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Abstract: The fatigue test between 10°—10° cycles of GH4169 nickel-based superalloy commonly used in aircraft

engines is carried out by ultrasonic fatigue machine at 650 ‘C. The S-N curve is obtained and the fatigue fracture

morphology is observed. The fatigue S-N curve presents a “step-like” shape, with the first inflection point near 1<

107 cycles and the second inflection point near 1X 10° cycles. There is no engineering fatigue limit, and it still shows a

downward trend after 107 or even 10” cycles. The crack initiation location is related to its life. Cracks are generated on

the surface below 107 cycles, while it is inside above 107 cycles. The crack initiation source in the ultra-high cycle

fatigue at 650 °C is mainly the local intergranular fracture and casting defect of the matrix. In the phase of crack

propagation, the mixed propagation of intergranular and cleavage is the main form.
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0 Introduction

Superalloy, also known as thermal strength al-
loy or heat resistant alloy, is a kind of aviation metal
material developed in the 1940s. It can withstand
complex stress under the conditions of 600—
1 100 °C oxidation and gas corrosion, and can work
reliably in the superalloy for a long time. Nick-
el-based alloy is the fastest developing and most
widely used'". Domestic nickel base alloy GH4169
is mainly used in some important parts of aeroen-
gine. When aircraft engine in service process, the
change of working condition is extremely intense,
vibration is the main reason for the failure of the
parts. The pneumatic vibration frequency is very
wide, and it may be from a few hertz to several

thousand hertz frequency range. High frequency res-
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onance often occurs in blades, which is prone to fa-
tigue fracture in the end. Especially, the fatigue per-
formance in the ultra-high cycle fatigue stage has a
great impact on the service life of engines. With the
continuous mprovement of aircraft performance,
the performance requirements of aviation materials
are more stringent. “The U. S. Air Force engine
Structural Integrity Program” has increased the fa-
tigue life of engines from 10" to 10" cycles'™.

A large number of achievements have been
made in the study of fatigue of GH4169 alloys™®™',
but the fatigue behavior and fracture mechanism of
alloys at service temperature of 10" cycles or more
still need to be further studied. Many studies have
shown that the fracture behavior and mechanism of
metal materials after their fatigue life enters into the

ultrahigh cycle range were different from those of
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low cycle and high cycle fatigue'™"®. Therefore, in
this paper, 10°—10° cycles of fatigue tests are con-
ducted on nickel-base alloy at 650 °C to study its fa-
tigue characteristics, observe the fracture morpholo-
gy and analyze its fracture mechanism, so as to pro-
vide theoretical basis for further application of the al-

loy in aero-engine high-temperature service field.

1 Materials and Test Methods

The raw material was fabricated by vacuum in-
duction and vacuum consumptive double smelting
process. After the forging was formed, standard
heat treatment was performed (980 “C/1 h, air cool-
ing; 720 °C/8 h, furnace cooling to 620 ‘C/8 h, air

cooling). The chemical composition of the alloy (in

mass) 53.00%Ni, 5.30%Nb, 3.00% Mo,
1.00%Ti, 0.50%Al, 19.00%Cr, 0.05%C, other
Fe.

Tensile tests were conducted on Instron 5982
electronic universal material testing machine accord-
ing to GB/T4338—2006 and the test temperature
was 650 °C. Strain control was used to control the
loading speed of the test, which was 0.002/min be-
fore yield and 0.02/min after yield. After reaching
650 °C, heat preservation for 10 min before stretch-
ing. The three specimens were tested and the aver-
age value was finally taken. Fig.1 shows the size of
the specimen of the high temperature tensile equip-
ment and the specimen after fracture, and it can be
seen that there are obvious traces of oxidation on the

surface of the specimen.
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(a) Tensile testing equipment

(b) Specimen size (Unit: mm)

