V. Shhyannikov et alii, Frattura ed Integrita Strutturale, 61 (2022) 46-58; DOI: 10.3221/1GF-ESIS.61.03

Couple effects of temperature and fatigue, creep-fatigue interaction
and thermo-mechanical loading conditions on crack growth rate of

nickel-based alloy

Valery Shlyannikov
FRC Kazan Scientific Center of Russian Acadeny of Sciences, Russia
shlyannikon@mail.ru, htip:/ | orcid.org/ 0000-0003-2468-9300

Aleksandr Inozemtsev, Aleksey Ratchiev
JSC “UEC-Aviadvigatel”, Russia
impex(@avid.ru, ratchiev@avid.ru

ABSTRACT. The ambient and high-temperature fatigue crack growth
behaviors in C(T) and SENT specimens of Ni-based superalloy for turbine
disk application were studied in a wide interval of temperatures 25-750°C
using a combination a electro- and servohydraulic test systems and
fractographic investigations. The fatigue, creep-fatigue interaction and
thermo-mechanical in-phase fatigue (TMF IP) crack growth tests are
performed under isothermal and dynamic waveforms loading conditions. The
interpretation of the experimental results is given in terms of the traditional
stress intensity factors and C-integral as well as new normalized cyclic fracture
diagrams. It is found that there are definite temperature-sensitive regions
separate for harmonic fatigue and creep-fatigue interaction loading conditions
in which the crack growth rate of Ni-based alloy increases sharply. Scanning
electron microscopy in longitudinal sections containing cracks revealed the
mechanisms responsible for fatigue crack initiation and growth. The couple
effect of temperature ranging and isothermal and dynamic waveforms loading
conditions on fatigue life was discussed.
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INTRODUCTION

ickel-based superalloys have been successfully used in aero engines for decades. High-pressure compressor and
turbine discs of modern engines in the rim region experience prolonged stress at high temperatures (500-700°C)
in an oxidizing environment. Time-dependent intergranular cracking may occur under such conditions and
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contribute to accelerated cyclic crack growth rates during service operation. Several studies have been published for
materials ranging from early Fe—Ni-based alloys, some alloys originally developed for cast turbine blades, to recent powder
metallurgy processed alloys [1-10]. Together with the trend of alloy development towards alloys containing a high volume
fraction of p’, the potential susceptibility to accelerated, environmentally related cracking has increased [11].

Such an increase in efficiency of the gas turbine is usually achieved either by weight reductions or by increasing the
combustion temperature as a result of fuel being burnt at temperatures approaching the stoichiometric value [12]. In
cither case, the material choice is of critical importance. Effectively, the modern criteria for selecting materials include
requirements on high temperature fatigue and creep capabilities, as well as requirements on suitable environmental and
corrosion resistant properties, which in the present context typically results in the employment of nickel base superalloys.
The motivation of these strict criteria is that the gas turbine operation cycle imposes harsh alternating mechanical and
thermal loads on the material during start up, take off, descent and shut down. A complex failure mechanism, caused by
combined thermal and mechanical load cycles is the primary life limiting aspect for many engineering components
exposed to elevated temperatures, such as parts in the combustion chamber, along with turbine blades and discs elevated
temperatures, such as parts in the combustion chamber, along with turbine blades and discs [13].

The crack growth behaviour is often simulated in the laboratory by the application of a dwell fatigue loading waveform or
pure sustained loading. Therefore, the aim of this study is to provide interpretation and comparison of a range of
isothermal and non-isothermal experimental crack growth data generated by three type tests carrying out by stress-
controlled pure fatigue, creep-fatigue interaction and in-phase (IP) and thermo-mechanical fatigue (TMF) conditions. The
ordering of the crack growth rate curves is supported by detailed fractographic analysis which shows intergranular or
transgranular crack growth in test C(T) and SENT specimens depending on thermo-mechanical fatigue conditions.
Subject for experimental studies at elevated temperatures is Ni-based superalloy which is widely used in the production of
aviation gas turbine engine discs.

