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Abstract: High-cycle fatigue (HCF) tests at different temperatures were performed on a single crystal superalloy SRR99 with

[001] orientation. The results demonstrate that conditional fatigue strength increases first and then decreases with the increase

of temperature, exhibiting the same tendency with tensile strength at elevated temperatures. The microstructures were ob-

served by SEM and TEM and it is found that the morphology of y particles changes significantly and dissolution of y particles

takes place during cyclic loading. This may be induced by the back and forth movement of interface dislocations during the

cyclic loading. As a result, the strengthening effect of the coherent 3/ coherent interfaces is gradually deteriorated during

high-cycle fatigue deformation. In addition, the fatigue crack propagation is found to be primarily along a specific crystalline

plane, which is identified as (111). The specific mechanism for the microstructure evolution during cyclic loading was dis-

cussed based on SEM and TEM observations.
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Ni-base single crystal superalloys are widely used as tur-
bine blades in aircraft engine due to their superior creep
strength at extremely high temperature '™ During opera-
tion of aircraft engine, turbine blades are subjected to se-
vere vibration and this type of loading can be reasonably
evaluated by isothermal high-cycle fatigue tests. Fatigue
damage can cause abrupt failure of component and it is very
dangerous. Fatigue process is consequence of cyclic plastic
deformation and the damage is gradually accumulated in
the localized region, which finally causes the rupture of
materials "%,

The strength of nickel-base superalloy is strongly depend-
ent on the coherent precipitation of ¥ phase. Many works on
the microstructure of superalloys indicate that the morphol-
ogy and size of the ¥ precipitates play a significant role in
high temperature mechanical properties of single crystal su-
peralloy "' After standard solution and aging heat treat-
ment, a large number of cuboidal ¥ phases are precipitated in
y matrix and the interface between these two phases is co-
herent. The coherent interfaces play the most important role
in contribution to the strength of Ni-based superalloy at ele-
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vated temperatures. In other words, the change of size, mor-
phology and volume fraction of ¥ particles will directly de-
teriorate the high temperature properties. Under condition of
applied stress, the motion of dislocations under thermal acti-
vation effect increases the interface energy and impairs the
stability of »’ phase at high temperature. During creep with
the constant applied stress, the primary mechanism for the
evolution of ¥ phase is the ¥ directional coarsening and for-
mation of rafted y structure">"*]. However, it is not clear if
this mechanism is still dominant under applied cyclic stress
at high temperatures.

In the present study, the high-cycle fatigue behavior of a
single crystal Ni-based superalloy SRR99 was investigated at
different temperatures. First of all, fatigue strength was ob-
tained and compared with high temperature tensile results so
as to understand the temperature dependence of fatigue be-
havior. Second, the microstructures after cyclic deformation
were observed by SEM and TEM. The main purpose of this
work is to clarify the characteristics of » evolution during
cyclic loading and to determine the predominant damage
mechanism during high-cycle fatigue test.
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1 Experiment

The material used in this study was a single crystal superal-
loy SRR99. This alloy is a typical precipitate-strengthened al-
loy and the volume fraction of ¥ particle is 70% approximately.
The nominal chemical composition is shown in Table 1.

Single crystal bars with the diameter of 15 mm and length
of about 220 mm were produced through directional solidi-
fication process. All the alloy bars were cast along [001] di-
rection with deviation no more than 6°. After that, the alloy
bars received a standard solution treatment at 1300 °C for 4 h
followed by air cooling, and two-step aging treatment at
1100 °C for 4 h and 870 °C for 16 h both followed by air
cooling. And then, cylindrical specimens were machined out
along [001] direction. The specimen surface was finished
with low stress grinding and polishing in order to minimize
the influence of surface defects. The specimen geometry is
shown in Fig.1.

Fig.2a shows the as-cast microstructure. Due to the pres-
ence of segregation of chemical elements during solidifica-
tion, we can see the dendrite patterns due to the segregation
of different chemical elements. After heat treatment, dendrite
microstructure vanishes and a large number of y/ particles are
embedded in y matrix, which can be seen in Fig.2b.

All the specimens were fatigue tested under load control at
a stress ratio R=oy,;n/ omax= —1 at a frequency of 83.3 Hz. The
tests were conducted at the temperatures of 700, 760, 850
and 900 °C. Rotary bending loading mode was adopted, as a
result of sinusoidal waveform performed on the specimens.
The specimens for SEM observation were etched by electric
polished in a mixture of 8% perchloric acid and ethanol with
the etching voltage of 12 V. The thin foils for TEM observa-
tion were taken under the fracture surfaces and prepared by
twin-jet polishing method.

