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Abstract: In order to accurately evaluate the creep-fatigue lifetime of GH720Li superalloy, a lifetime prediction model
was established, reflecting the interaction between creep damage and low-cycle fatigue damage. The creep-fatigue
lifetime prediction results of GH720Li superalloy with an average grain size of 17.3 um were essentially within a
scatter band of 2 times, indicating a strong agreement between the predicted lifetimes and experimental data. Then,
considering that the grain size of the dual-property turbine disc decreases from the rim to the center, a
grain-size-sensitive lifetime prediction model for creep-fatigue was established by introducing the ratio of grain
boundary area. The improved model overcame the limitation of most traditional prediction methods, which failed to

reflect the relationship between grain size and creep-fatigue lifetime.
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1 Introduction

Due to the excellent mechanical performance,
including strength, fatigue resistance, and creep
resistance at elevated temperatures, GH720Li
superalloy has been successfully employed in
aero-engine turbine discs [1—3]. Due to the high
temperatures and cyclic centrifugal forces
experienced during repeated engine operations,
turbine discs are subjected to significant creep-
fatigue damage, which is one of the primary reasons
for turbine disc failure [4,5]. Therefore, accurate
prediction of the creep-fatigue lifetime for GH720Li

superalloy is particularly significant in the gas
turbine industry.

The creep-fatigue performance of nickel-based
superalloys is closely related to various factors,
including temperature [6], mechanical loading
[7-9], frequency [10], dwell time, and dwell
position [4,5,11,12]. In addition, the heat treatment
process and grain size could affect the mechanical
properties of materials [13—15], and they have been
confirmed to have significant effects on creep-
fatigue properties. JACKSON and REED [16]
investigated the microstructure evolution of Udimet
720Li superalloy (similar to GH720Li superalloy in
China) during various heat treatment processes and
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found that the duration of heat treatment
significantly influenced the fatigue resistance of
nickel-based superalloys. Creep-fatigue experiments
conducted on Udimet 720Li superalloy with
varying grain sizes revealed that the grain size was
one of the primary factors influencing creep-fatigue
performance [17]. At 650 °C in air, a larger grain
size was beneficial to resisting crack growth and
improving creep-fatigue performance [17]. CHEN
et al [18] conducted creep-fatigue experiments on
GH230 superalloy, and the results indicated that
local deformation inhomogeneity at the crystal
scale of the material could lead to intergranular
damage.

According to continuum damage mechanics,
creep-fatigue damage is caused by the accumulation
of creep damage and low-cycle fatigue damage,
and damage-based lifetime prediction models
have been widely used in creep-fatigue lifetime
prediction [19-21]. Furthermore, based on the
nonlinear damage accumulation theory, BERTI and
MONTI [22] and WANG et al [23] developed creep-
fatigue lifetime prediction models considering
temperature variations. The material constants in
these models can be obtained from experimental
data on creep and low-cycle fatigue, thus reducing
the need for a large number of expensive creep-
fatigue experiments. Although fruitful studies on
creep-fatigue lifetime prediction for nickel-based
superalloys have been conducted, few damage-
based lifetime prediction models consider the
influence of grain size on creep-fatigue lifetimes.

In this regard, the present study focused
on developing a damage-based creep-fatigue
lifetime prediction model for GH720Li superalloy
considering the effect of grain size. Firstly, based on
the creep-fatigue damage mechanism and nonlinear
damage accumulation theory, the evolution of
creep-fatigue damage was characterized, and a
damage-based creep-fatigue lifetime prediction
model for GH720Li superalloy was established.
Then, considering the effect of grain size on creep-
fatigue damage, an improved grain-size-sensitive
damage model of creep-fatigue was innovatively
developed. Finally, without introducing any additional
material constants, the predicted creep-fatigue
lifetimes of GH720Li superalloy fell within a scatter
band of 2 times, and the predicted relationship
between creep-fatigue lifetimes and grain sizes was
in good agreement with the experimental data.