TEST EQUIPMENT AND LOADING CONDITIONS

he specimen geometry designed for the pure fatigue and creep and fatigue interaction tests is the most popular in

experimental fracture mechanics pure mode I C(T) specimen (Fig. 1a). Its dimensions basically follow the ASTM

standard [14] with a thickness is 10 mm and a width is 40 mm. For the thermo-mechanical in-phase fatigue
loading conditions, the single edge notched tension (SENT) specimens were employed [15]. The specimen geometry is
displayed in Fig. 1b. The grip section of the specimen was cylindrical with a diameter of 22 mm while the middle section
had an approximately rectangular cross section with a thickness of 7 mm and a width of 20 mm. The specimens were
manufactured through turning and wire electrical discharge machining, without application of any additional surface
finishing process.
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Figure 1: Compact tension (a) and single edge notched tension (b) specimens used for the creep-fatigue and TMF crack growth
experiments.

Pure harmonic fatigue and thermo-mechanical fatigue in-phase (TMF IF) tests and pre crack operations were conducted
in a Zwick/Roell HA100 setrvo hydraulic test machine equipped with an induction heating system including a cylindrical
copper coil with its centre axis coinciding with the specimen centre axis. To even out the temperature distribution and
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assist cooling, compressed air flow directed towards the specimen through three nozzles was used, positioned
circumferentially with equal angular spacing and the same distance to the specimen, as well as at the same vertical position
as the notch. All tests were controlled and monitored using a dedicated TMF software, which automatically performs a
pte test procedute, involving thermal stabilisation, thermal strain measurement and validation. The Zwick/Roell HA100
setup is displayed in Fig. 2. The creep—fatigue interaction tests were performed on the test stand of UTS-110MH-5-0U
equipped by highprecision crack opening displacement extensometer and a high-temperature three-zone oven (Fig. 3).

‘t"a

Figure 3: Creep-fatigue interaction test equipment.

This study presents interpretation and evaluation of a range of isothermal and non-isothermal experimental crack growth
data generated by four type tests carrying out by stress-controlled fast and slow harmonic fatigue, creep-fatigue interaction
and in-phase (IP) thermo-mechanical fatigue (TMF) conditions as it shown in Fig. 4.

Tests on both C(T) and SENT specimens are carried out under loads sufficiently below the yield stress of Ni-based alloy
with an initial fatigue crack obtained at room temperature. The pure fatigue tests were performed at ambient 23°C and
elevated temperature 150°C, 650°C and 750°C with an applied nominal stress asymmetry ratio of R = 0.1 under sinusoidal
harmonic loading at a frequency of 1.0 and 10.0 Hz. The creep—fatigue interaction crack growth rate tests were carried out
at elevated temperature 450°C, 550°C, 650°C and 750°C with the same stress asymmetry ratio of R = 0.1 in a specially
designed the trapezoidal cycle program with the 5-s loading and unloading parts and dwell time of 120 s, which was
applied at the maximum load, as can be seen in Fig. 4. The TMF in-phase test parameters employed for the single edge
notched specimen is a triangle waveform with asymmetry ratio of R = 0.1 at a loading frequency 0.014Hz over a 400-
650°C temperature range with heating and cooling rates at 10°C/s.
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During the thermo-mechanical in-phase test in order to employment the unloading compliance method for the crack size
determination, direct measurements of the load-line displacement were carried out using capacitive high-temperature
strain gauges. The most convenient methods for investigating crack growth at high temperatures, such as the potential
drop (PD) methods, was used to measure the current crack size under the fatigue and creep—fatigue types of loading. To
fix the intermediate between the precrack and the final crack front positions on the surface of the fractured specimen, the
value of the load ratio was changed from R = 0.1 to R = 0.5 twice during the total fatigue life. In this case, the maximum
load corresponded to the previous cycle, and the minimum load increased to R = 0.5. This loading change was maintained
for 1 min; after that, the specimen was returned to conventional fatigue or creep—fatigue trapezoidal waveform loading
conditions with R = 0.1. For each crack front position on the specimen fracture surface, crack sizes at the midplane
section a,, and on the outer surface a5 are measured by using of an optical microscope.
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Figure 4: Loading profiles for isothermal and non-isothermal temperature cycling.

