Materials Science & Engineering A 809 (2021) 140918

Contents lists available at ScienceDirect

Materials Science & Engineering A
journal homepage: http://www.elsevier.com/locate/msea

Assessment of thermo-mechanical fatigue in a nickel-based single-crystal
superalloy CMSX-4 accounting for temperature gradient effects
Jingyu Sun a, c, Shun Yang a, Huang Yuan a, b, *
a

School of Aerospace Engineering, Tsinghua University, Beijing, China
Institute for Aero Engines, Tsinghua University, Beijing, China
c
State Key Laboratory of Nonlinear Mechanics (LNM), Institute of Mechanics, Chinese Academy of Sciences, Beijing, China
b

A R T I C L E I N F O

A B S T R A C T

Keywords:
Thermal gradient mechanical fatigue (TGMF)
Temperature gradient
Thermal-mechanical phase angle
Single crystal superalloy
Fatigue life model

Turbine blades are working under complex thermal gradient mechanical loading conditions. In the present study,
a nickel-based single-crystal superalloy CMSX-4 is experimentally and computationally investigated under the
thermo-mechanical fatigue (TMF) and thermal gradient mechanical fatigue (TGMF) loading conditions of the inphase and out-of-phase thermal-mechanical angel. The fatigue life of TGMF with and without the thermal barrier
coating was studied. It was confirmed that the lifetime of TGMF is affected by the temperature gradient
significantly and substantially differs from conventional isothermal high temperature fatigue and thermomechanical fatigue. Since conventional fatigue models fail to characterize the TGMF, a modified model con
siders temperature gradient effects and thermal-mechanical phase angle and can describe the TGMF lifetime of
the single-crystal superalloy reasonably.

As the complexity of the structure and the extreme operation con
ditions, life assessment of single-crystal hollow air-cooled turbine blade
involves a lot of unsolved problems, especially the thermomechanical
fatigue (TMF) and thermal gradient mechanical fatigue (TGMF). TMF is
identified as a significant reason for the failure of the single crystal
turbine blade since cyclic coupled thermal and mechanical environ
ments in turbines. CMSX-4 is one of the most widely used nickel-based
single crystal superalloy for the turbine blade. An earlier study of the
TMF behavior of CMSX-4 was reported by Okazaki and Sakaguchi [1].
Comparison of the failure mechanism between the strain-controlled
TMF and LCF (low-cycle fatigue) tests was analyzed and the effect of
′
the γ/γ composite microstructure in superalloys on fatigue life was
taken into account. According to the experimental results, variations of
temperature in TMF significantly reduced the fatigue life. Moreover,
in-phase TMF life is shorter than that of out-of-phase TMF. Jung and
Schnell [2] studied the coated/uncoated TMF behavior of CMSX-4. A
three-step crack propagation mode of the coated material was described.
They found that the coating system dose not only improve the TMF life
of CMSX-4 but also leads to the complex diffusion behavior between the
coating and the substrate (CMSX-4), which will affect the fatigue life of
the sprayed CMSX-4. However, the experimental results did not result in
a fatigue life model.

Scholz et al. [3] further studied the creep, isothermal fatigue, and
thermomechanical fatigue of CMSX-4 with four-point bending experi
ments. In their study, the stress-controlled test mode was carried out
with the maximum heating capacity of 1050∘C by induction coil. Various
TMF loading types was tested including 250̃750∘C for the crystallo
graphic orientation [001], 450̃950∘C for [001], 450̃950∘C for [011],
450̃950∘C for [111] and 550̃1050∘C for [001]. The influence of tem
perature level on TMF life is much greater than that of temperature
amplitude. TMF resistance in [001] is lower than that in [011] and
[111].
To illustrate the deformation and damage mechanism, Moverare
et al. [4,5] investigated the fatigue behavior of the nickel-based single
crystal superalloy CMSX-4 under the TMF out-of-phase (OP) loading
within a temperature range between 100∘C and 1000∘C. The virgin and
aged (1000∘C for 6 h) CMSX-4 superalloys were studied respectively, and
the aging process presented great significance in increasing the cyclic
ductility and promoting homogeneity of deformation of the material, as
a result of which, the elevated fatigue properties of the CMSX-4 super
alloy was improved greatly. Different TMF test methods were experi
mentally studied by Palmer et al. [6].
In the past decades numerous further investigations on thermomechanical fatigue were published [4,7–11], but effects of
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much higher than the metal melting point, but with significant tem
perature gradients. Cooling induces temperature gradients into the
blade, which leads to additional thermal stresses and causes different
failure mechanisms. The thermal load and thermal stresses vary inde
pendently of mechanical loads. Cooling becomes one of the key issues
for development of advanced turbines.
The first experimental study on TGMF can be traced back to German
Aerospace Center (DLR) in 2008 [12,13]. TGMF testing equipment with
a lamp furnace was developed, the specimen was designed as a structure
of a hollow thin circular tube, which can ensure that the inside of the
tube can pass through the cooling air, to construct the temperature
gradient. The pioneering works from DLR introduced an interesting test
principle and showed significant effects of temperature gradients to
material fatigue. However, the experimental results were mainly qual
itative and did not clarify an applicable assessment methodology for
industrial applications.
The objective of this paper is to study the fatigue behavior of the
nickel-based superalloy CMSX-4 under the TGMF loading condition.
Based on the concept of DLR [12,13], a radiation furnace and a TGMF
testing system were developed. The isothermal fatigue (IF), thermo
mechanical fatigue (TMF), and thermal gradient mechanical fatigue
(TGMF) tests were carried out to create a database for the assessment of
different fatigue life models. The fatigue lives of the specimens with and
without the thermal barrier coating were compared, and the fatigue
behavior of the CMSX-4 single crystal alloy was evaluated by using the
TGMF life model.

Table 1
Chemical compositions of CMSX-4 (wt. %).
Al

Co

Cr

Hf

Mo

Re

Ta

Ti

W

Ni

5.8

9.3

6.2

0.1

0.6

2.9

6.9

1.0

6.3

Bal.

Fig. 1. The microstructure of the investigated nickel-based single-crystal su
peralloy CMSX-4.