2 Results and Discussion

2.1 High-cycle fatigue results

The relationships between stress amplitude and number of
cycles to fracture at different temperatures are plotted in
Fig.3. It should be noted that the arrows in this figure indi-

Table 1 Nominal chemical composition of SRR99 alloy (wt%)
Al Ti Cr Co Ta w C Ni
5.5 2.2 8.5 5.0 2.8 9.5 0.015 Bal.
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Fig.1 Specimen geometry for high-cycle fatigue test

Fig.2 OM image of as-cast dendrite microstructure (a) and SEM
image of y precipitation (b) in SR99 alloy after heat

treatment

cate that these samples do not fail during tests. It is accepted
that many factor such as loading mode, stress amplitude and
testing temperatures will affect the fatigue life. From this re-
sult, we can see the general tendency that the fatigue life de-
creases with the rise of maximum stress amplitude regardless
of the testing temperatures. In addition, the conditional fa-
tigue strength, which is defined as the stress level corre-
sponding to the number of cycles of 107 without failure, is
also dependent on testing temperature. The fatigue strength
increases first to the maximum value of 365 MPa at 760 °C
and then decreases with the increase of temperature. To un-
derstand this behavior, we performed tensile tests at the same
temperatures because it is believed that the fatigue strength
of the material is related with the static tension strength. The
results are shown in Table 2. It can be seen that both
strengths exhibit the same change tendency with the increase
of temperature. As mentioned above, the good high tempera-
ture properties of the alloy can be greatly attributed to the y”
strengthening effect. When the temperature increases to a
certain value, the strength of y’ by itself will increase !'®. In
addition, the absolute value of y/y’ lattice misfit also in-
creases with the increase of temperature. As a result, the mo-
tion of dislocations in matrix can be inhibited with higher
misfit value and it causes the increase of strength. However,
if temperature continues to rise up, the dislocation movement
can be facilitated by thermally-assisted cross slip or climb
and this will reduce the strength at higher temperatures. In
this experiment, the fatigue strength reaching the maximum
at 760 °C is likely to be caused, at least in part, by the in-
creased strength of ¥ precipitates.
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Table 2 Comparison of fatigue and tensile test results at dif-

ferent temperatures

Fatigue
Temperature/°C ov2/MPa  oy/MPa
strength/MPa
700 990 1160 350
760 1120 1270 365
850 965 1080 350
900 870 1010 335
650
600 Ao o 700°C
v 760°C
& 550+ Aaov O A 850°C
% 500 | A @o o %wo0°C
Z 450} em O
E 400 A Qv
7 alys 35
8 3301 335
“ 300
250 I ETEETRTT| AR I 1131l
10* 10° 10° 107

Number of Cycles, N,

Fig.3 Plot of applied stress amplitude vs number of cycles to
rupture at different temperatures (arrows indicate that

samples are not tested to failure)

2.2 Microstructural examination

As y’ particle is the principal strengthening phase in
SRR99 alloy, the cyclic deformation during fatigue loading
will bring about the evolution of »’phase. As can be seen in
Fig.4, the morphology of y’ particles changes from cubic to
irregular shape. The microstructure of samples tested at dif-
ferent stress levels and temperatures indicates no appreciable
differences referring to the  morphology and size. This mi-
crostructure change is quite different from that during creep
deformation, during which y rafting takes place. From this
result, it is believed that y particles during fatigue test dissolve
into the matrix channels. It should be noted that even within
the same sample, the dissolution process seems not to occur
homogeneously because some y phases are still cuboidal.

Investigation on the cyclic deformation mechanisms was
also conducted through TEM observation, as shown in Fig.5.
It can be seen that » precipitates lost its original cuboidal
shape, which is consistent with the SEM observation. More-
over, these precipitates are surrounded by many interface
dislocations. The TEM images shown in Fig.6 indicate that
the distribution of dislocations is also quite inhomogeneous.
The high density of dislocations is observed in some areas
where highly plastic deformation is accumulated. From these
observations it can be deduced that the precipitates are sur-
rounded by dislocations and the coherent relationship be-
tween y/y is lost. The formation of interfacial dislocations
can be induced by the interaction between )’ and mobile ma-

trix dislocations ", With the increase of dislocation density
in matrix channel, some dislocations will be trapped by the
interfaces. After that, it becomes difficult for mobile disloca-
tions to shear into y particles.
2.3 Mechanisms for microstructural evolution and
fatigue failure