(c) Specimen after fracture

Fig.1 Tensile testing equipment and specimens at high temperature

The fatigue test adopted USF-300 ultrasonic
fatigue testing machine with fatigue loading frequen-
cy of 20 kHz and symmetrical tension and compres-
sion cyclic load. The equipment was composed of ul-
trasonic fatigue power supply and vibration termi-
nal. The terminal of the testing machine included
transducer and lug rod. The specimen was connect-
ed with the lug rod by bolts (Fig.2). The specimen
shape was designed as a dog bone shape with vari-
able cross section in the middle(Fig.3). The middle
part of the specimen was polished. The specimen
was heated by induction coil and the temperature in
the middle of the specimen was monitored by a ther-

mometer. The test terminated automatically when

the fatigue crack or other fatigue damage had grown
enough to cause a 5% change in resonance frequen-
cy. The equipment would stop automatically when
the cycle set by the system reached 1X10°. After fa-
tigue test, the fracture was cleaned by ultrasonic
cleaning equipment. The morphology and energy

spectrum of the fracture were analyzed by SEM.

i

|

S -
Amplitude-change pole  Energy

Fig.2 Terminal components of ultrasonic fatigue test-

ing machine
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Fig.3 Dimensions of ultrasonic fatigue specimen at
high temperature (L,=15 mm, L,=39 mm,
L,=54 mm)

2 Experimental Results and Discus-

sion

2.1 Tensile property

The tensile properties of the three GH4169 al-
loy specimens at 650 °C are shown in Table 1. Fig.4
shows the stress-strain curve of 1# specimen and
Young’ s modulus is obtained by fitting the elastic
state. As can be seen from Table 1, GH4169 alloy
has excellent high temperature tensile properties of
yield strength of 937 MPa, ultimate tensile strength
of 1 166 MPa, elongation of 22.75%, and elastic
modulus of 167 GPa, which are far beyond the re-
quirements of high temperature mechanical proper-

ties stipulated in the aviation materials manual "

Table 1 Tensile properties of GH4169 alloy at 650 C

) Yield ] ) Young’s
Speci- Ultimate tensile Elonga-
strength/ . modulus/
men strength/MPa  tion/ %
MPa GPa
1# 938.8 1157.7 24.56 160.1
2% 941.8 1170.5 23.60 169.3
3 930.5 1170.4 20.08 171.0
Mean
937.03 1166.2 22.75 166.8
value
1200
1100

Tensile stress / MPa
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Fig.4 Stress-strain tensile curve of 1% specimen at
650 C

2.2 Fatigue S-N curve

The S-N curve of GH4169 alloy is shown in
Fig.5. The arrow in the figure indicates that the test
was stopped without failure after reaching 1X 107 cy-
cles. It can be seen from the figure that the S-N
curve presents a “step-like” shape, appearing at the
first inflection point near 1X 107 cycles and the sec-
ond inflection point near 1X10% cycles. The S-N
curve of ultra-high cycle fatigue of alloy materials
usually has a “stepped” or “double linear” shape

with two inflection points"'”’

, which is a typical fea-
ture different from low cycle fatigue and high cycle

fatigue.
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Fig.5 Fatigue S-N curve of GH4169 alloy at 650 C

Through the curve, it can also be found that
the crack initiation location is related to the cycle.
Before the first inflection point, that is, the speci
men in the high cycle fatigue interval between 10°
and 107, the crack initiation occurs on the surface.
Cracks were generated inside the specimens with ul-
tra-high cycle fatigue life interval after the first in-
flection point. The research shows that the mecha-
nism of fatigue crack source transfer is related to the
competition between surface damage and internal
damage of specimens, but there are different views
on the explanation of this phenomenon. Shanyavs-
kiy. et al.'” believed that the internal stress was re-
leased due to stress concentration under high stress,
and the surface crack played a major role at this
time. The stress concentration in the material under
low stress is the main factor of initiation. Some
scholars believed that the internal grain was more

likely to produce stress concentration under low
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stress resulting in plastic deformation, so the crack
tended to be generated in the internal”". Kawagoi-
shi et al."”” argued that the surface oxide film inhibit-
ed the initiation of cracks, thus facilitating the initia-

tion of internal fatigue cracks.
2.3 Fracture analysis

Fig.6 shows the fatigue fracture morphology
with a stress amplitude of 558 MPa and a life of
1.6 X10° cycles. From the macro fracture in Fig. 6
(a), it can be seen that the crack originated on the
surface and had two crack sources (¢ and d). Due to
the high stress amplitude (558 MPa) , with the in-
crease of cycles, the phenomenon of extrusion fur-
rows and extrusion ridges were formed between the
residing slip bands, and they would be coupled with
the oxides on the surface of the inclusions, resulting
in the initiation of fatigue cracks on the surface, and
it was easy to generate multiple crack sources.
When the stress amplitude was low, only the opti-
mally oriented slip system slips along a specific

plane, and finally a single crack source was

formed'* /.