1. Experiments

temperature gradients were hardly touched upon to complex test facil
ities. The turbine blade of an aero-engine works at an elevated tem
perature. To cool the blade, sophisticated cooling structures are
designed inside the blade and the cooling air runs under blade surfaces.
Additionally, the blade surfaces are covered by air delivered from
cooling holes, forming a cooling air film on the blade surface to reduce
hot gas attack. A further popular technique to reduce the temperature in
the metallic blade is thermal barrier coating (TBC). TBC should prevent
direct contact between metallic blade and hot gas. All these cooling
techniques make a blade working at an environmental temperature

1.1. Material and specimens
The material investigated in the study was a nickel-based single
crystal superalloy CMSX-4, which was cast and grown into rods with a
diameter of 14 mm. The heat treatments of the rods were provided in
Ref. [14]: an eight stage solution treatment in Argon atmosphere, and
two stage aging treatment in air. Table 1 gives the chemical composition
′
of the superalloy of CMSX-4. A regular microstructure of cubic γ pre
cipitates, of which size was about 0.5 μm, was observed, as shown in

Fig. 2. Dimensions of the specimen.
2

J. Sun et al.

Materials Science & Engineering A 809 (2021) 140918

heating. The induction coil was optimized to achieve a homogeneous
axial temperature distribution of the specimen in both heating and
cooling processes. The maximum temperature deviation in the gauge
section was less than 12∘C.
As induction heating simultaneously heats both the internal and
external surfaces of the specimen, it is difficult to achieve a large tem
perature gradient in the thickness direction [15]. In the previous study, a
radiation furnace was developed for the TGMF testing of a superalloy
Inconel 718 within the temperature range of 350 to 650∘C [16]. In the
present study, the radiation furnace was validated and improved to
achieve a temperature cycle of 500 to 1000∘. The radiation device in
cludes 16 halogen lamps and the corresponded elliptic cylinder
reflector, as shown in Fig. 5. The light of the lamps was focused on the
outer surface of the specimen which located at the common focus of all
elliptic cylinder reflectors. The quartz tube inside the furnace was used
to reduce the impact of the surrounding environment on the test spec
imen, as shown in Fig. 5. Two observation windows on both sides of the
furnace and the quartz tube were used for the strain and temperature
measurement. The radius of the furnace was about 160 mm. Due to the
long distance, a model 3448 self-supporting extensometer manufactured
by the Epsilon Technology Corp. was used to match the radiation
furnace. It has two ceramic rods made of high purity alumina, which
pass through the furnace and contact the specimen. And the extensom
eter was held on the specimen by light, flexible ceramic fiber cords. The
inner surface of the specimen was cooled by compressed cooling air to
provide a temperature gradient between the inner and the outer surface
of the tubular specimen.
Supplied by two air compressors, the compressed cooling air passed
through an air dryer to remove the water vapor which influenced the
TGMF test. The mean pressure of the air was 0.7 MPa, and the volume
flow of the air was controlled by a metering valve. In the present study,
the flow volume was predefined and kept as a constant of 40l/min for all
TGMF tests. The flow direction was from the top to the bottom.
Because of no relevant standard of TGMF test, some TGMF concepts
are defined as follows according to the TMF concepts:

Fig. 3. The EB-PVD TBC system, TC: 8YSZ (8% Y2 O3 +ZrO2 ), BC: NiCrAlYSi.

Fig. 1.
Fig. 2 shows the dimension of the tubular specimen with a wall
thickness of 1 mm in the gauge section. The outer surface of the spec
imen was fine turned and polished in the axial direction, and the inner
surface was axially honed. The angle between the longitudinal direction
of the specimen and the crystallographic orientation [001] was within
5 ∘.
Four tubular specimens were coated with a thermal barrier coating
(TBC) to investigate the TBC effect of the TGMF testing. The TBC was
deposited on the outer surface of the specimen by using the electron
beam physical vapor deposition (EB-PVD) method, and the micro
structure of the TBC was shown in Fig. 3. The top coat (TC) is made of a
ceramic material 8YSZ (8% Y2 O3 +ZrO2 ), the thickness of TC is about
150 μm. The bond coat (BC) is made of NiCrAlYSi alloys and the
thickness of BC is about 50 μm.

Thermal strain, εth
Mechanical strain, εmech

1.2. TMF and TGMF test facilities

Total strain εtot = εmech + εth
/
Loading ratio, Rε = εmech,min εmech,max

The experiments were carried out by a servo-hydraulic test machine
(Fig. 4). For the IF and TMF tests, the specimen was heated by induction

Fig. 4. Schematic representation of the developed TGMF testing system with radiation heating.
3

J. Sun et al.

Materials Science & Engineering A 809 (2021) 140918

Fig. 5. Schematic representation of the radiation furnace with the 16 halogen lamps and reflectors.

Fig. 6. Temperature deviation of the specimen, which was heated by the radiation furnace, within the gauge section of a length of 15 mm. (a) Location of the three
thermocouples on the specimen. (b) Temperature measured by the three thermocouples. (c) Temperature deviation between the three thermocouples.

In the study, all fatigue tests were controlled by the mechanical strain
with the mechanical strain ratio Rε = − 1. During the IF tests, the
temperature was kept as 1000∘C. The temperature cycle of TMF and
TGMF tests was predefined as a triangular waveform with the maximum
value of 1000∘C and the minimum value of 500∘C. The period of the TMF
and TGMF cycle was the same and set as 200 s, thus the temperature
rates of heating and cooling were 5∘C/s.
During the IF, TMF, and TGMF testing processes, the temperature
was measured by three thermocouples, which were wrapped on the
outer surface of the specimen. To improve the transient response and to
avoid the influence of the oxidation, type S thermocouples with a small
diameter of 0.25 mm were used in the present study. As shown in Fig. 6
(a), the three thermocouples were located at the upper, center, and
lower position of the coated and uncoated specimen. The temperature
measured by the center thermocouple was set as the measurement signal
of the temperature controller, and the temperature measured by the
center thermocouple was used to give the nominal temperature of all
tests. Fig. 6(b) shows the transient temperature measurement of the
upper, center, and low thermocouples during a TGMF cycle. As shown in
Fig. 6(c), the maximum axial temperature deviation within the gauge
length was less than ±30∘ C, which was about 3% of the maximum
temperature during the TGMF test. Since the cooling air in the tubular
specimen runs downwards and is heated continuously, the temperature

