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Abstract. In advanced propulsive systems, a turbine disc bears vast mechanical and thermal loads under its
working conditions of high-temperature gradients and high rotational velocity.The complex working
conditions of aero-engine turbine discs place stringent performance requirements on the materials used.
With dual organizations and superior composite performances, bimetallic functionally graded turbine discs
have become a focus in the research of high thrust-to-weight ratio aero-engines. To study the mechanical
properties of new bimetallic functionally graded materials under service conditions, we propose a volumetric
fraction expression and adjustable composition distribution parameters that are suitable for simulating the
composition distribution of bimetallic functionally graded turbine discs. On this basis, a characterization
model for functionally graded materials based on the analysis of the internal thermodynamic properties of
bimetallic turbine discs is established. The thermodynamic properties and fatigue performances of
functionally graded materials under service conditions are analysed. Mechanical property simulations of
functionally graded turbine discs are performed using different composition distribution parameters, and
reasonable ranges are determined for the various composition distribution parameters. The results show
that bimetallic functionally graded turbine discs are suitable for high-stress-gradient and high-temperature-
gradient environments with lower weights than those of current GH4169 alloy turbine discs.
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1 Introduction

As key components of aero-engines, high-pressure turbine
discs must operate in harsh high-temperature and high-
rotational-speed environments over long periods of time.
The reliability of such complex thermal mechanical
machinery has a direct effect on flight safety. The extreme
and unusual operating conditions and operational require-
ments of turbine discs pose enormous challenges on material
and manufacturing technology innovation. The emergence
of various new materials, such as composite materials, multi-
phase materials, and functionally gradient materials, and
the development and advancement of additive material
manufacturing technology have made materials designable
in terms of strength, stiffness, and service reliability.

The working conditions of aero-engine turbine discs are
extremely harsh. The rim of the disc, being exposed to high-
temperature gas at operating temperatures of 450-840°C,
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must possess superior durability and resistance against
creep and fatigue cracking. Conversely, the center of the
disc operates at relatively low temperatures but is subject
to large centrifugal stresses, so the center must have a high
yield strength and good low-cycle fatigue performance [1].
These characteristics cannot be satisfied by a single
material [2-5]. Functionally gradient materials (FGMs),
on the other hand, have the distinct advantage that their
properties can vary with the gradient and the location on
the part [6], and thus, they can withstand the complex
operational environments and satisfy the requirements of
turbine discs. For a bimetallic functionally graded turbine
disc, the structural design can be fully optimized, and the
stability of the structure can be ensured without increasing
the thickness or weight of the structure.

The ultimate purpose of establishing a thermophysical
model of functionally gradient materials is to determine
the optimum material volume fraction formula so that the
material can exhibit the best thermophysical properties in
the service process. That is, the interface of the component
material is blurred, and the concentrated thermal stress
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Fig. 1. Idealized functionally graded material.

is relieved. Figure la shows a schematic diagram of
a functionally graded material composed of metallic
materials A and B. As the radius r increases, the volume
fraction of material A gradually decreases and the volume
fraction of material B gradually increases. Ignoring the
shapes of both materials and the contact problem, the
composition distribution of the functionally graded
material may be simplified to that of an idealized FGM
[7], as shown in Figure 1b. As the gradient of the volume
fraction changes, the thermomechanical properties of the
material, such as the modulus of elasticity, Poisson’s ratio,
coefficient of linear expansion, and thermal conductivity,
will also produce gradient changes.

The finite element method is widely used in the analysis
of thermal stress in functionally graded materials. In-depth
studies of the thermal responses of functionally graded
materials under different conditions [8,9] have been
conducted by a number of investigators. In numerical
simulations of functionally graded materials, some
researchers [10,11] used the ANSYS finite element software
for the numerical simulation of FGMs and effectively
proved that FGMs significantly improve the mitigation of
the thermal stress and the suppression of interfacial crack
growth. They have also verified the reliability of finite
element software in the auxiliary design of FGMs, but some
flaws still remain in the continuity features for the
transition between the layers of the numerical simulations
of FGMs.