To calculate the crack size on the creep—fatigue CGR, at the end of each creep—fatigue test, the PD signal was calibrated
with the initial and final crack lengths determined at two basic sections of the crack front in the fractured specimens
toward the thickness direction. One section is the outer surface of the specimen; the other is a point placed on the mid-
thickness line of specimen. The relationship between the PD signal and crack size was assumed to be linear. The crack
lengths on the midplane sections and the outer surface of the specimens were calculated according to the following
equations:

U(?)-U,
”r;(f)= (”ﬁ,f‘dﬁ,o)(L_) tas M
s 0
U(f)_Uo
a,, ()= (%,f—%p,o)(UfTO) +ta,,0 @

where a0 and 4,0 and azrand 4, are the initial and final crack lengths, respectively, and Uy and Uyare the initial and final
PD. According to this practice of the measurements, the CGR and the force-line displacement rate on the outer surface
and midplane sections of the C(T) specimens were obtained. Finally, the crack length was converted into crack growth
rate data by using the incremental polynomial method, as described in the ASTM 647 appendixes, standard test method
for measurement of fatigue crack growth rates [16].

MATERIAL PROPERTIES AND CRACK GROWTH PARAMETERS

he material used in the tests is heat-resistant XH73M nickel-based alloy, which is used for a GTE turbine disk and

operates at clevated temperatures with the occurrence of creep conditions. The chemical composition and the

main mechanical properties of analyzed material at both the ambient and elevated temperature are summarized in
Tab. 1 and Tab. 2, respectively. In Tab. 2 E is Young's modulus, g is yield stress, g, is tensile strength, ¢ is elongation, ¢ is
reduction of area, B and # are the Norton creep constant and exponent.
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C Cr Mo Al Ti Nb Ni
0.03-0.07 13.0-16.0 2.8-3.2 1.45-1.8 2.35-2.75 1.9-2.2 basis

Table 1: Chemical composition for XH73M alloy.

T[C] ou [MPa] oy [MPa] E [GPa] 8 %] ¢ [%] B n
23 1298.25 904.04 215.77 34.94 54.19 - -
400 1229.53 830.50 192.87 32.31 50.88 2.5¢10111 2.50
550 1205.93 836.42 206.18 2773 30.12 4.0%1012 3.53
650 1079.30 866.05 19276 10.67 18.35 2.1¥10716 4.80
750 839.85 705.46 161.39 8.27 17.90 4.0%10% 8.85

Table 2: Main mechanical static properties for XH73M alloy.

In the present study, the interpretation of experimental results on the CGR in C(T) specimens of nickel-based alloy at
high temperatutes are presented in terms of the fracture mechanics characteristics for the conditions of elasticity and
creep. Traditionally, the experimental data are presented through the creep C-integral and the elastic SIF which for C(T)
specimens is given by the ASTM standard [14] as

L
&_hﬂﬁ(/) 3)

fiaw)= {%]{0.866 +4.64 (i) - 13.32(2)2 + 14.72(2)3 - 5.6(5)4 } @

where @ is the crack length, » is the length of the working area of the specimen, & is the specimen thickness, and P is the
applied load. To interpret the data on crack propagation at high temperatures creep-fatigue interaction loading conditions,
the method for determining the C*integral can be used, which is based on the experimentally measured load-line
deflection rr in the C(T) specimen. The compliance method [14] has been applied in order to determine the force-line
displacement rate O1/r./Of The relationship between compliance and normalized crack size for experimentally
measurements made at the load-line for a specimen with a crack subject to constant force, P, are given by the following
equation:

1 1+a/u/ ’ a a 2 a > a ! a > ©
=— 12.163+12.219[—)—20.065[—) —0.9925(—) +20.609(—j —9.9314(—)
Eb 1—4/74/ w w w w w

The expression for extending the C*integral concept to small-scale creep conditions in the form of the C(?)-parameter is
described by the equation [14]:

C@):M[ij

. ©)
9
I PR 0
fz(a/u/):Wl:&866+4.64(ij—13.32(£j +14.72(i) —5.6(i) } ®
1—a/w)” w w w w
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fi(afw)= (2+—”/”’){4.64 - 26.64(ij + 44.16(1j2 —24 [if } )

(1—a/w)b w w w

fi(afw)= M{O.%G +4.64 (ij ~13.32 (ijz +14.72 (if - 5.6(iﬂ (10)

(1_d/y/)' w w w w

where fi(a/w) is the geometry-dependent correction factor and / is derivative of factor f;, which is given with mistakes in
the original standard [14].

In the case of TMF IF the interpretation of test results on the CGR in SENT specimens of Ni-based alloy at a
temperature of 650°C is presented in terms of the elastic stress intensity factor

P
K, =—f5(a/w) (11)
bw
a a z a ’ a ¢
5.835-69.135(—}+403.734(—) —1163.407(—) +1797.355[—j
w w w w
fs(afw)= . ; (12)
—1415.925(ij +447.342(ij
w w

In the future, it is assumed that the crack growth rate will be interpreted in terms of phase field fracture parameters.

