half life versus number of yles to failure.
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Figure 7: From fratography deformation bands are visible on the speimen surfaes, with a)

one type of {111} ative slip plane and b) several di�erent type of {111} ative slip planes.
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Figure 8: Deformation bands near the frature surfae of a speimen, and magni�ation.
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Figure 9: Smeared and elongated γ′
-preipitates within the deformation bands.
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Figure 10: Deformation twinning a) in speimen B with b) magni�ation and on�rmed in )

the EBSD map with the following d) the misorientation pro�le.
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Figure 11: De�nition of the speimen misalignments with respet to the nominal [001] rystal

orientation. Loading in z-axis equal to a) [001], b) [011] and ) [111].

36



 

 

140 160 180 200 220 240 260 280

[001] [011]

[111]

GPa

Figure 12: The numerial uniaxial moduli of elastiity for the respetive rystal orientation

in the stereographi triangle.
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Figure 13: The omparison between the numerially obtained and experimentally determined

modulus of elastiity.
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Figure 14: Mehanial strain range weighted with the respetive numerial moduli of elastiity

versus number of yles to failure.
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