Other finite element related studies include the thermal
stress calculation formula for thin FGM sheets under
thermal loads derived by Jiang [12]. With the aid of
secondary development in ABAQUS, the steady-state
thermal problem of a one-dimensional FGM thin plate was
analyzed on the basis of classical plate theory. Pourhamid
et al. [13] introduced the super element method (SEM) and
analyzed the metal-ceramic FGM engine piston cylinder
problem in ABAQUS and examined the effect of the
material composition distribution on the distribution of the
temperature and stress fields.

In this work, based on a combination of theoretical
analysis and finite element simulations, we derived and
calculated the thermodynamic parameters of FGMs for
different composition ratios, conducted numerical simu-
lations of FGMs under service conditions for different
composition ratios, and performed an optimization analy-
sis of the composition distribution parameters based on the
simulation results. We established a material characteri-
zation model for FGMs aimed at tackling the thermody-
namic problem of a bimetallic turbine disc and built a set of
material property parameters for FGMs that was suitable
for turbine disc service conditions with good thermody-
namic performances.

2 Bimetallic functionally graded material
model characteristics

2.1 Composition distribution function and material
selection of functionally graded materials

Some scholars have achieved fruitful results in the study of
the composition distribution formula of functionally
graded materials and related mechanical problems, but
some methods are computationally intensive and time-
consuming, and the complete power function form has the
problem of difficult data processing. To establish a
simplified and practical model that can be applied quickly
to actual engineering problems, in this paper, we adopt a
simplified power function as the expression for the volume
fraction of the material:

Jul1) = Cor[1 = k()]

where « represents the A phase material, Cy, &k, and n are
adjustable coefficients that control the shape of the curve
(hereinafter referred to as composition distribution
parameters), and B is the maximum radius of the turbine
disc.

The working conditions of aero-engine turbine discs are
extremely harsh. The rim of the disc, being exposed to high-
temperature gas at operating temperatures of 450-840°C,
must possess superior durability and resistance against
creep and fatigue cracking. Conversely, the center of the
disc operates at relatively low temperatures but is subject
to large centrifugal stresses, so the center must have a high
yield strength and good low-cycle fatigue performance.
Below 650°C, the yield strength of GH4169 ranks the
highest among wrought superalloys, and it has good
resistance against fatigue, radiation, oxidation, and
corrosion. This makes it a suitable hub material. Below
900 °C, the K418B alloy has high resistance against creep,
thermal fatigue, and oxidation, which makes it a suitable
rib material. Because the superalloys GH4169 and K418B
are commonly used turbine disc materials, we examine
bimetallic functionally graded materials based on these two
materials. The material parameters of the GH4169 and
K418B alloys are affected by the working temperature. The
specific thermal parameters are shown in Tables 1 and 2,
respectively. Based on the properties of the two materials,
we use the GH4169 alloy as the o phase material in this
paper, with its volume fraction decreasing in the radial
direction, and the K418B alloy as the g phase material,
with its volume fraction increasing in the radial direction.

(1)

2.2 Thermodynamic parameters of functionally graded
materials

When the volume fraction f,(r) of the & phase material is

known, the change of the elastic mechanical parameters of
the FGM with radius r can be expressed as follows [15]:

(2)
3)

E(r) = fo(r)-Ey + [1 = f,(r)]-Ex,

v(r) = fo(r) v+ [1 = fo(r)]-va.
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Table 1. Temperature dependence of thermodynamic parameters of GH4169 superalloy [14].
Temperature Elastic Poisson’s Coefficient Thermal Specific Density
°C) modulus E ratio v of linear Conductivity heat o(kg/m?)