Fig.6(b) is an enlarged view of the crack
source of “c¢” in Fig.6(a). It can be seen that the
fracture surface of the fatigue specimen is flat and
there are clear stream-like stripes extending to the
center of the specimen at the crack initiation point.
According to the morphology, the fracture is divid-
ed into three regions: [ is the crack source region. [l
is the crack initiation area, which has large fluctua-
tion and relatively rough section. [ll is a stable exten-
sion area with a flat section.

Fig.7 shows the fatigue fracture morphology
with a stress amplitude of 508 MPa and a life of
1.2X 10" cycles. The specimen life has entered the
ultra-high cycle stage and the crack source has trans-
ferred from the surface to the subsurface. There is a
competitive relationship between crack source initia-
tion and surface initiation. For internal initiation,
there is also a competition between the inclusion and
the matrix. Therefore, the competition for the initia-
tion location of ultrahigh cycle fatigue cracks in the
metal is a key problem that needs to be further stud-

ied*”. When the stress amplitude is reduced to a cer-
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(b) Enlarged view of crack source “c
Fig.6 Fractography arising from surface with stress
amplitude of 558 MPa and life of 1.6 X 10° cycles

tain extent and the fatigue load is lower than the lim-
it of resident slip zone, although each cycle will
cause irreversible strain, it is not enough to open the
cracking of resident slip zone on the surface. When
the load is reduced to a certain extent, the possibili-
ty of surface crack initiation will be reduced"*"".

It can be seen from Fig.7(b) that the NbC
phase in the extension area has been greatly expand-
ed in volume and seriously cracked itsell, leading to
the appearance of “flowering” phenomenon. Energy
spectrum analysis of the red marked area shows that
the oxygen content is very high. The carbides can
even fall off, leaving holes where they used to be.

Hou and Lyu et al."**"

also found the same phenom-
enon in the study on high temperature fatigue of
GH4169 alloy. When these carbides are subjected to
cyclic loading under high temperature environment,
the deformation cannot be coordinated because the
elastic modulus and thermal expansion coefficient
are different from that of the matrix, and the disloca-
tion movement will result in blocking and plugging.
This will result in stress concentration between car-
bide and matrix and lead to secondary cracks. There-
fore, in order to improve the fatigue strength of the
alloy, the size and number of particles of the second

phase should be controlled in the matrix'**!".
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(c) Energy spectrum analysis of carbide in Fig.7(b)

Fig.7 Fractography arising from inside with stress amplitude of 508 MPa and life of 1.2X 10" cycles

Fig.8 shows the fatigue fracture morphology
with a stress amplitude of 452 MPa and a life of
4.2X10%cycles. Tt can be seen that the crack initia-
tion is in the interior and the whole growth area is
relatively flat. A similar “fish-eye” characteristic
morphology is found. Because the source is close to
the surface, “fish-eye” features are incomplete.
Fig.8(b) is the corresponding complete “fish-eye”
feature diagram. | (Fig.8(c) ) is the source of the
crack. It is the intergranular fracture of the matrix
and located in the center of the “fish-eye” . [ (Fig.8
(d) ) is the crack initiation area (FGA area). This
area has a rough cross-section with large fluctuation
and is bright under scanning electron microscope.
Therefore, it is also known as the granular bright ar-
ea (GBF area). [ll (Fig.8(e)) is the initial extend-
ed area (FiE area) with “fish-eye” characteristics.
The section of this area is relatively flat. According
to measurement by Liu et al."™, the roughness of
FGA region in “fish-eye” feature area was one order
of magnitude greater than that of FiE region. The re-
gion in Fig.8(a) is the steady-state crack propaga-
tion region outside the “fish-eye”.In the ultrahigh cy-

cle fatigue failure of metals, “fish-eye” characteris-
tic morphologies generated by nonmetal and porosi-
ty defects as the source are relatively common,
while “fish-eye” characteristic morphologies gener-
ated by intergranular fracture as the source are typi-
cal characteristics of ultrahigh cycle fatigue at high
temperature.

