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Viscoelastic Behavior of a Single-Crystal Nickel-Base Superalloy
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Tensile specimens of an experimental single-crystal nickel-based superalloy with [001] orientation were subjected to
cyclic tension-compression loading under strain control regime on materials testing system Instron-8516 at room
temperature and ambient atmosphere. Recent research on the viscoelastic behavior of material has shown that their
elastic deformation occurs in the initial portion of a stress-strain relationship, which is initially linear up to proportional
limit with strain of ~0.55 %. Until then the material show’s fully elastic behavior at strain amplitudes of 0 %—0.05 %,
0%—0.2 %, and 0 %—0.5% for 30 cycles and corresponding diagrams covers each-other. At the increased strain
amplitude of 1 % the elastic limit occurs at first cycle and tensile strain of ~0.65 %. The specimen was plastically
deformed from 0.65 % up to 1 % of tension with no load significantly increased. Next 29 cycles were conducted at strain
amplitude of 1 %. The strain-stress curves on diagram covers each-other at 1 % of strain value. Material ordinarily
possesses upscale elastic behavior stability due largely to improved resistance to deformation of a cuboidal intermetallic
y'-phase. However, under the cyclic straining the dendrite arms were decreased in dimensions about three times as
compared to primary dendrite arm. The y-phase tended to dissolve into the primary cuboidal intermetallic y'-phase. The
cast formed of niobium-tantalum intermetallic inclusions began to dissolve and supplies the y-matrix during cycling. As
a result, the raft microstructure was not formed, as it was usually formed during creep testing at high temperatures.

Keywords: nickel-base single crystal superalloy, hard cyclic viscoplastic deformation, ratchetting, viscoelastic behavior,

viscosity.

INTRODUCTION

It is well known, that the cast single crystal (SC)
Ni-based superalloys, as functional material with a high
stability of strength properties at elevated temperatures
[1, 2], have been used up to now to produce turbine blades
and vanes of turbo-jets [3] for aircraft and gas turbines [4]
for power plants. When exploited, these materials are
subjected to complex thermal and mechanical loadings. In
a practical application, the turbine blades will experience a
complex loading, not only of the uniaxial, but also of the
multiaxial nature. A loading frequency of the high cycle
torsion and vibration depends on the speed of rotor rotating
and the number of blades on turbine disc and in vanes. At
the some times the rotor disc blades are heavily loaded
under centrifugal power also. These load values depend on
radius, weight and rotor rotating speed or turbojet’s
working regime. Whereas the blades and vanes of turbine
worked at condition of a very high gas temperature and
relatively low air cooling temperature, for that reason they
are heavily loaded under high gradient of thermal
ratchetting. Therefore, testing at a one time when all these
effects are occurring is considerably complicated. Usually
this refractory material can be tested on creep resistance at
high temperatures [5—15]. The creep depends on
temperature, time and the direction of the load applied to
single crystal orientation of nickel-based of superalloy
cast.

Usually the direction of tension loading accompanied
with [001] orientation of SC. Creep resistance is the largest
in this direction of SC. During a high temperature creep as
result of diffusion aided by tension, the y'-phase surrounds
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the y-phase, and as result, the raft microstructure [4, 12]
can be formed. The kinetics of the topological inversion of
the vy/y'-microstructure during creep of a Ni-based
superalloy are studied in a large numerous works [4—10].
The dislocations climbing and stacking faults of
superalloys under high cycle fatigue (HCF) [7], low cycle
fatigue (LCF) [8], bending [9], and deformation [10]
loadings are studied mainly at elevated temperatures.
These testing’s are mainly conducted on smooth and
notched specimens up to fracture. As knows [13] the SC
superalloys might have casting porosity which is
predominantly in the interdendritic regions. In the case of
high temperature-stress creep conditions vicinity of
topologically close packed pores are areas as stress
concentration and subjects of creep damage and rafts
microstructure forming, also [16]. Unfortunately, at
present, these SC Ni-based superalloys are scantily studied
at cyclic plasticity condition [17], as well under uniaxial
ratcheting [18] and hard cyclic viscoplastic (HCV)
deformation [19] also.