(GPa) expansion AMW/(m-°C)) c(J/(kg-°C))
a(107%Cc™t)
20 205.0 0.321 11.8 13.40 \
300 184.5 0.329 13.5 17.59 4814
400 175.5 0.339 14.1 18.84 493.9
500 168.5 0.344 14.4 20.10 514.8 8240
600 153.0 0.355 14.8 21.77 539.0
650 142.0 0.361 15.1 22.30 556.2
750 130.5 0.381 16.2 23.63 594.7
Table 2. Temperature dependence of thermodynamic parameters of K418B superalloy [14].
Temperature Elastic Poisson’s Coefficient Thermal Specific Density
(°C) modulus ratio v of linear Conductivity heat p(kg/m®)
E (GPa) expansion AMW/(m-°C)) c(J/(kg-°C))
a(107%°C™h

10 211 0.29 \ \ \
300 195 0.28 12.9 12.98 481
400 190 0.29 12.9 14.65 490
500 184 0.30 13.4 16.33 502 8080
600 179 0.29 13.7 18.42 515
700 171 0.31 14.2 20.52 544
800 165 0.30 14.7 22.61 559

Based on the knowledge of the elastic mechanics, the
expressions of the bulk modulus K(r), shear modulus G(r),
and Lame constant A(r) are as follows:

K(r) = 1 —Eg;)(r) )
__E@
G(r) = 4 o] (5)
_ K(r) —2G(r) E(r)v(r)
M =g T aen ) ©

When the volume fraction f,(r) of the & phase material
is known, the change of the thermodynamic parameters of
the FGM with the radius r can be expressed as follows [16]:

a(r) = fu(r)or+[1 = f,(r)]-o: (7)

kiko
kl[l - fOt(T)] + kQ'fa(r)

After determining the functional relationship between
the parameters of the functionally graded material and the

k(r) = (8)

volume fraction of the @ phase material, the performance
parameters are correlated with the radius r of the turbine
disc, forming a theoretical basis for establishing the
functionally graded material model in the finite element
software and calculating its service performance.

2.3 Constitutive model of turbine disc

In view of the large dynamic loads of the high-speed
airflow impact and burst experienced by turbine discs in
service, the Johnson—Cook (J-C) empirical model [17] is
often used in the simulation of the mechanical properties
of turbine discs in actual operating conditions. The model
is widely used to describe the strength limits and failure
behaviors of metallic materials in high-temperature
environments.

Since some of the parameters of the J-C model must be
obtained through experiments, including quasi-static
tensile testing and dynamic tensile and compression testing
and the functionally graded bimetallic materials studied
herein are still in the theoretical validation stage,
experimental data are not available. If we establish a
theoretical J-C model based on an unverified bimetallic
FGM, it is extremely likely to contain large errors. Given
that there have been successful J-C studies worldwide for
the GH4169 alloy, we adopted the experimental data of
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Table 3. GH4169 alloy Johnson—Cook (J-C) model
parameters.

Material Physical meaning Value
parameters

A Initial yield stress (MPa) 650

B Hardening constant (MPa) 809.16
C Strain rate constant —0.0067
n Hardening Index 0.2754
m Thermal softening index 1.534

the GH4169 alloy [18] to build the constitutive model and
minimize the error of the J-C model.

The mathematical expression of the J-C model is as
follows:

0= (A+Be)(1+Clng)(1-T™) (9)

" T-T,

T =— ~° 10
Tm_T'r ( )
. &p
=L 11
=y (1)

where A, B, n, C, and m are parameters determined by the
material, oeis the von Mises equivalent flow stress, & is the
equivalent plastic strain, & is the dimensionless strain rate,
&p is the equivalent plastic strain rate, & is the reference
strain rate, taken to be 0.001 s—1, T" is the dimensionless
temperature, and T, T,, and Tm are the test temperature,
room temperature (20 °C), and melting point, respectively.
The material parameters obtained after fitting the J-C
model are shown in Table 3.

2.4 FGM turbine disc performance calculation
program

In this study, we developed a calculation program for the
thermodynamic responses of bimetallic functionally graded
materials. The concepts of the calculation are shown in
Figure 2. The program performs model import, material
setting, and mesh division. The interface is shown in
Figure 3.

3 Mechanical performance analysis
of bimetallic functionally graded turbine disc

3.1 Model establishment for turbine disc

Considering that the main goal of this research is to explore
the influence of functionally graded materials on the service
performances of turbine discs, a simplified model of a
certain type of aero-engine turbine disc was selected for the
modeling. Due to the symmetry of the structure and
working conditions of the aero-engine turbine disc, a
quarter scale of the turbine disc was used for the

Main program
running

|

Calculate elastic
stiffness matrix

!

