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Effect of Creep on Crystallographic Orientation
in Single Crystal Superalloy
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The creep-rupture tests were performed on a single crystal rods made of CMSX-4 superalloy obtained at
withdrawal rates of 3 and 5 mm/min. After the rupture the microstructure and fracture surface were examined
and correlated with X-ray crystal rotation measurements by the Ω-scan method. The conclusions about the crystal
lattice rotation during creep test were provided.
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1. Introduction
High efficiency of modern turbine engines requires high

temperature of exhaust gases driving the turbine sec-
tion [1]. As a result, the conditions to which the turbine
components are exposed become much more demanding.
Structural components developed to withstand these con-
ditions, such as first stage turbine blades and vanes, are
of particular interest to ensure their safe and effective
use [2]. Therefore, full characteristic of the materials
used in manufacturing of these structural components,
mostly single crystal nickel-base superalloys are neces-
sary to predict the exploitation lifetime and evaluate
their performance. The key issue with regard to the tur-
bine blades is both their exposure for high temperature
and load during service which induce creep fatigue [3].
Therefore, creep characteristics are carefully investigated
in high-temperature materials. It is well known that
the mechanical properties of single crystals are inher-
ently anisotropic [4]. Turbine blades are produced us-
ing the withdrawal process with a selector technique to
obtain the well oriented structure, mostly in [001] direc-
tion. Studies on the influence of primary and secondary
orientation on the creep behavior of the single crystal
have been carried out by many researchers [5–7]. How-
ever, the exact influence of creep on orientation changes
is not well known. Studies on rotation of crystallographic
orientation during creep are essential for modelling the
creep behavior and the prediction of the engines parts
lifetime [8–10]. The main objective of this study is to
investigate the effect of creep on the crystallographic ori-
entation behavior of Ni-based single crystal superalloy
obtained at different withdrawal rates.

2. Experimental
An industrial Ni-based single crystal CMSX-4 su-

peralloy was used as casting material. The chemical
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composition of superalloy in wt% is 9.6 Co, 6.4 Cr, 6.4 W,
6.5 Ta, 5.6 Al, 3.0 Re, 1.0 Ti, 0.6 Mo, 0.1 Hf, and bal-
ance Ni. The single crystal superalloy was produced in
form of cylindrical rods, which were directionally solid-
ified by the Research and Development Laboratory for
Aerospace Materials at Rzeszów University of Technol-
ogy with the use of a vacuum furnace for directional
solidification VIM-IC 2 E/DS/SC ALD. The exact ori-
entations of the specimens were determined by the Laue
back-reflection technique. The casts were solidified at the
withdrawal rates of 3 and 5 mm/min. After the casting
process, specimens with a gauge length of 30 mm and a
diameter of 3 mm, were prepared by mechanical machin-
ing and grinding. These specimens were tested in ten-
sile creep under constant stress at temperature of 982 ◦C.
The applied stress was 248 MPa. After the rupture,
longitudinal cross-sections were prepared across the un-
deformed head part and gauge part for microstructural
and orientation studies. Orientation measurements were
conducted using X-ray diffraction method invented by
the EFG company (Berlin) called Ω -scan [11, 12]. This
method with the use of diffractometer design for mea-
suring reflexes of Ni-based superalloys is able to map,
point by point, the sample surface and measure crystal-
lographic orientation. Additionally, characterization of
microstructure and fracture surface were made with the
use of scanning electron microscope JEOL JSM-6480.

3. Results

By applying the Laue back-reflection method it was de-
termined that the misorientation of [001] direction from
the samples axis was 6◦ for samples obtained at with-
drawal rate of 3 mm/min and 1◦ for 5 mm/min. The
creep rupture lives of the single crystal CMSX-4 super-
alloy samples obtained at 3 and 5 mm/min withdrawal
rates were 165 h and 151 h, respectively. The microstruc-
tures of longitudinal section presented in Fig. 1 show that
the primary dendrite arms are well aligned in the head
part of the creep samples after rupture. In both sam-
ples, dendrites became distorted in the gauge part which
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can be seen by short cross-sections of dendrite cores to
appear locally on the sample surface (A, Fig. 1). Mi-
crovoids appeared at similar distances from fractured sur-
face (Fig. 1, mv) for both samples. The fractured surfaces
of both samples showed the smooth outer ring typical for
a creep failure. Both fracture surfaces are clearly showing
facets with fourfold symmetry which confirm that defor-
mation occurred on the {111} planes (Fig. 2).

Fig. 1. SEM microstructure of longitudinal sections of
creep samples after rupture, mv — micro-voids area.

Fig. 2. Fracture surfaces of tested samples obtained at
different withdrawal rates.

The crystal orientation maps were determined by ap-
plying the Ω -scan method. The maps were obtained by
collecting about 350 measuring points with the use of
a 1 mm spot size. The step on the surface was set to
0.5 mm. Additionally, it is possible to estimate lattice
parameter changes with this technique. Maps of the Eu-
ler angles and lattice parameters for samples obtained at
withdrawal rates at 3 mm/min and 5 mm/min are shown
in Figs. 3 and 4. In both samples, rotation of lattice oc-
curred mostly in the gauge part.