2 Damage-based lifetime prediction model

2.1 Creep-fatigue damage characterization

Generally, the contribution of the interaction
between creep damage and low-cycle fatigue damage
determines the creep-fatigue lifetimes [21,24,25].
When the dwell time is relatively short, even at high
temperatures, the creep-fatigue damage behavior is
similar to low-cycle fatigue damage behavior,
which exhibits transgranular fracture characteristics
in polycrystalline materials [26,27]. With increasing
dwell time, the creep damage gradually increases
until the failure mode approaches pure creep. A
typical creep damage mechanism involves micro-
voids nucleating and growing into macroscopic
intergranular cracks at grain boundaries in
high-temperature environments due to the weakness
of these boundaries [28,29]. The fractographic
analysis following creep-fatigue experiments on
GH720Li superalloy in previous studies [5] revealed
a mixed transgranular and intergranular fracture
mode, with intergranular fracture becoming more
pronounced with increasing dwell time.

The creep-fatigue lifetimes can be predicted
through coupling creep damage and low-cycle
fatigue damage [19-21]. As shown in Fig. 1,
ductility exhaustion methods typically use a linear
creep-fatigue interaction assumption, while the
ASME code uses a bilinear creep-fatigue interaction
assumption [30]. Furthermore, a growing number of
studies have shown that describing creep-fatigue
damage based on nonlinear damage accumulation
theory is effective [21].

KACHANOV [31] formulated an equation

Creep damage

Bilinear

Fatigue damage

Fig. 1 Schematic diagram of three methods for describing
creep-fatigue damage
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describing the evolution of creep damage in terms
of stress and cumulative damage:

j— O- '
dDC_(—A(l—DC)J dt (1)

where D, is the creep damage, o is the stress, ¢ is
time, and 4 and r are the temperature-related
material constants. Based on the pioneering work of
KACHANOV [31], an improved evolution equation
for creep damage was proposed by introducing an
additional material constant (m) [32,33]:

de[%)r (1-D,)™"dt 2)

For low-cycle fatigue damage, a classic
evolution equation has been widely used for
predicting lifetimes under complex loads [34]:

- B
de(ﬁj (1-D,)""dN (3)

where Dr is the low-cycle fatigue damage, o, is the
stress amplitude, N is the number of cycles, and
p, M and b are the temperature-related material
constants.

In creep-fatigue, the damage from creep and
low-cycle fatigue is coupled and mutually promotes
each other [6,21,22]. In this work, the interaction
between creep damage (described by Eq. (2)) and
low-cycle fatigue damage (described by Eq. (3))
was reflected through the nonlinear damage
accumulation theory. The creep-fatigue damage D
could be expressed as [7]

r B
(%) q—py™ %2 | q1=py*
dD ( AJ (1-D)"det+ [M j (1-D)"dN 4)

By integrating creep damage over a cycle, the
first derivative of the total creep-fatigue damage
with respect to the number of cycles can be
expressed as

e __bﬂ_aﬂ
dN—(l D) LI(A] dt+(1-D) (Mj (5)

where #; and £, are the start and end time of the
dwell load in a cycle, respectively.

2.2 Application of damage-based lifetime prediction
model in creep-fatigue

By fitting the experimental data of creep and
low-cycle fatigue of GH720Li superalloy, the
material constants for creep damage and low-cycle
fatigue damage in the creep-fatigue lifetime
prediction model can be determined. the creep and
low-cycle fatigue experimental data of GH720Li
superalloy at 650 °C were provided in Ref. [35]. All
the material constants in the lifetime prediction
model of GH720Li superalloy at 650 °C were listed
in Table 1. As depicted in Fig. 2, the fitting results
for both the creep and low-cycle fatigue lifetimes of
GH720Li superalloy fell within a scatter band of 2
times, indicating a strong correlation between the
predicted lifetimes and experimental data.

For GH720Li superalloy with an average grain
size of 17.3 um, the experimental creep-fatigue
lifetimes were provided in Ref. [36]. Based on the
damage-based lifetime prediction model (Eq. (5))
and the material constants obtained in this paper
(Table 1), the creep-fatigue lifetimes of GH720Li
superalloy at 650 °C were predicted. Majority of the
agreements between the predicted results and
experimental results of the creep-fatigue lifetimes
of GH720Li superalloy were basically within a
scatter band of 2 times (Fig.3), verifying the
accuracy of the creep-fatigue lifetime prediction
model developed in this paper.