of the lower thermocouple is slightly higher than that of the upper
element. The difference was ca. 20∘C for the present TGMF. The speci
men’s axial temperature gradient is difficult to reduce if the specimen is
heated with a constantly distributed energy. This temperature distri
bution exists in turbine blades since the blades are cooled from one end.
In a running blade, the cooling air enters from the rotor to the blade, so
that the maximum temperature appears in the external radius of the
blade. In a vane blade the cooling air runs from the casing, i.e. external
radius, the higher temperature should appear in the internal ring by
constant radiation heating. In summary, both axial and radial temper
ature gradients exist in real components and have to be considered in the
analysis.
Because the thermocouples were located on the outer surface of the
specimen, the measured temperature on the coated specimen was almost
the same as the temperature measured on the uncoated specimen, dur
ing the same TGMF cycle. The small difference due to surface roughness
and heat conductivity can be neglected. Since the thermal conductivity
of the TBC was much lower than that of CMSX-4, the maximum tem
perature of the metal component in the coated specimen was signifi
cantly lower than that without TBC. From known experiments [13], the
temperature reduction of the metal part was about 50∘C–100∘C
depending on the coating quality and the coating thickness. To quantify
temperature variations in a coated specimen is beyond the objective of
4
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Fig. 7. Temperature deviations from the specimen middle in TMF tests with tubular specimens with the gauge length of 15 mm, heated by the induction furnace.

narrow to use other camera types of equipment, such as the infrared
thermography camera. Commonly, an alternative method to obtain the
temperature evaluation on the specimen’s internal surface is to use the
finite element method [17,19]. The accuracy of the FE-model depends
on the assumption of the heat transfer conditions.
The temperature dependent density and heat conductivity of the
investigated nickel-based single crystal alloy CMSX-4 were measured by
Abas [20], as listed in Table 2. The heat capacity cp of the CMSX-4 su
peralloy can be presented as

the present research. Under the same cooling conditions, the tempera
ture gradients in the metallic specimen should be essentially determined
by the convection coefficient. In the present work, effects of TBC are not
considered in detail, but to provide a qualitative comparison of experi
ments. In all tests, TBC was not broken before the specimen failure, so
that the study is focused on the metal alloy fatigue.
In TMF tests the specimen ran without air cooling and the temper
ature difference around the monitoring thermocouples was significantly
smaller. For the TMF tests the deviations are even under ± 0.5%, as
illustrated in Fig. 7. Effects of temperature gradients can be neglected in
such tests. The situation in OP tests is similar. For all tests, the criterion
of failure is corresponding to the 20% decrease from the stabilized peak
stress.

(1)

cp = 0.3516 + 1.162 × 10− 4 T,

where cp is in the unit of kJ/(kg ⋅K), and the unit of the temperature T is
K.

2. Thermal analysis of TGMF tests

2.2. Enforced convection of turbulent pipe flow

2.1. Thermal transfer property

The heat transfer analysis is governed by heat conduction, radiation,
and convection. A computation method has been introduced in the
previous study [21]. The method is briefly represented in the section.
The heat transfer between the compressed cooling air and the tubular
specimen was dominated by the enforced convection. The cooling air
passed through the tubular specimen can be considered as a turbulent
flow in a pipe. According to the formula of enforced convection of tur
bulent pipe flow, Gnielinski’s correlation [22] is given as

To determine the thermal gradient in the thickness direction of the
specimen, the temperature field of the specimen on both the internal and
external surfaces had to be known. The temperature field on the external
surface of the specimen can be directly measured by a lot of sensors, such
as the thermocouple and infrared thermography camera [6,17,18].
However, it is still a challenge to monitor the temperature field on the
internal surface of the specimen by using the present sensors. For
example, the measured value of a thermocouple welded on the inner
surface of the specimen is significantly affected by the cooling air. The
measured temperature is a mean value of the material and the cooling
air. Because of the small inner diameter of the sample, it is also too

NuD =

(f /8)(ReD − 1000)Pr
(
),
1 + 12.7(f /8)1/2 Pr2/3 − 1

(2)

where the Darcy friction factor f is given as [16],

Table 2
Material properties of CMSX-4 [21].
Temperature [K]

298

473

673

873

1073

1173

1273

1373

1473

1593

1653

Conductivity [W/
(m ⋅K)]

7.8

12.1

16.1

19.2

20.4

20.6

18.8

18.9

20.4

24.7

24.0

Density [kg/ m3 ]

8345

8308

8246

8177

8109

8075

8043

8017

7666

7898

7575
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Table 3
Elastic constants of CMSX-4 at different temperatures.

NuD =

Temperature, K

C11 , GPa

C12 , GPa

C44 , GPa

293
473
673
873
1073
1173
1273
1373
1423
1473

327.71
310.82
300.27
296.17
288.68
283.69
264.61
231.98
237.71
238.53

233.37
221.46
216.01
217.11
216.87
215.99
201.88
175.61
187.16
193.65

130.83
124.20
118.14
111.79
104.58
100.26
95.66
90.19
86.74
83.30

f = (0.79ln(ReD ) − 1.64)− 2 ,

hD
,
ks

(6)

and Pr is defined as the ratio of momentum diffusivity to thermal
diffusivity,
Pr =

cp μ
,
kf

(7)

and Re is defined as the ratio of inertial forces to viscous forces within a
fluid,
ReD =
(3)

(4)

3000 ≤ ReD ≤ 5 × 106 .