Calculation of yield
stress and strain
hardening rate

Determine whether the
stress exceeds the
yield limit

Newton iteration

!

Calculate the Jacobian matrix and update the state variables

l

End of incremental step

Fig. 2. Operating process of the calculation program.

= FGM plugin02 X

Model and Material Mesh
Model

Import Model C:/Users/ya/De | *

UMAT Material Parameters

Material Name FGM Depvar |14 Density |8.1e-9
Young\'s Modulus

E(c)=E1*C(r) +E2*[1-C(N)]

Poisson\'s Ratio

V(©)=V1*C(r) +V2*[1-C(n)]

Line Expansion Coefficient

Emod1 | 142000 Enul | 0.361 Ealphl |1.51e-5
Emod2 | 175000 Enu2 0.3 Ealph2 | 1.6e-5

Volume Fraction Parameters  JohnsonCook Model Constants IHF
o)1 B 220 ConsA 650 ConsEN | 0.2754

&1 CN 15 ConsB |809.16 | ConsEM |1.534 IHF |09

ConsC | -0.0067

UMATHT Material Parameters

Thermal Conductivity  Specific Heat Capacity  Volume Fraction Parameters

K121 Spechtl |555¢6 UMATHTCO 1 UMATHTB 220

K2(19 Specht2 | 515¢6 UMATHTCK 1 UMATHTCN 1.5

Assign Section

Assign Section (None) [3

Fig. 3. Setting interface of functionally graded material (FGM)
properties.

simulations to improve the calculation efficiency. The
turbine disc model and the material distribution are shown
in Figure 4.
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Table 6. Stress, strain, and total deformation of FGM
turbine disc under different engine conditions.

GH4169

Fig. 4. Turbine disk model and material distribution.

Table 4. Load spectrum of turbine disc at 750h [21].

Working condition Turbine disc speed Number
(rpm) of cycles
Start-max-start 0-17650-0 1280
Idle-Max-Idle 9210-17650-9210 1845
Cruise-max-cruise 16446-17650-16446 23300

Table 5. Centrifugal load on blade corresponding to
various speeds of turbine disc.

Working condition Speed (rpm) Pressure (MPa)

Maximum state 17650 200
Idle state 9210 68
Cruise state 16446 184

3.2 Boundary conditions and load settings
of turbine disc

A rotating hot disc in a turbine engine is in general
subjected to a combination of centrifugal loads, tensile
stress equivalent to the centrifugal force generated by the
blade, aerodynamic force generated by the impact of the
oncoming airflow on the blade, thermal stress, vibration
load and assembly stress. Among them, the centrifugalload
and thermal stress have a greater impact on the
performance of the turbine disc, while the other three
types of loads have a lower impact. Therefore, the load
analysis of the turbine disc in this paper mainly includes the
centrifugal load and the temperature load [19].

To simulate the temperature field under real service
conditions, a sequential coupling method is adopted for the
finite element thermal stress analysis. It is assumed that
the temperature field is in a steady state, the temperature
of the core is 360°C, and the temperature of the rim is
600 °C [20].

The centrifugal load on the turbine disc can be regarded
as a superposition of the centrifugal force of the disc itself
and the tensile force on the disc by the centrifugal force of
the blades. The spectrum of the rotational load of the disc is
shown in Table 4, and the parameters of the applied
centrifugal load are shown in Table 5.

Engine Speed Max von Maximum Total

state (rpm) Mises principal  deformation
stress strain (mm)
(MPa)

FCEM K488 )N aximum 17 650 914.3 6.625e-3 0.4269

state

Cruise state 16 446 808.3 5.860e-3  0.3786

Idle state 9210 266.8 1.934e-3 0.1277

E, Max. Frincpa
+
+2
+
+1.108€-03
+4.1466-04

i

©

Fig. 5. Simulation results of FGM turbine disk in maximum
state: (a) von Mises stress distribution nephogram, (b) strain
distribution nephogram, and (c) deformation distribution
nephogram.

3.3 Stress—strain analysis of turbine disc

The simulation results of the turbine disc with the engine
speed in the maximum state, idle state, and cruise state are
presented in this section. The stress, strain, and deforma-
tion of the FGM turbine disc under different engine
conditions are shown in Table 6.