It was worth noting that stress amplitude
conversion was necessary in creep-fatigue lifetime
prediction. During the identification process of
material constants, low-cycle fatigue experimental
data at 650 °C from Ref. [35] were obtained under
cyclic loading with a load ratio of R=—1. However,
the creep-fatigue experiments in Ref. [36] were
conducted under cyclic loading with a load ratio
of R=0.1. Considering the difference of the load
ratio, during the progress of creep-fatigue lifetime
prediction, the stress amplitude at R=0.1 (ar=0.1)) in
creep-fatigue experiments was converted into stress
amplitude at R=1 (gar=-1)) through the Goodman
function [37]:

Table 1 Material constants in lifetime prediction model of GH720Li superalloy at 650 °C

Creep damage constant

Low-cycle fatigue damage constant

m A r

b M B

43.0246 1854.1287 12.4305

40.0368 2357.2896 12.5659
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Fig.2 Comparison of experimental and predicted
lifetimes of GH720Li superalloy at 650 °C: (a) Creep
lifetime; (b) Low-cycle fatigue lifetime
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Fig. 3 Correlation between predicted and experimental
creep-fatigue lifetimes of GH720Li superalloy at 650 °C
(CF3, CF12, CF30 and CF45 indicate that the dwell time
at the maximum load is 3, 12, 30 and 45 min, respectively)

~ Oa(r=01)

O-a(R=—1)_m (6)

where om and o, are the mean stress and ultimate
stress, respectively. For GH720Li superalloy, oy at
650 °C is 1420 MPa [35].

3 Lifetime prediction considering effect
of grain size

3.1 Grain-size-sensitive damage model of creep-

fatigue

With the advancement of high thrust-weight
ratio aero-engines, the service environment of
turbine discs deteriorates continuously, and the
material property requirements in different parts of
the turbine disc exhibit significant differences
[38,39]. Under this background, the dual-property
turbine disc (Fig. 4) has gradually developed. In the
dual-property turbine disc, the creep resistance
decreases from the rim to the center as the grain
size diminishes, while the evolution of low-cycle
fatigue resistance follows the opposite trend [38,39].
Most traditional creep-fatigue lifetime prediction
methods currently fail to reflect the relationship
between grain size and lifetime. An important goal
of this study is to establish a grain-size-sensitive
creep-fatigue damage model without introducing
any additional material constants.

Fig. 4 Schematic diagram of dual-property turbine disc

Under creep-fatigue loading, intergranular
fractures caused by creep damage and transgranular
fractures caused by low-cycle fatigue damage occur
simultaneously [5,36]. However, the effects of grain
size on creep damage and low-cycle fatigue damage
are quite different. As shown in Fig. 5, when the
grain size decreases, the total area of grain boundary
increases, which would result in more initiation
of intergranular cracks and more serious creep
damage [27]. However, studies have shown that low-
cycle fatigue damage decreases with decreasing
grain size due to the hindrance of grain boundaries
on transgranular crack propagation [40—42].
Overall, as the grain size decreases, creep damage
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increases, while low-cycle fatigue damage
decreases. And the effect of grain size on creep
damage and low-cycle fatigue damage is closely
related to the total grain boundary area.
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Fig. 5 Schematic diagrams of creep-fatigue damage
mechanism under different grain sizes: (a) Large grain
size; (b) Small grain size (The regular hexagons
represent grains; the spots represent the micro-voids in
growth; the black fold lines at grain boundaries represent
intergranular cracks; the black fold lines passing through
the grains represent transgranular cracks)

For the gauge part of the specimen with
volume V), the number of crystal grains (n) is
4

" I/grain (13) (7)

where [ represents the grain size, and Veuin()
denotes the average volume of a single grain, which
is proportional to the cube of the grain size. The
total grain boundary area (S) in the gauge part of the
specimen is proportional to the number of crystal
grains and the effective grain boundary area within
a single grain:

S o 1S i (1) ®)

Serain(l?) indicates the effective grain
boundary area within a single grain, which is
proportional to the square of grain size. After
simplification, Eq. (8) could be described as

where

Soc; ©)

Selecting the total grain boundary area at a
specific grain size as a reference, the ratio of the
total grain boundary area to the reference total grain
boundary area (7) can be expressed as

N/

0
n= s, 1 (10)
where Sy and [y are the reference total grain
boundary area and reference grain size, respectively.
The grain boundary area can be accurately
measured by some advanced technology [43], and
then # can also be obtained based on Eq. (10).