Fig.8(c) shows the morphology of the fracture
source region, and it can be seen that the fracture is
basically intergranular, that is, the main crack is
generated intergranularly from the beginning. The
surface of the fracture is covered with a layer of
granular material and uneven, which is actually the
oxidation product formed after severe oxidation.
Meanwhile, secondary cracks along the grain bound-
ary have also been observed. Fig.8 (d) shows the
morphology of the crack initiation zone at 100 pm
away from the crack source, and it can be seen that
the crack initiation zone is a mixed propagation form
of intergranular and quasi-cleavage. Fig.8(e) shows
the initial growth zone morphology at a distance of
300 um from the crack source. It can be seen that

the section is relatively flat with a large number of
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stream-like stripes along the crack growth direction,
which is a typical cleavage fracture feature. Observa-
tion of the instantaneous fault zone of the crack
(Fig.8(f) ) showed that there were a large number
of small dimples and some large holes with the size
of 10—20 pm formed by NbC phase, indicating that
the instantaneous fault zone was ductile.

The crack initiation and propagation along the

grain at the beginning is mainly due to the fact that

- 2
k fui

(a) Macroscopic morphology of crack
propagation region

(c) Magnification of I

20 um
(e) Magnification of III

the grain boundary weakening at high temperature is
more serious than the ingrain weakening

Osinkolu et al. conducted a 650 °C fatigue test
on singlenotch fatigue specimens and also found
that GH4169 alloy expanded intergranularly in the
air and mainly transgranularly in the vacuum. There-
fore, it can be proved that oxygen plays a crucial
role in grain boundary weakening at high tempera-

ture[28’33].

Surface
v

Stable expansion area

Initial expansion area(FiE area)
Crack initiation area(FGA area)

I Intergranular source

(b) The corresponding complete*“fish-eye”
feature diagram

20 pm
(d) Magnification of II

(f) Transient breaking area

Fig.8 Fractography arising from inside with stress amplitude of 452 MPa and life of 4.2 X 10° cycles

Fig.9 shows the fatigue fracture morphology
with a stress amplitude of 452 MPa and a life of
1.85X 10" cycles. The macro morphology in Fig.9
(a) shows that the crack originated from the in-
side and originated from the casting hole defect
with a diameter of about 20 pm (Fig.9(b) ). In
the process of fatigue cyclic loading, the holes

produced stress concentration and formed pits with

a diameter of about 200 pm along the crystal
growth as the crack initiation area (Fig.9(c) ),
and there were many secondary cracks along the
crystal in the pits. Due to the large area of the
crack initiation area, the characteristics of the ini-
tial expansion area are not obvious, so there is no
“fish-eye” formation feature on the macro fracture

morphology.
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(é) Macroscopic fracture morphology

Intergranular crack ———

s

(b) Hole defects

200 pm
(c) Area near the crack source

Fig.9 Fractography arising from inside with stress ampli-
tude of 452 MPa and life of 1.85X 10° cycles

3 Conclusions

(1) Ultrasonic fatigue test was carried out on
GH4169 alloy commonly used in aircraft engines at
650 ‘C.The fatigue S-N curve was obtained. The fa-
tigue S-N curve presents a “step-like” shape, with
the first inflection point near 1X 10" cycles and the
second inflection point near 1< 10° cycles. There is
no engineering fatigue limit, and it still shows a
downward trend after 107 or even 10” cycles. There-
fore, in the strength design of aircraft engine parts,
the material can not be considered to have an infinite
life because of its low stress.

(2) Analysis of S-N curve and fracture shows
that the crack initiation location is related to its life.
Cracks are generated on the surface below 107 cy-
cles, while it is inside above 10" cycles. As the ser-

vice life of most aircraft engine parts is more than

107 cycles, it is necessary to strictly control the dis-
tribution of the types and sizes of internal defects in
materials.

(3) The fracture analysis of crack initiation in
the interior shows that the crack initiation source in
the ultra-high cycle fatigue at 650 °C is mainly the lo-
cal intergranular fracture and casting defect of the
matrix. The characteristic morphology of “fish-eye”
with the source of intergranular fracture was also
found. In the phase of crack propagation, the mixed
propagation of intergranular and cleavage is the
main form. Therefore, the casting quality of high-
temperature service materials of aircraft engine is
strictly controlled to avoid casting defects, and the
strength of grain boundary is strengthened through

reasonable heat treatment process.
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