CRACK GROWTH RATE IN TEMPERATURE RANGE

where N is the accumulated number of loading cycles. The present study focuses on the couple effects of

temperature and different type of cyclic loading, therefore it would be useful to compare the fatigue fracture
diagrams for the classic harmonic cycle (with constant loading frequency and loading waveform) and trapezoidal cycle
with the holding time at a maximum load, and all other factors being equal.

T ypically, the cyclic fracture diagram is represented by the crack growth rate (CGR) cootdinates da/dN versus Kj,
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Figure 5: Fatigue (a) and creep-fatigue (b) crack growth rate as a function of test temperature.

To this end, Fig. 5a shows the fatigue fracture diagrams of C(T) specimens for a frequency 10 Hz, which were tested at
23°C, 150°C, 650°C and 750°C. For simplicity, the CGR da/dIN was set to be dependent on the elastic SIF K. A
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comparison of these diagrams shows that as the elastic SIF increased, the CGR during the harmonic loading conditions at
high temperatures 650°C and 750°C shatp increased with respect to the ambient 23°C and moderately elevated150°C
temperatures. Fig. 5b illustrates the creep-fatigue interaction CGR da/dN versus the elastic SIF for the compact specimen
as a function of the test temperature ranging between 450°C and 750°C, which consists of the dwell time during 120 sec
and 5 sec loading/unloading time, for each loading cycle. Note that the each separate experimental CGR diagram falls
within a relatively narrow scatter band. A fairly sharp increase in the crack growth rate is observed during the transition
from temperature 650°C to temperature 750°C.

The ASTM E2760 [14] creep-fatigue CGR standard test method recommends presenting the experimental results as a
function of the elastic SIF K; and C(#)/C*integral. Nevertheless, there are restrictions in the employment of K; at high
temperatures because this fracture characteristic is satisfied only for linear elastic behavior when the size of the nonlinear
creep zone around the crack tip is bounded. Therefore, in the representation of creep-fatigue interaction experimental
data, Eqs. (5-10) were used for the computational solutions of the creep C*integral.
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Figure 6: Compliance (a) and creep-fatigue crack growth rate as a function C*integral (b) in temperature range.

The calculation of the C*-integral requires the existence of the relationship between compliance (and the associated the
force-line displacement rate 0175/ 0%) and normalized crack size for experimentally measutements made at the load-line
for each tested specimen. In Fig. 6a compliance plotted versus the dimensionless crack length for the Ni-based alloy C(T)
specimens at elevated temperatures. It should be noted that the graphs for the temperature range of 450°C-650°C falls
within a relatively narrow scatter band, while compliance at a temperature of 750°C increases moderately over the entire
range of crack lengths.

Fig. 6b illustrates the creep-fatigue CGR for the Ni-based alloy in the C(T) specimens for a wide range of tested
temperatures as a function of the C*integral under mode I loading for a creep hold time of 120 s. It was observed that in
the contrary to the elastic SIF, the behavior of the cyclic fracture diagrams as a function of the C*-integral shows the
influence of the nonlinear stress-strain rate state at the crack tip. These experimental data clearly show the effect of the
dwell time compared with the classical harmonic cycling. In this case, again the crack growth rate sharp increases during
the transition from temperature 650°C to temperature 750°C.

Fig. 7a represents a comparison of the behavior of crack growth rate diagrams in terms of the elastic K; at the same high
temperature 650°C for considered thermo-mechanical loading conditions of the C(T) and SENT specimens. As a result of
the polycrystalline XH73M nickel-based alloy tests performed, it was found that from the crack growth acceleration point
of view, the following order of arrangement of fatigue fracture diagrams is formed: non-isothermal in-phase thermo-
mechanical fatigue, isothermal creep-fatigue interaction, isothermal pure slow (f=1 Hz) and fast (f=10 Hz) fatigue. It is
noteworthy that in the initial range of values of the stress intensity factor Ky, the crack growth rate for thermo-mechanical
in-phase loading is one or two orders of magnitude higher than for other types of loading conditions. The crack growth
rate versus Ky during in-phase thermo-mechanical fatigue was significantly higher than during isothermal fatigue at the
minimum temperature, even though the advancement of the crack presumably occurs at the same temperature.
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Figure 7: Comparison of crack growth rate under different type of loading at 650°C (a) and 750°C (b).