Fig. 3. Orientation maps of Euler angles and lattice
parameter changes for sample obtained at withdrawal
rate of 3 mm/min.

Non-continuous rotation appeared in the heads of creep
samples. However, some low angles boundaries between
dendrite cores appeared in the head part of sample ob-
tained at 3 mm/min rate — γ angle rotation shows lines
of the same misorientation which correspond to the pri-
mary dendrite arms direction. This can be the evidence
that in the first stage of creep, dendrite cores keep the
orientation and act as strengthening entities, similar to
the composite structures. Comparing maps from both
samples we can see that higher rotation occurred in the
sample obtained with higher withdrawal rate where for
β angle gauge part rotates with higher degree (Fig. 4).
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Fig. 4. Orientation maps of Euler angles and lattice
parameter changes for sample obtained at withdrawal
rate of 5 mm/min.

4. Summary

The microstructure changes and lattice rotation were
analyzed on single crystal CMSX-4 superalloy obtained
at 3 and 5 mm/min withdrawal rates after creep deforma-
tion at 982 ◦C. The longitudinal cross-sections of samples
after rupture show that primary dendrite arms were well
aligned in the head part of creep samples. However, some
low angle boundaries appear between dendrite cores
which is shown by straight lines of misorientation cor-
responding to primary dendrite cores. This suggests that

primary dendrite arms can act as strengthening entities
in the first stages of creep. For both samples, the frac-
tured surfaces show similar mechanism of failure with
dominant octahedral slip on {111} planes. The rotation
of the lattice and dendrite distortion occurring in the
gauge part of the creep samples were not uniform with
higher rotation near the holders and fracture surface.
There was no visible continuing rotation of lattice along
the gauge. The higher degree of lattice rotation were ob-
served for the sample obtained at 5 mm/min withdrawal
rate, especially on β angle, which is the rotation around
load axis.

References

[1] B. Geddes, H. Leon, X. Huang, Superalloys Alloying
and Performance, ASM International, USA 2010.

[2] R.W. Broomfield, D.A. Ford, J.K. Bhangu,
M.C. Thomas, D.J. Frasier, P.S. Burkholder,
K. Harris, G.L. Erickson, J.B. Wahl, J. Eng. Gas
Turbines Power 120, 595 (1998).

[3] Creep Properties of Heat Resistant Steels and Superal-
loys, Eds. K. Yagi, G. Merckling, T.-U. Kern, H. Irie,
H. Warlimont, Landolt-Börnstein, 2004.

[4] S.S.K. Gunturi, D.W. MacLachlan, D.M. Knowles,
Mater. Sci. Eng. A 289, 289 (2000).

[5] K. Kakehi, F.H. Latief, T. Sato, Mater. Sci. Eng. A
604, 148 (2014).

[6] V. Sass, U. Glatzel, M. Feller-Kniepmeier, Su-
peralloys 1996, Eds. R.D. Kissinger, D.J. Deye,
D.L. Anton, A.D. Cetel, M.V. Nathal, T.M. Pollock,
D.A. Woodford, The Minerals, Metals & Materials
Society, 1996, p. 283.

[7] S. Kalluri, A. Abdul-Aziz, M. McGaw, NASA Tech-
nical Memorandum 106125, 1993.

[8] J. Ghighi, J. Cormier, E. Ostoja-Kuczynski,
J. Mendez, G. Cailletaud, F. Azzouz, Technische
Mech. 32, 205 (2012) (in German).

[9] D.W. MacLachlan, L.W. Wright, S. Gunturi,
D.M. Knowles, Int. J. Plasticity 17, 441 (2001).

[10] P.E. McHugh, R. Mohrmann, Comput. Mater. Sci.
9, 134 (1997).

[11] H. Berger, H.-A. Bradaczek, H. Bradaczek, J. Mater.
Sci. Mater. Electron. 19, 351 (2008).

[12] G. Hildebrandt, H. Bradaczek, J. Optoelectron. Adv.
Mater. 6, 5 (2004).

http://dx.doi.org/10.1115/1.2818188
http://dx.doi.org/10.1115/1.2818188
http://dx.doi.org/10.1007/b80641
http://dx.doi.org/10.1007/b80641
http://dx.doi.org/10.1016/j.msea.2014.02.079
http://dx.doi.org/10.1016/j.msea.2014.02.079
http://dx.doi.org/10.7449/1996/Superalloys_1996_283_290
http://dx.doi.org/10.7449/1996/Superalloys_1996_283_290
http://dx.doi.org/10.13140/RG.2.1.2847.5768
http://dx.doi.org/10.1016/S0927-0256(97)00067-0
http://dx.doi.org/10.1016/S0927-0256(97)00067-0
http://dx.doi.org/10.1007/s10854-007-9479-y
http://dx.doi.org/10.1007/s10854-007-9479-y