In this work, to reflect the influence of grain
size on creep-fatigue lifetime, # was introduced into
the damage model, and the evolution equations of
creep damage and low-cycle fatigue damage could
be modified as

dbczn(%)r(l—ﬁ)_’”dt (11)
= 1 1(a Y <
d f—;Df—;(ﬁj (1-D)y™*dN (12)

where D,, D, and D are creep damage, low-
cycle fatigue damage and total creep-fatigue
damage considering the effect of grain size,
respectively. Therefore, the improved creep-fatigue
damage model could be expressed as

D gt (Vg pyr L)
dN_(1 D) njtl(Ajdt+(1 D) U(Mj

(13)

3.2 Experimental verification of improved damage
model

Creep-fatigue experiments of GH720Li super-
alloy with different grain sizes have been conducted
in our previous work [36]. The main chemical
compositions of GH720Li superalloy and the
experimental conditions are shown in Table 2 and
Table 3, respectively [36]. The specimens with
different grain sizes were sampled from the center
zone, middle zone and rim zone of the GH720Li
turbine disc (Fig. 6). The experimental results
indicated that, under the same conditions, creep-
fatigue lifetimes increased with the increase of the
grain size, while smaller grain sizes led to severer
grain boundary cracking.

Using the damage-based lifetime prediction
model developed in Section 2, the creep-fatigue
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Table 2 Main chemical composition of GH720Li superalloy (wt.%) [36]

Cr Co Ti Mo

Al W Fe Si Mn Ni

15.50-16.50 14.00-15.50 4.75-5.25  2.75-3.25

2.25-2.75

1.00-1.50 <0.50 <020 <0.15 Bal

Table 3 Creep-fatigue experimental conditions of GH720Li superalloy [36]

Specimen Temperature/ Stress ratio Maximum Dwell Grain Number of
ID °C stress/MPa time/min size/um specimens
CF12-1 650 0.1 1000 12 17.3 3
CF12-2 650 0.1 1000 12 13.1 3
CF12-3 650 0.1 1000 12 10.8 3
lifetime predictions for GH720Li superalloy with 10* @
different grain sizes were conducted. Figure 7 Scatter band of 2 times
illustrated that the lifetime prediction model failed © r CF3
to differentiate between the lifetimes of GH720Li é‘ 103 F ggig A an
superalloy specimens with different grain sizes. =
The creep-fatigue lifetime prediction results of <2
GH720Li superalloy with different grain sizes g 102k
based on the improved lifetime prediction model ?3 y CF12-1
are shown in Fig. 8. Without introducing any = : gggg
additional material constants, the predicted creep- . .
10! 102 10° 10°
Experimental lifetime/cycle
300 [(b)
[ Predicted
250 F Il Experimental

300 - [ Predicted
I Experimental

17.3 13.1 10.8
Grain size/um

Fig. 7 Predicted creep-fatigue lifetimes of GH720Li
superalloy with different grain sizes at 650 °C based on
unimproved damage model

200

150

100

50

Creep-fatigue lifetime/cycle

17.3 13.1 10.8
Grain size/um

Fig. 8 Predicted creep-fatigue lifetimes of GH720Li
superalloy with different grain sizes at 650 °C based on
improved damage model (CF3, CF30 and CF45 indicate
that dwell time at the maximum load is 3, 30 and 45 min,
respectively): (a) Comparison between predicted lifetime
and experimental lifetime; (b) Predicted laws between
creep-fatigue lifetime and grain size

fatigue lifetimes of GH720Li superalloy at 650 °C
fell within a scatter band of 2 times, and the
relationship between creep-fatigue lifetimes and
grain sizes was well described, verifying the
rationality and accuracy of the grain-size-sensitive
damage model developed in this work.
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4 Conclusions

(1)  Utilizing the nonlinear damage
accumulation theory, the interaction between creep
damage and low-cycle fatigue damage in creep-
fatigue failure was characterized, leading to the
development of a damage-based creep-fatigue
lifetime prediction model for GH720Li superalloy.

(2) By fitting the experimental data of creep
and low-cycle fatigue, the material constants for
creep damage and low-cycle fatigue damage were
identified. The predicted creep-fatigue lifetimes for
GH720Li superalloy with an average grain size of
17.3 um were essentially within a scatter band of 2
times, indicating a strong agreement between the
predicted lifetimes and experimental data.

(3) Assuming that the influence of grain size
on creep-fatigue damage was closely associated
with the total grain boundary area, a grain-size-
sensitive damage model for creep-fatigue was
developed. Without introducing any additional
material constants, the predicted creep-fatigue
lifetime of GH720Li superalloy at 650 °C fell
within a scatter band of 2 times. Moreover, the
predicted relationship between creep-fatigue
lifetimes and grain showed excellent
agreement with the experimental data.
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