Fig. 7b shows a comparison of the cyclic fracture diagrams as a function the elastic SIF K; at the highest test temperature
750°C for harmonic (with a frequency 10 Hz) and trapezoidal cycle with the holding time 120 sec at a maximum load. It
was observed that creep-fatigue interaction testing produce accelerated crack growth rate compared with pure fatigue due
to increased dwell time at elevated temperature. The noted effects of differences in the crack growth rate under harmonic
and program loading conditions correspond to known literature data [17].

FRACTURE RESISTANCE PARAMETER BEHAVIOR

raditionally, the fatigue crack growth rate expressed as a function of the crack-tip stress-intensity factor range,

da/dN vetsus AKj, characterizes a matetial’s resistance to stable crack extension under cyclic loading. This

expression yields results that are independent of planar geometry, thereby enabling the exchange and comparison
of data obtained from a variety of specimen configurations, loading conditions, and material properties. Moreover, this
feature enables da/dN versus 4K data to be utilized in the design and evaluation of engineeting structures. In this case, to
obtain a rational solution, it is necessary to compare the materials with each other based on their rank of resistance to
cyclic failure. Similarly, and in continuation, it is necessary to assess the response of the materials to couple effects of
temperature and different type of cyclic loading conditions. At the same time, it should be borne in mind that various
types of thermo-mechanical loading determine the use of appropriate fracture resistance parameters such as equivalent
SIF, C-integral and creep SIF which is sensitive to damage accumulation and growth [18,19]. The creep-fatigue CGR,
which is expressed as a function of the crack-tip SIF or C*integral, i.c., da/dN vetsus Ky, ot da/dt versus C*integral,
characterizes the material property to crack propagation under cyclic loading at elevated temperatures. Such relation must
be independent of the cracked body configuration to enable the comparison and exchange of results find out from various
combinations of material properties, sample geometries and loading conditions.
For ease of comparison, we restrict ourselves to the well-known Paris law, which describes the linear part of the fatigue
fracture diagram

da m
o =C(AK) (13)

where C, » are the Paris constants. This two parameter Paris equation was employment in the present study to describe
the relationship between the loading history (frequency, dwell time, temperature) and the crack growth rate, which
provides valuable insight into the dominant mechanisms operating at high temperature. In Figs. 5 and 7, crack growth rate
diagrams in terms of elastic stress intensity factors Kj, for Ni-based alloys have different scales and ranges of values,
thereby making it difficult to compare material behavior for harmonic and creep-fatigue interaction loading conditions at
clevated temperature with each other. However, simultaneous two-parameter analyses of the fatigue fracture diagram is
difficult and yields an ambiguous estimation of the material crack growth resistance under cyclic loading. Follows to the
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authors [20], to overcome these difficulties, it will be convenient to introduce the following dimensionless fracture
resistance parameter for the crack growth rate characterization:

C' L
R, =—-—=& (14)

Cﬂlflb my

where Com and .. are the CGR Paris law parameters at ambient temperature, Cr and 7 are the CGR Paris law
parameters at current value of temperature. Thus, we introduced the non-dimensional variable, which ranged from 0 to 1.
The larger this parameter, the greater is the resistance of the material to crack growth under cyclic loading. The larger this
parameter, the greater is the resistance of the material to crack growth under cyclic loading. The normalization by the
characteristics of the ambient temperature crack growth rate diagram is useful because this type of stress state is the most
represented in experimental studies of fracture mechanics. Fig. 8 summarize dependencies the cyclic fracture resistance
factor Ry on test temperature for Ni-based alloy in dimensionless form based on Eq.14 for harmonic and creep-fatigue
interaction loading conditions. It is found that there are definite temperature-sensitive regions separate for harmonic
fatigue and creep-fatigue interaction loading conditions in which the crack growth rate of Ni-based alloy increases sharply.
As indicated in Fig. 8, the values of the fatigue crack resistance parameter in terms of Ry change sharply under harmonic
loading in the temperature range of about 600°C, whereas under the creep-fatigue interaction, a similar range occurs for
temperatures of about 700°C. Thus, the introduced dimensionless parameter made it possible to identify areas of
temperature change in which there is a sharp decrease in the resistance of the material to cyclic failure. From the point of
view of practical applications, it is important that this parameter separates the conditions of harmonic loading and the
creep-fatigue interaction, i.e. the Ry-factor is sensitive to changes in the history of thermo-mechanical loading. In addition,

differences in the values of constants C and m in terms of Ry -factor can lead to different predictions of residual fatigue
life.
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Figure 8: Comparison of cyclic fracture resistance factor behavior in temperature range.