(5)

(8)

where h is the convective heat transfer coefficient of the compressed air,
and ks is the thermal conductivity of the superalloy. The characteristic
length D is taken as the inner diameter of the specimen in the study. cp , μ,
and kf are the specific heat, dynamic viscosity, and the thermal con
ductivity of the compressed air, respectively. ρ is the fluid density, and u
is the fluid velocity.
The temperature and pressure of the compressed cooling air were
measured as 288.15 K and 6.5 bar. The heat convection coefficient h of
the internal surface of the specimen was calculated as 423.10W/(m2 ⋅K),
by using Eqs. (2)–(8).
Passing through the specimen, the compressed cooling air was
continuously heated. Since its temperature increased and pressure
reduced, the heat convection coefficient reduced along the direction of

with
0.5 ≤ Pr ≤ 2000,

ρuD
,
μ

In Eq.(2), Nu (Nusselt number), Pr (Prandtl number), and Re (Rey
nolds number) are three dimensionless numbers which are widely used
in heat transfer and fluid dynamics. Nu is defined as the ratio of
convective to conductive heat transfer normal to the boundary [23],

Fig. 8. Schematic model of the finite element model for temperature analysis.
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Fig. 9. The FEM results under the TGMF-IP 0.6% mechanical strain amplitude loading condition: (a) temperature at maximum axial strain, (b) axial stress at
maximum axial strain, (c) temperature at minimum axial strain, (d) axial stress at minimum axial strain.
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Fig. 10. The temperature, axial stress, and hoop stress in the radial direction at the maximum tensile stress under the TGMF-IP 0.6% mechanical strain amplitude
loading condition: (a) at the minimum axial strain, (b) at the maximum axial strain.

air flow. Howerver, the variation of h in the axial direction is small due
to the small gauge length 12 mm. In the study, the heat convective co
efficient was assumed as a constant value in the gauge section.
Furthermore, the heat convection coefficient was verified by the ex
periments and computations and the details can be found in Ref. [16].

ε̇p =

N
∑
1 (α)
(m ⊗ n(α) + n(α) ⊗ m(α) )γ̇ (α) ,
2
α=1

(10)

where m and n are the slip direction and norm of the slip plane,
respectively. γ̇ (α) is the slip shear strain rate at the α-th slip direction.
Based on the recent models [26–28], the evolution of the slip shear
strain rate was suggested as:

2.3. Constitutive model of CMSX-4
The elastic strain-stress relationship of the single crystal alloy can be
expressed as
⎧
⎫ ⎡
⎤⎧ ε ⎫
σ11 ⎪
C11 C12 C12 0 0 0 ⎪
⎪
11 ⎪
⎪
⎪
⎪
⎪
⎪ ⎪
⎪
⎪
⎪
⎪
σ22 ⎪
ε22 ⎪
⎪
⎪
⎪
⎢ C12 C11 C12 0 0 0 ⎥⎪
⎪
⎪
⎪
⎨
⎬ ⎢
⎬
⎥⎨ ⎪
σ33
⎢ C12 C12 C11 0 0 0 ⎥ ε33
=⎢
,
(9)
⎥
0
0
0
C
0
0
σ
ε
⎪
⎪
⎪
⎪
⎥
⎢
44
⎪
⎪ 12 ⎪
⎪ 12 ⎪
⎪ ⎣
⎪
⎦⎪
⎪
⎪
⎪
⎪
0 0 00
C44 0
σ ⎪
ε ⎪
⎪
⎪
⎪
⎪
⎩ 13 ⎪
⎩ 13 ⎪
⎭
⎭
0 0 00
0
C44
σ23
ε23

γ̇ (α) = ȧ(α) sign(τ(α) − α(α) )

〈 |τ

(α)

− α(α) | − r(α)
g(α)

n

〉,

(11)

where α(α) is the back stress, ȧ(α) and g(α) are the material constants, and
r(α) is the isotropic hardening term. The rate of backstress α(α) was
suggested as:

the three independent elastic parameters C11 , C12 and C44 were given in
Table 3 [26].
A crystal plasticity model was used in the study. In the small strain
framework, the plastic flow was written as:

α̇(α) = c1 γ̇(α) − c2 |γ̇(α) |α(α) ,

(12)

and the evolution of r(α) was proposed as:
∑
ṙ(α) = bQ hαβ (1 − bρ(β) )|γ̇(β) |,

(13)

β
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stress along the thickness direction of the wall at the moment of
maximum temperature in a TGMF-IP loading cycle. In the figure, the
horizontal axis is the radial coordinate from the symmetry axis of the
specimen. The axial temperature gradient in a loading cycle was less
than 20∘C. The temperature gradient induced axial stress deviation be
tween the internal and external surface of the specimen is about 15 MPa,
i.e., ca. 3% of the maximum tensile stress.
The temperature field obtained in this section is an approximate
result through the empirical heat convection formula. We can verify the
accuracy of the assumed heat transfer boundary through experiments to
improve the accuracy of the temperature field calculation. The compu
tation of the correct temperature field and material fatigue in the coated
specimen is a further research topic.

Table 4
Experimental conditions and results of IF, TMF and TGMF fatigue tests.
Test Type

IF

TMF-IP

TMF-OP
TGMF-IP

TGMF-OP

±εmech

ε̇mech

[%]

[s− 1]

θT−

ε

Nf

[∘]

[cycle]

− 3

0.7

1 × 10

–

249

0.6

1 × 10−

3

–

476

0.5

1 × 10−

3

–

1300

0.7

1.4 × 10−

4

0

15

0.6

1.2 × 10−

4

0

454

0.5

1.0 × 10−

4

0

734

0.6

1.2 × 10−

4

180

142

0.5

1.0 × 10−

4

180

1051

0.70

1.4 × 10−

4

0

76

0.60

1.2 × 10−

4

0

133

0.48

0.96 × 10−

0

620

0.60

1.2 × 10−

180

82

4

4

0.48

0.96 × 10−

4

180

410

TGMF-IP

0.72

1.44 × 10−

4

180

10

-TBC

0.60

1.2 × 10−

4

180

319

TGMF-OP

0.60

1.2 × 10

− 4

180

299

-TBC

0.50

1.0 × 10−

180

556

4

3. Experimental results
3.1. Thermo-mechanical cyclic behavior
The experimental conditions and fatigue life of the IF, TMF, and
TGMF tests are listed in Table 4. To study the fatigue mechanism, the test
matrix contains three loading types of IF, TMF, and TGMF, and two
temperature-strain phase angles of in-phase (IP) and out-of-phase (OP).
The isothermal fatigue test was performed at the temperature of 1000∘C,
and the temperature range of the TMF and TGMF tests was from 500∘C to
1000∘C. Each type of test was carried out with two or three different
mechanical strain amplitudes. In Table 4, the suffix TBC means the
specimen is coated with the thermal barrier coating.
The computational results show that the axial stress is not homoge
neous in cross-section of the specimen during a TGMF cycle. To facilitate
the comparison between the IF, TMF, and TGMF results, hereafter, the
nominal axial stress σ of the specimen’s cross-section is defined as

with a internal variable ρ(α) defined by:

ρ̇(α) = (1 − bρ(α) )|γ̇(α) |.