The aim of this study is to present the experimental
test results of the stress-strain characteristics and elastic
behavior, as well as phases and microstructure evolution
analyses in experimental SC Ni-based superalloy under
cyclic straining of HCV deformation as test method.

EXPERIMENTAL

The experimental SC Ni-base superalloy castings with
a diameter of 15 mm and length of 180 mm have been
produced by means of electro-induction melting method in
a directional solidification furnace under a high vacuum,
and solidified in the [001] direction. For present study the
cast bars of SC were previously heat treated in vacuum
furnace at temperature of ~1000°C for 5h. These bars



were used for cutting off by turning the tensile test
specimens. The tensile specimens with the grip sections
have an overall length of 87 mm. The gage part has a
length of 12 mm with diameter of 8 mm and a fillet radius
of 6 mm.

The SC Ni-based superalloy testing was performed
under the controlled regime of strain amplitude on materi-
als testing system Instron-8516. For a true strain measure,
the extensometer with the base length of 10 mm was used.
The testing was conducted by the HCV deformation [19]
test method at a room temperature. Cyclic loading was
applied at the tension-compression with steps of strain
amplitudes of 0 %—0.05 %; 0 %—0.2 %; 0 %—0.5 % and
0 %—1 % for 30 cycles at each strain value. The tension
loading was conducted under low frequency of 0.5 Hz and,
consequently at increased strain velocity for each step. For
each cycle the 100 test points of displacement and load for
time were measured automatically.

For the microstructure evolutions during straining
study, the cuts, which were cat off from different part of
samples before and after straining were mechanically pol-
ished and etched. For dissolving out of y'-precipitates the
chemical compound (33 ml HNO; and 66 ml HCIl) was
applied. The dendrite macroarchitecture of samples was
analyzed by using the light optical microscope Nikon Mi-
crophot-FX. The microstructure of samples was analyzed
by the high resolution field emission scanning electron
microscopy (FE SEM) Zeiss ULTRA-55 equipped with the
In-Lens secondary electrons (SE) detector for topographic
imaging and energy, and the angle selective backscattered
electrons (EsB) for the compositional contrast. The pro-
fundity of dissolving of single y'-phase area, metal carbides
(MC) and y'-precipitates in a y-channels was analyzed by
the atomic force microscope (AFM) NT-MDT Smena
SFCO50L. The tip of AFM has the radius of 10 nm, the
height about 20 pm and corner about 22 degrees.

RESULTS AND DISCUSSION

The summary graphic of strain-stress curves of cyclic
straining of the SC superalloy is shown in Fig. 1. At the
minimal tensile strain amplitude of 0 %—0.05% the
received strain-stress curve exhibits the linear dependence.
The maximal stress was 75 MPa at tension. By an
increased strain of 0.2 % the stress was increased up to
300 MPa, and for the strain of 0.5 % up to 760 MPa in
mean. In the diagram, the strain-stress curves at these
strain values cover each other. At the strain amplitudes of
0%—-0.05% (curve 0-1), 0% —0.2% (curve O-I) and
0%—0.5 % (curve 0-IIT) the material shows a fully elastic
behavior for 30 cycles, respectively. During the first cycle,
for each of these test series of straining, as a system error,
the strain (and load equally) was higher up to 5 % as the
maximum in comparison with the values of following
cycles. This value for fourth series is shown (in Fig. 1) as
AS. At this stage of the straining, the curves are
approximately identical to a ratchetting behavior, but only
without elongation of gauge length of sample. By the strain
amplitude increasing up to 1 % during the first cycle at the
next stage, the flow curve shows a light sliding behavior
ranging from 0.65 % to 1.03 % at tensile straining (see
Fig. 1). Plastic deformation of SC was started at the elastic
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. 1. This graph gives a summary of the strain-stress behavior
of the SC Ni-based superalloy under hard cyclic loading.
The definitions are as follows: PL — proportional limit;
EL — elastic limit, 0-1 — strain-stress curve at the strain
amplitude of 0 %—0.05 % for 30 cycles; 0-II — at 0 % —
0.2 %; 0—1III — at 0 %—0.5 %; 0—IV — tension curve of
first cycle at strain of 1 %; and IV — cycles 2—30 — strain
stress curves at strain amplitude of 1 %; AS ~0.03 % of
strain (as system error); Set-1 = Set-2 — plastic deforma-
tion part at first cycle of the fourth test series