ANALYSIS OF DOMINANT FRACTURE MECHANISM

he following section focuses on comparing the fracture surface characteristics of the investigated specimens that

have been tested under harmonic and program loading with temperature variation over a wide range of values by

means of a Merlin Zeiss scanning electron microscope (SEM) images. Tab. 3 shows macrostructural images of
XH73M Ni-based C(T) test specimens after final failure with crack front positions for the precrack, intermediate, and final
crack lengths. It was observed that the shape of the crack front in the specimen changes from the initial rectilinear to
essentially curvilinear under the influence of the test temperature. The sensitivity of the fracture surface changes for the
experimental initial rectilinear and subsequent curvilinear fronts of growing cracks with progressive tunneling increased as
the temperature increased under pure fatigue and creep-fatigue loading conditions. Such behavior is due to tunneling of
the crack front which leads to the differences in the crack growth rate in the middle section and free surface of the C(T)
specimen as mentioned by the authors [17].
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T [C] Harmonic fatigue, £ = 10 Hz T [C] Creep fatigue interaction, f = 0.0083 Hz
23 450
150 550
650 650
750 750

Table 3: Tested specimen fracture surfaces.

The results of the previous section shown in Fig. 7a suggest that crack growth in XH73M nickel-based alloy in the
temperature range between 23°C and 750°C under harmonic and creep-fatigue interaction loading conditions is mainly
controlled by the deformation caused at the crack tip. Note that, many investigators have pointed out that crack tip
oxidation clearly influences the crack growth rate at constant elevated temperature for nickel base superalloys. In
particular, it has been convincingly demonstrated that the effect of oxygen accelerates the isothermal crack growth rate by
performing tests at different partial pressures of oxygen [21-24]. Cleatly, there is a potential influence of material related
aspects, such as the couple effects of temperature and thermo-mechanical loading conditions the at the crack tip region,
which requires attention in view of the analysis of dominant fracture mechanisms.

Fig. 9 displays a Merlin Zeiss SEM images of the crack path morphology of XH73M nickel-based alloy in the centre of the
specimen, i.e. middle position of the crack front, for the pure fatigue test with a frequency of 10 Hz for the temperature
range of 23°C-750°C at a crack length of roughly 12 mm in all specimens. In Figs. 9a and 9b fatigue striation formation
wete observed at the surface of the test C(T) specimens at ambient (23°C) and moderate elevated (150°C) temperatute.
The relief with fatigue striation is dominant for the entire fracture surface with a gradual increase in the striation spacing
with increasing crack length. It can be seen in Figs. 9a and 9b that the fatigue striations in some places of the specimen
fracture surface are intersected by plastically deformed slip bands, the number of which increases with increasing test
temperature. The fatigue striation spacing approximately correlates with the crack growth rate (see Fig. 5a) and is in the
range of spacing =108+ 106 m.

When the test temperature under harmonic loading reached of 650°C and then 750°C, the fracture pattern of XH73M
nickel-based alloy changes drastically as it follows from Figs. 9c and 9d. Distinctive features in these SEM images is the
general observation of increased tendency for intergranular growth with increasing temperatures under isothermal
conditions. It can be assumed, that grain boundary sliding ahead of the crack tip to complement environmentally
(temperature) assisted intergranular cracking of considered nickel base superalloy. The crack path morphology analysis,
including the mapping oxygen by the Oxford Instruments energy dispersive X-ray spectroscopy, does not indicate a
significant distinction regarding the role of oxides between the two test temperatures under harmonic loading with a
frequency of f=10.0 Hz. From a compatison of morphologies for temperatute ranges of 23°C-150°C and 650°C-750°C, it
follows that the change in the dominant fracture mechanism under harmonic loading occurs in the temperature range
close to 650°C, as predicted by the behavior of the introduced cyclic fracture resistance parameter Ryin Fig. 8.