(14)

Where c1 , c2 , b, Q are material constants.
2.4. Finite element modeling and computational results

σ = F/A.

As discussed previously, the axial temperature is not constant. The
experiments revealed that the temperature difference between the upper
and lower thermocouples reached 20∘C, as shown in Fig. 6. That is, the
axial temperature gradient is ca. 1.3∘C/mm, which is much smaller than
the radial gradient with ca. 20∘C/mm. To simplify temperature
computation, the axial gradient is neglected in the present work.
A transient coupled temperature-displacement model was generated
in the FE-code ABAQUS. The density, heat conductivity and heat ca
pacity of CMSX-4 were given in Table 2 and Eq. (1). The TGMF tests ran
with low speed, so that the temperature gradient and temperature dis
tribution were varying stably. In the present work a loading cycle took
200 s for the thin-walled specimen. It implies that both mechanical and
thermal loads are quasi-static. In this sense the temperature distribution
is nearly stationary.
Fig. 8 shows the finite element model, and the middle plane of the
sample can be consider as the symmetry plane if the axial temperature
gradient is neglected. The axisymmetric element was used to create the
FE-model of the gauge section of the sample. As discussed before, the
axial center cross-section (AB) of the gauge section was defined as a
symmetric boundary. The inner surface (AD) was taken as a heat con
vection boundary, and the heat convective coefficient h was calculated
from the formula introduced in the previous section. The heat convec
tive coefficient h was assumed to be a constant in the gauge length since
the variation of h in the axial direction is small. The outer surface (BC)
was considered as a given temperature boundary, and the value of the
temperature boundary condition was set as the experimentally
measured value from the test in a TGMF cycle. The upper surface (CD) of
the gauge section was defined as a heat conduction boundary. The
emissivity of the surface was set as 0.75.
The computational results (Fig. 9) of the FE-model show that the
maximum temperature occurs at point B. The maximum axial stress
located at point A at the moment of maximum temperature in a TGMF-IP
loading cycle. Fig. 10 shows the temperature, axial stress, and hoop

The stress-strain loops of the TGMF tests of the mechanical strain
amplitude ±0.6% are plotted in Fig. 11. As the applied mechanical strain
amplitude was small, the plastic deformation of the material was not
significant. In the extensive fatigue with the thin-walled tubular speci
mens of single-crystal alloys, it is observed that the specimens occa
sionally failed due to buckling. The buckling often occurred at the
mechanical strain amplitude Δεmech /2 ≥ 1%, because the single-crystal
alloys are orthotropic and the orientation of the material is asym
metric to the specimen. Under compression loadings, the deformations
in the specimen become asymmetric and cause unstable failure.
Under the mechanical strain amplitudes of 0.6%, the nominal stress
of the TMF specimen is slightly lower than that of the TGMF. The tem
perature gradient in the specimen thickness direction slightly raises the
mean stress in the TGMF specimen, since the TGMF possesses a lower
average temperature than the TMF. The strength of the alloy decreased
with the temperature increases, and it caused the stress asymmetry of
the hysteresis loop during the TMF and TGMF tests.
The mean stress effect is significant in low cycle fatigue [29] for the
nickel-based superalloys. Fig. 12 shows the peak, valley, and mean
values of the axial nominal stress under TMF and TGMF loading con
ditions. The results show that the mean stress varies with the phase
angle. The mean stress of IP tests decreased with the loading cycle
increasing, while the mean stress of OP tests increased.
This phenomenon is similar to the known observations in conven
tional fatigue of ductile metals that the mean stress intends to vanish.
During the TMF and TGMF tests, the evolution of the mean stress is
depended on both loading ratio and phase angle. Fig. 12 represents that
the mean stress of the half life cycle is about − 100 MPa in the
compressive direction under the IP loading conditions of Δε = 0.6%.
However, for the OP tests, the mean stress of the half life cycle becomes
tensile stress and the value is about 100 MPa, which is symmetric with
that of the IP test. Because of the asymmetry of creep and cyclic soft
ening/hardening in tension and compression, the mean stress of the TMF
9
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Fig. 11. Stress-strain hysteresis loops of TGMF-IP and TGMF-OP tests with the mechanical strain amplitude of 0.6%: (a) first cycle, (b) half life cycle. The vertical axis
σ represents the nominal stress of the cross-section.

and TGMF tests varied towards the loading direction of the half-cycle of
lower temperature. It was found that the temperature gradient did not
influence the mean stress evolution.
The small cyclic softening/hardening of the nickel-based superalloys
was observed from the TMF and TGMF tests. The phase angle between
the temperature cycle and the loading cycle leads to the different cyclic
softening/hardening behavior of the experimental results, as illustrated
in Fig. 12. To remove the influence of the mean stress, the stress
amplitude versus the loading cycle was plotted in Fig. 13. The results in
the figure illustrate that the material behavior in the single-crystal

superalloy was cyclically neutral in both TMF and TGMF tests. The small
differences between the tests are caused by the temperature gradients in
the TGMF tests.
3.2. Fatigue life distributions
Fig. 14 shows all of the experimental fatigue lives in the study. In the
figure, two specimens with 0.7% mechanical strain amplitude did not
show normal fatigue failure, but buckled, so that they were not counted
as the fatigue results. As mentioned previously, the thin-walled tubular
10
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Fig. 12. The peak, valley and mean stresses of IF, TMF and TGMF tests with the mechanical strain amplitude of 0.6% under (a) in-phase (IP) loading condition and
(b) out-of-phase (OP) loading condition. The vertical axis σ represents the nominal stress of the cross-section.