Observation on the microstructure of SRR99 alloy after
cyclic loading at elevated temperatures indicates that sig-
nificant changes of » morphology occur due to the cyclic
plastic deformation. The presence of cyclic stress and the

Fig.4 SEM images of microstructure after cyclic deformation
tested at different temperatures and loads: (a) 700 °C, 500
MPa; (b) 700 °C, 365 MPa; (c) 760 °C, 500 MPa; (d) 760
°C, 380 MPa; (e) 850 °C, 500 MPa; (f) 850 °C, 350 MPa;
(g) 900 °C, 500 MPa; (h) 900 °C, 350 MPa
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Fig.5 TEM image of interfacial dislocation configuration at
700 °C/600 MPa

Fig.6 TEM images of distribution of dislocations after fatigue
test at 760 °C, 365 MPa (a) and 760 °C, 600 MPa (b)

resultant plastic deformation induce the dissolution of ¥/, but
no rafted microstructure is observed in SRR99 alloy after
high-cycle fatigue tests, which is quite different from the mi-
crostructure evolution during creep. It can be deduced that »’
dissolution within all the specimens is induced by the inter-
action of cyclic plastic deformation and high temperature.
Morphology instability is related to both diffusion of
chemical elements and other factors like surface energy, ani-
sotropy of surface tension . After optimized heat treatment,
the y' particles are completely embedded in the matrix chan-
nel and coherent with the y phases. Both the coherent strain
and the interface energy in cuboidal ' are at a low stage. The
matrix of SRR99 alloy is facet-centered cubic structure and
the easy-slipping systems are identified as {111} <110>. It is
reported that matrix dislocation type can be identified as [110]
on (111) planes ™'%*"). When the samples are subjected to
cyclic stress at elevated temperatures, a large number of dis-
locations are generated on the (111) planes of matrix chan-
nels. Thereafter, the to and fro motion of these dislocations

will be trapped by the y/# interface and the coherent interface
gradually changes to be non-coherent. This process generally
takes place during mechanical test as long as the temperature
is high enough and the durance is long enough to move dis-
locations from the resources. The formation of interface dis-
locations is schematically shown in Fig.7. As a consequence,
the surface energy of » particles will increase and the lattice
misfit is altered by the increased density of interface disloca-
tions. With the accumulation of cyclic plastic deformation,
the interface energy is increased, which means that the acti-
vation energy required for element diffusion is reduced '
In order to maintain the low surface energy, some elements
commence to dissolve into the matrix and induce the signifi-
cant change of cuboidal  morphology.

The change in » morphology plays an important role in
the high temperature properties of the alloy. One of the direct
outcomes brought about by # dissolution is the widening of
matrix channels. With the increase of the channel width, the
back and forth motion of matrix dislocations is facilitated
and the formation of slip bands is subsequently accelerated.
It is reported that at low and medium temperatures, the
strength of the alloy is determined by the width of the matrix
channels "%, For another, the coherent strain field generated
by /¥ misfit is deteriorated during the process of dissolution
of ' particles, and then strengthening effect of ' is impaired.
With the accumulation of plastic deformation, slip bands are
generally found in the samples after cyclic deformation and
these bands will provide preferential sites for small crack
nucleation. Fig.8 illustrates a typical fractograph after
high-cycle fatigue. It should be noted that most facture sur-
faces demonstrate a cleavage fracture feature. And then we
cut the sample along the longitudinal direction to observe the
crack propagation behavior. It is worth noting that the crack
seems to be straight and propagates along a specific crystal
plane. Since all the samples used in this study are [001]
crystals. The angle between the crack traces and axial direc-
tion is approximately 54°, which is quite close to the angle
between [001] and [111] crystal direction. Therefore it can be
determined that the fatigue crack primarily propagates on
(111) crystalline plane. The predominant mechanism for
SRR99 alloy after high-cycle fatigue failure can be proposed
as follows: cyclic loading induces the formation of interface
dislocations; these dislocations will lead to the change of

Fig.7 Schematic illustration of the dislocation motion in ma-

trix channels
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the fatigue crack nucleates and propagates along a specific
crystalline plane.

fEF A xl P, B, 1981 4, W, RERMKFEM TS TR¥%E, KRE 300300, Hif: 022-24092404, E-mail:
Ivan_liul026@hotmail.com