limit (EL) with the tensile strain of 0.65 % during first
cycle of straining at fourth series (Fig. 1, curve EL-IV). At
very first cycle of straining the elastic deformation of SC
Ni-based superalloy with stress amplitude from 1022 MPa
at tension to 484 MPa at compression was conducted.
During next 29 cycles of straining the elastic deformation
of SC the stress at tension was decreased to 1000 MPa and
the stress at at compression increased to 492 MPa in mean
(Fig. 1, bold line, IV —cycles 2—-30). As the sample was
plastically deformed in length (Set-2 = 0.35 %) the stress-
strain curve (IV — cycles 2—30) in the point “m” segments
the x-axis on Set-1 section. After this the material shows
the asymmetric but fully elastic behavior under tension-
compression loading or so called HCV deformation [19].
During hard cyclic loading under the strain amplitude of
+1 % the tensile stress is approximately two times higher
than the compressive stress (see Fig. 1, o7 = 1022 MPa and
oc =492 MPa). During such straining the dimensions of
test samples were no changed and fracture no occurred.
After preliminarily heat treatment at temperature of
1000 °C for 5 h in vacuum furnace the macroarchitecture
studied by the optical light microscope in direction [001]
of tensile specimen (before straining) from cast SC Ni-
based superalloy contains primary dendrites with arm of
different configurations (Fig. 2, a). During cycling, the
dendrites were decreased in dimensions down to 2-3 times
(Fig. 2, b) compared to the no cyclically loaded SC mate-
rial. These optical microscope pictures (Fig.2) are con-
ducted from one tensile specimen after HCV deformation.
By this the picture (see Fig. 2, a) was conducted from grip
section and picture (see Fig.2,b) from gage section of
specimen. Such microstructure evolution was conducted on
all length of gage but not at middle part of this only. The
dimensions of dendrite arms in the cyclically loaded



condition are lowered as result of diffusion aided by cyclic
deformation. The research shows that the y'-precipitates are
sheared by the anti-phase boundaries within y-phase. The
deformed microstructure after low-cycle fatigue (LCF) in a
fourth-generation Ni-base SC superalloy TMS-138 was
studied in [8] and show, that a large number of stacking
faults (SFs) in the matrix at 1073 K and the more competed
rafts and smaller interfacial dislocation spacing at 1373 K
were formed. By this in [2] is shown, that under high cycle
fatigue behavior of a SC superalloy at -elevated
temperatures in ambient atmosphere the primary cuboidal
y'-precipitates tended to dissolve into the matrix channels
or in y-phase. The large number of secondary y'-particles
were formed into the y-matrix. In [2, 8] is shown also, that
such changes in microstructure have a significant and dif-
ferent impact on the mechanical properties of the SC
material.

Fig. 2. Optical pictures of microstructure of SC Ni-based
superalloy before (a) and after (b) HCV deformation. The
crystal growth [001] direction is oriented in horizontals

The microarchitecture in optical picture (Fig. 3) of SC
specimen with the different dendritic structure elements
contains different chemical compounds also. Dendrite arms
contain fine cuboidal y+y'-phase microstructure (I).
Between the dendrites there is an area with a dispersed
y-phase in y'-phase (II), y'-single-phase area with y pre-
cipitates (IIT) and metal carbides (IV). By applying the FE
SEM study of microstructure, there were detected the

intermetallic Ta-Nb compounds (Fig. 4 and Table 1, N5) in
Y matrix.