single-crystal specimen may lose structural stability due to the asym
metric deformation. According to the present experimental experiences,
the 1% strain amplitude with Rε = − 1 was the upper limit for the stable
fatigue. The limit decreases with increasing temperature.
Comparisons of the fatigue lives show that the fatigue lives of most
TMF and TGMF tests were lower than the isothermal fatigue lives,
although the IF tests were conducted at the upper temperature of
1000∘C. It illustrated that the life evaluation based on the IF testing re
sults was not conservative for the single crystal alloy CMSX-4. Similar
observations were reported on the different nickel-based superalloy [21,

30].
The experimental results show that the lifetime of TGMF-IP tests is
shorter than the TMF-IP lifetime, and similarly, the lifetime of TGMF-OP
tests is shorter than the TMF-OP lifetime. Under both IP and OP loading
conditions, the lifetime of TGMF is shorter than that of TMF, although
the temperature variations at the outer surface of the specimens were
the same during the tests. Comparing the TMF and TGMF loading con
ditions, the only difference is that the TGMF tests contained a temper
ature gradient within the cross-section of the specimen. Therefore, it was
confirmed that the temperature gradient significantly influenced the
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Fig. 15. The rafting was observed perpendicular to the tensile direction near
the outer surface under the loading condition TGMF-IP 0.6%.

Fig. 13. Evolution of the stress amplitude of IF, TMF and TGMF tests.

mechanism under TGMF was reported by Baufeld et al. [13] and found
that the microstructure of the nickel-based single crystal was changed
earlier than under conventional isothermal fatigue. The rafting structure
was observed in the material earlier so that the fatigue failure occurred
after less loading cycles. The thermal compressive stresses under the
TGMF loading condition should be the main reason for the premature
damage. This observation might explain significant variations of the
fatigue life under the TGMF loading conditions shown in Fig. 14.
Because of the internal cooling, the highest temperature occurred at
the outer surface of the specimen during the TGMF testing. Similar to the
anomalous rafting behaviour of TGMF observed by Baufeld [13], the
rafting occurred near the outer surface, has an extension of about 10 to
20 μm. As shown in Fig. 15, the rafting was oriented perpendicular to the
tensile stress. For locations away from the surface of the test piece, the
rafting phenomenon is not obvious, and the isotropic coarsening of the
′
γ/γ microstructure was observed.
The fracture surfaces of different TMF and TGMF specimens are
plotted in Fig. 16. Fig. 16(a) and (c) show the fractographic features
after TMF-IP and TGMF-IP test, respectively. A large number of split
surfaces with square features appear on the fracture surface, and a
microcavity exists in the center of almost every split surface. Notably,
after carrying out the creep and the TMF-IP tests on the nickel-based
single-crystal alloy in [001] direction, Wen et al. [34] and Wang et al.
[35] observed the similar fracture morphology. It concluded that the
creep damage plays an important role in the TMF-IP test. They consid
ered that these square split surfaces might be caused by the growth of
micropores. However, the oxygen content on the fracture surface
measured by the Energy Dispersive Spectrometer (EDS) is the lowest in
the central microvoids. Therefore, the split surface of the square feature
may also grow from the periphery to the center, and the center micro
pores broke at the end. A small number of fatigue striations were
observed on the TMF-IP and TGMF-IP fracture surfaces. Compared with
TMF-IP testing, the fatigue striations on the fracture surfaces of TGMF-IP
are more evident. It is confirmed that fatigue damage in TGMF-IP is
more prominent than the failure mechanism in TMF-IP.
However, the characteristics of TMF-OP and TGMF-OP samples are
completely different from the IP cases and the main failure mechanism
changes with the TMF phase angle. Fractographic features after TMF-OP
and TGMF-OP tests were shown in Fig. 16(b) and (d), respectively.The
fracture surfaces under TMF-OP and TGMF-OP loadings display evident
fatigue striations. Consequently, the LCF damage plays a dominant role
of the TMF-OP and TGMF-OP tests.
The SEM observation results display that the failure characteristics of
the TMF-IP samples are similar to the TGMF-IP experiments, and the

Fig. 14. Summarization of the experimental fatigue lifetime.

fatigue lifetime under the TMF loading condition, and the effect has to
be studied with the help of the finite element method since the local
temperature and stresses cannot be obtained in the tests.
The fatigue life of the TBC specimens is obviously longer, as shown in
Fig. 14, since the maximum temperature in the coated specimens is
lower. Additionally, the TBC could further reduce the temperature
gradients. For a quantitative description more experimental data is
necessary.
3.3. Failure analysis
The rafting of CMSX-4 alloy is an important phenomenon for mate
rial degradation caused by creep or aging in single crystal alloys under
thermomechanical loading conditions [31]. Rafting can cause varying in
′
the phase size and volume fraction of γ matrix and γ precipitates. The
consequence of rafting is significant reduction of the material strength
and the low-cycle fatigue (LCF) performance [32]. The direction of
rafting is usually perpendicular to the tensile stress. For the IP loading
conditions, the maximum tensile stress occurs at the maximum tem
perature. But for the OP loading conditions, the maximum temperature
corresponds to the maximum compressive stress. The difference in the
rafting direction also affects fatigue life of the material. Failure
12
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Fig. 16. Observations of the fracture surfaces of the specimen under the (a) TMF-IP, (b) TMF-OP, (c) TGMF-IP, and (d) TGMF-OP loading conditions. The applied
mechanical strain amplitude of the tests was 0.6%.