As shown in Figures 5-7, the von Mises stress
distribution of the turbine disc in the various states
showed that the stress decreased as the radius increased.
The maximum stress was at the hub of the disc, so the hub
portion of the bimetallic functionally graded turbine disc
was the location with the risk of failure. Furthermore, as
the speed of the turbine disc increased, the magnitudes of
the stress, strain, and total deformation all increased.

To study the performance difference between the
functionally graded bimetallic turbine disc and the
GH4169 alloy turbine disc, we chose the simulation results
of a GH4169 alloy disc operating in the maximum state of
the engine and under the same load and boundary
conditions as those of the FGM disc, as shown in Figure 8.
The performance comparison between the two is shown in
Table 7.

The above results show that the location with the maxi-
mum von Mises stress was at the hub for both the FGM disc
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®)

U, Magnitude
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Fig. 6. Simulation results of FGM turbine disk in idle state:
(a) von Mises stress distribution nephogram, (b) strain distribu-
tion nephogram, and (c) deformation distribution nephogram.

Fig. 7. Simulation results of FGM turbine disc in cruising state:
(a) von Mises stress distribution nephogram, (b) strain distribu-
tion nephogram, and (c) deformation distribution nephogram.

Fig. 8. Simulation results of GH4169 alloy turbine disc in maximum
state: (a) von Mises stress distribution nephogram, (b) strain
distribution nephogram, and (c) deformation distribution
nephogram.

Table 7. Comparison of performance between FGM
turbine disc and GH4169 disc in maximum state.

Material Max von Maximum Total
Mises stress principal deformation
(MPa) strain (mm)
FGM 914.3 6.625e-3 0.4269
GHA4169 779.3 7.614e-3 0.4265

Table 8. Values of FGM fatigue parameters.

Fatigue parameter Homogeneous FGM

material

criterion
Fatigue strength coefficient o'f  1.50 1402.5
Fatigue strength index b —0.087 —0.087
Fatigue ductility coefficient 8} 0.59a 0.4195
Fatigue ductility index ¢ —0.58 —0.58
Cyclic strain hardening 1.650 1,542.75
coefficient K’
Cyclic strain hardening index n" 0.15 0.15

Table 9. Cyclic load spectrum of turbine disk.

Working condition Turbine disc Number
speed (rpm) of cycles
Start-max-start 0-17650-0 1280
Idle-max-idle 9210-17650-9210 1845
Cruise-max-cruise 16446-17650-16446 23300

and the GH4169 disc. The high-risk positions of the two material
discs were the same, but the maximum von Mises stress of the
FGM disc was greater than that of the GH4169 disc. The
maximum principal strain for the two material turbine discs
differed very little, and the magnitude and distribution of the
total deformation on the turbine discs of the two different
materials were basically the same, with the maximum total
deformation on both at the rim.

3.4 Fatigue life analysis of turbine disc

Based on the analysis results above, the fatigue life of the
center hole of the turbine disc was studied. The FGM
fatigue parameters are shown in Table 8, where « is the
elongation of the material. Combined with the loading
conditions of aero-engine turbine discs in actual service, the
turbine disc load spectrum used in this study is shown in
Table 9.
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Fig. 9. Results of fatigue damage, FOS factor, and logarithmic
fatigue life of FGM disc at maximum speed: (a) fatigue damage
distribution of FGM disc, (b) FOS factor distribution nephogram
of FGM disc, and (c) logarithmic fatigue life distribution
nephogram of FGM disc.

According to the engine performance simulation
requirements, the simulated upper limit speed will exceed
the maximum speed, and the lower limit of the rotational
speed was taken to be 5% of the highest simulated speed
[22]. When choosing the fatigue algorithm, in view of the
ductile mechanical properties of the bimetallic material, we
chose to adopt the multi-axial fatigue analysis method
within the scope of the nominal stress method.

The fatigue analysis in this section mainly considers
the fatigue performance of the turbine disc in the
maximum state of the engine. The fatigue damage in
the maximum state is regarded as the most severe fatigue
damage in the service process, and the fatigue life in the
maximum state is regarded as the shortest fatigue life in
the service process.