Detailed observations of the microstructure of the
specimens before and after HCV deformation were
performed by FE SEM and AFM use. Was verified by FE
SEM study that the microstructure of SC Ni-based
superalloy consisted of cuboidal y'-precipitates with an
average size of about 400 nm—600 nm and separated by
y-channels with a thickness of about 40 nm. These
dimensions were very different and depended on the study
point on dendrite (see Fig. 3, I). The calculation shows that
the volume fraction of the y'-phase is about 60 %.

The main compositions of chemical elements of
phases are listed in Table 1. As is listed in Table 1, the
experimental SC Ni-based superalloy does not contain
titanium (Ti) as alloying element for other referred [1—-17]
SC superalloys.

For the phase analysis in future, the diamond polished
surface of specimens was chemically etched, and as result,
the y'-phase was deepened significantly, corresponding to
the y-phase (Fig. 5, a, b, and Fig. 6).

Fig. 3. The morphology of SC superalloy with main phases
indicating in interdendritic region is presented in optical
picture. Designations: I — dendrite arm with fine cuboidal
y+y' phase microstructure; II — y precipitates in single '
phase (see Fig. 5, b); III — y- in y'-eutectics and IV — MC
carbide

Fig. 4. FE SEM picture of Nb-Ta intermetallic compound (see
Table 1, position N5) in y/y'-phase matrix



Table 1. Summarized results of chemical composition of phases in atomic (at. %) and weight (wt. %) percentages.

At. % Ni Al W Cr Co Mo Re Nb Ta
N1 64 13 3 6.5 10.7 1 1.7 - -
N2 62.8 16 43 6.9 8.9 1.1 - - -
N3 66.9 19 0.4 3 7 - - 2.1 2
N4 329 6.7 6.2 9.3 7.6 - - 26.9 10.4
N5 - - - - - - - 57 43
Wt. % Ni Al W Cr Co Mo Re Nb Ta
N1 62.3 5.9 9.1 5.6 10.5 1.5 5.1 - -
N2 62.5 73 13.5 6 8.9 1.8 - - -
N3 69.7 8.9 1.3 2.8 7.2 - - 3.7 6.4
N4 22.7 2.1 13.1 5.7 53 - - 19.1 21.5
N5 - - - - - - - 40.5 59.5
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Fig. 5. AFM investigation of SC etching for conduction of phase
analyze in y/y'-phase (a) and y precipitations in y' phase
eutectics (b) regions

Whereas the titanium have a low interatomic interac-
tion power and the introduction of titanium as an alloying
element of superalloy can be decrease the creep resistance
at high temperatures and, consequently, increases the
intensive forming of the raft microstructure in material. By
this at present study the experimental material contains
niobium (Nb) and tantalum (Ta) simultaneously. These
metals are not jointly listed in referred [1-10, 13, 15]
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were decreased within limits of 0.3 % by lightly increasing
of Al, W, Cr and Mo contents.

The Nb-Ta inclusions were conducted in the dendrite
v/y'-areas (see Fig.4, Table 1, position N5) as well as
before and after HCV deformation. They have linear
dimension from 1 um to 5 um in mean, but were decreased
in dimensions during cycling. By this, during cycling the
Ta content was increased with compare to Nb content be
within limits of 1 wt.%.