Fig. 17. Experimental results of the mechanical strain amplitude of 0.6% under TMF and TGMF loading conditions: (a) fatigue life, (b) oxygen element weight
percentages on the crack surface.

fracture surfaces of the TMF-OP specimens are similar to the TGMF-OP
tests. This indicates that the main failure mechanism of TMF and TGMF
tests was similar for the same thermal-mechanical phase angle.
Fig. 17 shows experimental results under both TMF and TGMF
conditions with the mechanical strain amplitude of 0.6%. The TMF-IP
test has the longest fatigue lifetime in the present study excepting the
IF tests. Comparing the fatigue lives of TMF and TGMF, we observed that
the fatigue lifetime was greatly reduced by the temperature gradient.
For uncoated specimens, OP loading was more dangerous than the IP
loading. However, for coated specimens, the fatigue life difference be
tween IP and OP loadings becomes smaller. Fig. 17(b) shows the oxygen
content on the crack surface under TMF, TGMF and TGMF-TBC loading
conditions. In order to compare the oxygen content of the crack surface,
the specimen was cooled immediately when the criterion for failure was

detected. The oxygen contents were measured with the Energy Disper
sive Spectroscopy (EDS) method. The results confirm the oxygen con
tents of the fracture surface under the IP tests were much higher than
those of the OP tests. The reason is, under the IP condition, the highest
temperature corresponds to the tensile stress, at this time the crack was
opening, and the crack surface was more oxidized than the OP condition.
The TBC did not affect the oxygen content of the fracture surface, since
the fatigue crack propagated after TBC fracture.
For all specimens with the thermal barrier coating, failure initiates
from the outer surface of the center cross-section. As the number of
cycles increases, the thermal growth oxides (TGO) continues to expand
(Fig. 18(b)). Micro-cracks occur between the TGO and the BC and result
in the TC to fall off piece by piece, as illustrated in Fig. 18(a). Fig. 18(c)
shows the fracture surface of the coated specimen under the TGMF-IP
13

J. Sun et al.

Materials Science & Engineering A 809 (2021) 140918

Fig. 18. Fracture investigation of the specimen with TBC under the TGMF-IP loading condition with the mechanical strain amplitude of 0.6%. (a) Falling direction of
TBC. (b) Thermal growth oxides (TGO) after the test. (c) Fracture surface.

loading. Cracks between the coating and the substrate can be clearly
observed.

)b
(
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The correction term A is defined as,

4. Life assessment of TMF and TGMF

[
∫
A= 1 + C

4.1. A modified TMF life model

t0 +tcyc

The fractographic analysis confirms that the fatigue cracks of both
TMF and TGMF test initiated from the outer surface of the sample, and
failure mechanisms of TMF and TGMF are similar. That implies the
TGMF can be evaluated by the TMF fatigue failure concept. In the pre
vious study, we [16,21,30] investigated TMF and TGMF behavior of a
nickel-based superalloy Inconel 718 and showed that the conventional
multiaxial fatigue models did not provide reasonable life predictions.
The effects of the thermal-mechanical phase angle and the temperature
gradient have to be considered additionally.
Based on the virtual tensile strain energy model [35], a TMF life
model was suggested to consider effects of the thermal loading phase
angle as [32],
(
)
2
(16)
[A(Δσn Δεn )max + B(ΔτΔγ)]
1 − Rσ

(

η(t)exp
t0

=

(17)

) ]k
− Q(t)
dt ,
RT(t)

(18)

where the ideal gas constant R = 8.31 × 10− 3 kJ/mol⋅K. The time inte
gral term in Eq. (18) is used to consider the creep effect during the TMF
or TGMF cycle. t0 is the start time of a loading cycle, and tcyc is the cyclic
period. η(t) is the stress triaxiality which is dependent on the stress state.
η(t) is influenced by the evolution of mean stress, which is significantly
related to the thermal-mechanical phase angle during a TMF or TGMF
cycle. Therefore, the TMF correction term A (Eq. (18)) can describe the
deviation of IP and OP loadings. In Eq. (18), Q is defined as [36,37],
(
)
σn (t)
Q(t) = Q0 − υ∗0 σ n (t) 1 −
,
(19)
2σ ult
where Q0 , υ∗0 represents the intrinsic activation energy and the intrinsic
activation volume, respectively. σn (t) is the normal stress on the critical
plane in a loading cycle. As introduced in Ref. [38], the activation en
ergy Q0 is defined as 469 kJ/mol. In the study, υ∗0 is assumed as 3.50 ×
10− 4 m3 /mol. We measured the CMSX-4 ultimate strength σ ult from the
monotonic tensile test as 632 MPa at 1000∘C.
In Eqs. (16) and (18), k, B, and C are the model parameters corre
sponding to the material to describe the effect of TMF loading. They can
be determined by the optimization method of minimizing the square
error of the experimental and predicted fatigue life of TMF tests. In the
present work, k = 1.3, B = 0.53, and C = 5.2 × 1011 s− 1.
Fig. 19(a) illustrates the comparison between experimental and
predicted fatigue for all tests. The figure confirms that both IF and TMF
fatigue life can be predicted by the present TMF model correctly. The

)2b
(
)b+c
4σ′ 2f (
,
2Nf + 4σ′ f ε′ f 2Nf
E

where A represents a correction term for the tensile strain energy
(Δσn Δεn )max , and B is a weight factor for the shear strain energy (ΔτΔγ).
The coefficient on the left-hand side of Eq. (16) can be determined
from the classical Coffin-Manson relationship, Eq. (17) by using the fa
tigue life of the isothermal fatigue test at 1000∘C. In the study, the fa
tigue coefficients were obtained as σ ′ f = 1700.7 MPa, b = − 0.1892,
ε′ f = 191688.9 MPa, c = − 3.356.
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Table 5
Fatigue lifetime prediction with the TGMF model.
Test type

TGMF-IP
TGMF-OP
TGMF-IPTBC
TGMF-OPTBC

Δεnom /2

ϕ

Δσnom

Tσn,max

∇Tσn,max

Nf

Np

[%]

[∘]

[MPa]

[∘C]

[∘C/
mm]

[cycle]

[cycle]