Fig. 10 represents a Merlin Zeiss SEM images of the crack path morphology of XH73M nickel-based alloy in the middle
position of the crack front, for the isothermal creep-fatigue interaction test with a frequency of 0.0083 Hz for the
temperature range of 450°C-750°C at a crack length of roughly 12 mm in all specimens. In Figs. 10a and 10b creep-fatigue
striation initiation were observed at the surface of the test C(T) specimens at elevated temperature of 450°C and 550°C.
Similar to harmonic loading (Figs. 9a and 9b), the fatigue striations in Figs.10a and 10b in some places of the specimen
fracture surface are intersected by plastically deformed slip bands. The striation spacing approximately correlates with the
creep-fatigue crack growth rate (see Fig. 5b) and is in the range of spacing =107+ 10->m.
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Figure 9: Backscattered SEM images of the crack path morphology for isothermal harmonic fatigue with a frequency of /=10.0 Hz; (a)
~23°C, (b) - 150°C, (c) - 650°C, (d) - 750°C.

<) d)
Figure 10: Backscattered SEM images of the crack path morphology for isothermal creep-fatigue interaction with a frequency of f
=0.0083 Hz; (a) - 450°C, (b) - 550°C, (c) - 650°C, (d) - 750°C.
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Backscattered scanning electron microscopy images of a crack length of roughly 12 mm in the C(T) specimen subjected to
isothermal creep-fatigue interaction with long dwell time of 120 sec at high temperature 650°C and 750°C are shown in
Figs. 10c and 10d. These figures show that the fracture surface of the tested specimens again assumes an intergranular
morphology with grain boundary sliding, similar to the harmonic loading situation at the respective temperatures.
Moreover, the mapping oxygen by the Oxford Instruments energy dispersive X-ray spectroscopy (EDS) analyses of the
same areas with respect to chemical composition indicates that the oxygen concentration at the crack front before final
failure reaches 19%. Consequently, it is possible that the difference in crack path morphology between temperature ranges
of 450°C-550°C and 650°C-750°C is a result of changes in the deformation behaviour of the microstructure and oxidation
with increasing temperatures and dwell times under isothermal creep-fatigue interaction conditions. These observations
confirm a dependency of the crack growth dominant mechanism on the test temperature. Analysis of SEM morphologies
for temperature ranges of 450°C-550°C and 650°C-750°C, indicate that the change in the dominant fracture mechanism
under creep-fatigue interaction mostly occurs in the temperature range close to 550°C according to the cyclic fracture
resistance parameter Krbehavior which is represented in Fig. 8.

Scanning electron microscopy of fracture surface morphology performed in the present section, revealed the mechanisms
responsible for fatigue crack initiation and growth as a function of tested temperature. It is found that through-thickness
cracks in C(T) specimens developed rapidly in oxidized grain boundaries during creep-fatigue interaction loading and
intergranular crack growth resulted in short fatigue life. It is clear that cracks in harmonic loading have the delayed
initiation and transgranular growth led to longer fatigue life. Thus, based on the adjacent correlations of harmonic fatigue
and creep-fatigue interaction crack growth rates, it is proposed that the difference between dominant fracture mechanisms
in coarse grained XH73M Ni-based alloy originates from temperature effects rather than the mechanical conditions at the
crack tip.

CONCLUSIONS

under isothermal and dynamic waveforms loading conditions. The crack growth behaviors in C(T) and SENT

specimens of Ni-based superalloy were studied in temperature range of 23°C-750°C for harmonic fatigue and
450°C-750°C under creep-fatigue interaction. The interpretation of the experimental results is given in terms of the
traditional stress intensity factors and C-integral as well as new cyclic fracture resistance parameter. It is found that there
are definite temperature-sensitive regions separate for harmonic fatigue and creep-fatigue interaction loading conditions in
which the crack growth rate of Ni-based alloy increases sharply. Scanning electron microscopy of fracture surface
morphology revealed the mechanisms responsible for harmonic fatigue and creep-fatigue interaction crack initiation and
growth as a function of tested temperature. Based on analysis of couple effects of environment and type of cyclic loading
it is proposed that the difference between dominant fracture mechanisms in coarse grained XH73M Ni-based alloy
originates from temperature effects rather than the mechanical conditions at the crack tip.

T he fatigue, creep-fatigue interaction and thermo-mechanical in-phase fatigue crack growth tests are carried out
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