The AFM study shows, that the morphology of the
interdendritic region of the cast SC superalloy is preferably
irregular. The surface roughness as well as the increasing
differences between the phases height were quite large.
Mainly the y'-phase (Fig. 5, a) was etched out in a depth of
70 nm, and single y'-phase eutectic region was etched out
in depth of 600 nm (Fig.5,b). Obviously the depth of
v'-phase in y/y'- and single y'-phase may be higher. The
sidewalls of the matrix channels influence the punctual
deep measure of y'-phase. This means that the depth is
underestimated, as the tip of cantilever have corner of 22
degrees. The microstructure investigation of SC under
different directions shows that they have cuboidal in view
channels and consequently the maximum depths of
channels correspond approximately to the width of
cuboidal y'-precipitations.

As it is shown in FE SEM picture (Fig.6), the
cuboidal precipitations of y'-phase were fully etched out
from the y-phase matrix channels (see Fig. 5, a). As it is



shown in Fig. 5, b, the channels walls have network of
stacking faults with height of 25 nm— 50 nm. During HCV
deformation under shear stresses in direction of [001]
(horizontal in Fig. 2), the cross-shaped lines of sliding and
dislocation network can be formed [2], but were not
conducted by FE SEM study. As it is shown in Fig. 7 the
matrix of y-phase was significantly changed at diffusion
during HCV deformation. As was conducted the y-matrix
was dissolved off into cuboidal y'-phase, and as a result,
the y/y'-phase microstructure has turbid appearance after
HCV deformation. The raft microstructure was not formed,
as well as during a high temperature creep testing [1-9,
13—15] when the material softening process takes place.
Contrariwise, during HCV deformation hardening-

softening of SC Ni-based superalloy did not appear.

Fig. 6. The y-phase (see Table 1, N2) in as-cast and heat treated
SC superalloy in FE SEM picture is shown. The cuboidal
precipitations of y'-phase were etched off

Fig. 7. HCV deformed and diffusive y/y'-phase (see Table 1, N1)
microstructure from dendrite arm region of SC superalloy

4

As a result, the diffusion of Nb-Ta intermetallide
compounds (aided by cyclic deformation) can be dissolved
in the y-matrix and supplied it. The flow stress of the
y'-precipitates increases with an increase in strain
amplitude. By using the EDS method, the chemical
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compositions of phases (see Table 1) was tested (see
Fig. 1, position]) in y/y'-phase (Table I and Fig.7 as
position N1), y-phase after etching (Fig. 6 and Table 1 as
position N2), single y'-phase area (Fig. 5, b and Table 1 as
position N3), Nb-Ta rich precipitates in the region near y'
single phase area (Fig.5,b and Table 1, N4) and Nb-Ta
intermetallic precipitates area (Fig. 4 and Table 1, position
N5). The chemical elements contained these regions (see
Fig. 3) are listed in Table 1. As a result of cyclic straining,
the chemical content of phases was slightly changed only.

The main elements as those of Ni, Co, and Re were
decreased and Al, W, and Cr increased under cyclic
loading in test regions. After cyclic loading, a similar
effect of the Ta-Nb concentration on the viability of the
y-matrix was found. The roles of Ta and Nb, as transition
metals are dissolve and diffuse in y-matrix. This process
increases under cyclic straining. The metallographic
characterization of microarchitecture shows that after such
hard straining, the dendrites measures in microarchitecture
of SC superalloy were changed and decreased significantly
and by these phases of the state were slightly changed only
at diffusion, which was aided by HCV deformation.

CONCLUSIONS

The SC Ni-based superalloy during HCV deformation
at room temperature shows:

—a fully elastic behavior up to strain of 0.65 % and
after elongation at first cycle — up to strain of 1 %;

— that under cycling at viscoplastic condition the de-
formation hardening-softening of SC Ni-based superalloy
did not appear;

— that the raft microstructure was not formed;

— the primary dendrites were decreased in dimensions
up to two-three times;

—the y-matrix was dissolved into cuboidal y'-phase,
and as a result, the y/y'-phase microstructure has turbid
appearance after hard cyclic viscoplastic deformation;

—that the Nb/Ta-intermetallic compound is a key
factor for preventing of microstructure and properties
stability.
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