0.48
0.60
0.70
0.48
0.60
0.60

0
0
0
0
0
0

901.2
1132.7
1359.3
903.2
1137.4
1138.9

1000
1000
1000
500
500
937

−
−
−
−
−
−

620
133
76
410
82
319

543
167
63
540
105
203

0.50
0.60

0
0

912.5
1138.8

469
469

− 9.5
− 9.5

556
299

711
141

19.2
19.2
19.2
10.2
10.2
16.7

concentration was occurred. Although the difference in the temperature
and stress state of the TMF and TGMF specimen is small, the temperature
gradient should not be neglected. The temperature gradient 25∘C/mm,
which is related to the heat flux 470kW/m2, is not a small value. The
temperature gradient was introduced as a fatigue loading variable in the
phenomenological fatigue model. However, the further failure mecha
nism under a higher heat flux was not investigated in the present work.
The topic is still an open issue.
Experiments have shown that temperature gradients can accelerate
material failure. As discussed in the previous study [21], a correction
term according to the temperature gradient is multiplied on the
left-hand side of Eq. (16) as
(
)
2
f (T, ∇T)[A(Δσ n Δεn )max + B(ΔτΔγ)]
1 − Rσ
(20)
)2b
(
)
4σ′ 2f (
b+c
=
,
2Nf + 4σ ′ f ε′ f 2Nf
E
where the TGMF correction term f is defined as
⃒⃒ )
⃒⃒
(
g⃒⃒∇Tσn,max ⃒⃒
f (T, ∇T) = 1 +
,
Tmelt − Tσn,max

(21)

where Tσn,max represents the temperature which is corresponded to the
maximum normal stress on the critical plane, ∇Tσn,max represents the
norm of the temperature gradient, Tmelt is the melting point, and g is a
model coefficient in the unit of mm. The melting point Tmelt of the single
crystal alloy CMSX-4 is 1343∘ C. The model parameter g for the alloy
CMSX-4 was determined as 9.62 mm by the minimum mean-squared
error method from the TGMF tests without TBC. The TGMF model Eq.
(20) will reduce to the TMF model Eq. (16), when ∇Tσn,max = 0, i.e.,
without the temperature gradient.
The parameters of the TGMF model are listed in Table 5, in which
Δεnom /2 is the nominal mechanical strain amplitude and ϕ represents
the angle of the critical plane. Δσ nom is the stress range at the center
section (Point B in Fig. 8) of the specimen.
In the table both temperature and temperature gradients in TBC
specimens are lower than those in the uncoated specimens. The tem
perature difference in the outer surface was scaled from literature [12,
13] and set to be 63∘C, while the internal surface temperature was
calculated by assuming the same convection coefficient value as in the
uncoated specimen. Effects of TBC are an important topic which needs
more detailed experimental and computational efforts to obtain more
reliable results. The present work just wants to provide a qualitative
effects which are of interest for engineering design. In fact the results
reveal that the fatigue life seems not extremely sensitive to the tem
perature assumption for the TBC specimens.
The prediction of fatigue life is compared with the experimental
results in Fig. 19(b). The good agreement of the prediction of fatigue life
confirms that the TGMF correlation term can express the fatigue damage
of the thermal gradient. The effect of temperature gradient was

Fig. 19. Comparison of the predicted fatigue lifetime and experimental fatigue
records. (a) For the proposed TMF model, (b) For the proposed TGMF model.

maximum deviations are limited within the double-error bar. The TGMF
results, however, are far from the experiments. Both IP and OP of TGMF
are located on the non-conservative side. It implies that the temperature
gradients have to be considered explicitly in fatigue life assessment.
4.2. A modified TGMF life model
The TMF model (Eq. (16)) can accurately predict the TMF fatigue life
of the nickel-based single-crystal alloy CMSX-4 in the crystal [001] di
rection. However, the model is not conservative for the life prediction of
TGMF. The first reason is that the temperature gradient generates
additional thermal stress. On the other hand, additional rafting was
observed on the surface of the TGMF specimen, which was not detected
in the TMF specimen. The rafting process of the microstructure of the
single crystal alloy degraded the material property and local stress
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considered in the TGMF fatigue model by the thermal gradient correc
tion term properly. For both TMF and TGMF test, the maximum devia
tion of the TGMF model is within a scatter band of factor 2. The present
model provides a new concept to correlate the fatigue life under most
complex TGMF loading conditions for the nickel-based single crystal
superalloy CMSX-4.
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5. Conclusions
In the study, isothermal fatigue, TMF, and TGMF tests on the widely
used nickel-based single crystal superalloy CMSX-4 are reported and
discussed to quantify the effects of the TMF phase angle as well as the
temperature gradient. The temperature variations of the tests approach
the service condition of the superalloy CMSX-4, i.e. 500∘C–1000∘C. The
main outcomes are as follows:
• The experimental investigation shows that the nickel-based single
crystal superalloy is sensitive to the thermal-mechanical phase angle.
Most of the TMF and TGMF life is shorter than the isothermal fatigue
life. The introduced TMF model can account for the influence of the
thermal-mechanical phase angle. But for the TGMF loading, the
model provides a non-conservativ
e predicted life, maximum deviations are about 8 times of fatigue
life. The effects of the temperature gradient have to be considered in
the fatigue life model.
• The thermal gradient induces additional stress and further di
minishes the fatigue performance of the single crystal superalloy
CMSX-4. Although the fracture surface of the specimen did not reveal
a significant difference between the TMF and TGMF tests, the fatigue
lives are very sensitive to the thermal gradient.
• The thermal barrier coating shows significant improvement to fa
tigue life at the same radiation power. The coating reduces the
maximum temperature in the specimens, but also improve stress
distribution by decreasing the temperature gradients in the metallic
substrate. Quantifying TBC effects needs more detailed and system
atic experimental and computational investigations.
• Based on the TGMF model of Inconel 718, the model parameters of
CMSX-4 were determined from the experimental results. The intro
duced TGMF model shows a good agreement between the experi
mental and predicted fatigue life for the IF, TMF, and TGMF loading
conditions.
• The present work gives the first quantitative results about TGMF for
the single crystal superalloy CMSX-4. Further computational and
experimental investigations are necessary to determine the temper
ature gradient more accurately, to learn the fatigue mechanism
deeply, and to quantify the effects of temperature gradients.
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