Figure 9 shows the results of fatigue damage (hence-
forth referred to as damage), factor of strength (FOS), and
fatigue life (henceforth referred to as life) of the FGM
turbine disc at the maximum speed using the initial
composition distribution parameters. As shown in
Figure 9a, the fatigue damage of the FGM disc was mainly
distributed at the center hole and sharp corners of the
turbine disc, that is, the high-risk area in the stress
analysis. The largest damage was 6.324 x 10~°, which
appeared at the center hole of the disc.

When selecting a fatigue-resistant structural design
method in the FE-SAFE software package (Dassault
Systémes, France), we chose the FOS factor design method
and took the default design life to be 10°h. In the FE-
SAFE, the calculated life and the design life were compared
during the calculation. If the calculated life was shorter
than the design life, the FOS factor of the node was less
than 1; if the calculated life was longer than the design life,
the FOS factor of the node was greater than 1. Figure 9b
shows that the area where the FOS factor was less than 1
was the center hole of the disc, indicating that the fatigue
life at this location was less than the design life of 10° h. The
minimum value of the FOS factor of the FGM disc was
0.5375. As shown in Figure 9c, the shortest life of the FGM

©

Fig. 10. Results of fatigue damage, FOS factor, and logarithmic
fatigue life of GH4169 disc at maximum speed: (a) fatigue damage
distribution, (b) FOS factor distribution nephogram, and (c)
logarithmic fatigue life distribution nephogram.

Table 10. Comparison of turbine disc fatigue character-
istics for two materials in maximum state.

Material Maximum Minimum Shortest
fatigue FOS factor fatigue life
damage (hours)

FGM 6.324e-5 0.5375 17100.15

GHA4169 4.069e-5 0.6313 24603.68

disc, 17100.15 h or approximately 20384 cycles, occurred at
the center hole of the FGM disc, which satisfied the low
cycle fatigue life interval of 10*-10°h.

We performed fatigue analysis for the GH4169 alloy
turbine disc operating under the same conditions, and the
analysis results of the fatigue damage, FOS factor, and
logarithmic fatigue life for maximum rotational speed are
shown in Figure 10.

The results showed that the locations of fatigue damage
were the same for the GH4169 alloy disc and FGM disc.
The location for the shortest fatigue life occurred at the
center hole, which agreed with the predicted high-risk
location in the stress analysis and with the shortest life on
the FGM disc. The radial distribution of the FOS factor
differed significantly from that of the FGM disc, but the
location for the minimum FOS factor was the same as that
on the FGM disc. Table 10 shows a comparison of the
fatigue behaviors of the two materials.

Based on the above analysis results, the fatigue
performance of the FGM disc with the initial composition
distribution parameters was poorer than that of the
GH4169 disc in the maximum state. The shortening of
the fatigue life at the high-risk zone of the central hole on
the disc was particularly significant, but the FGM disc still
conformed to the low-cycle fatigue law of aero-engine
turbine discs, and its fatigue life was within the acceptable
range of the low-cycle fatigue life.



(c)n=2.5

(d)n=35

Fig. 11. Turbine disk stress distribution diagram with different
values of parameter n: (a) n = 0.5, (b) n = 1.5, (c) n = 2.5, and
(d) n = 3.5.

Table 11. Von Mises stress at characteristic nodes of
turbine disc for different n values.

n Maximum Von Mises Von Mises
von Mises stress at stress at
stress minimum maximum
(MPa) thickness radius

of turbine (MPa)
disc (MPa)

0.5 905.736 421.895 367.596

1.0 908.268 395.180 357.907

1.5 913.246 376.236 347.159

2.0 914.316 369.062 342.250

2.5 915.296 359.385 336.005

3.0 915.677 351.415 330.575

3.5 915.810 344.836 325.814

4.0 915.859 339.394 321.606

4 Effect of FGM composition distribution
parameters on performance of turbine discs

4.1 Effect of parameter n on stress, strain, and fatigue
performance

We assumed that the engine operated at the maximum
state conditions, i.e., at a turbine rotational speed of
17650 rpm, CO = 1.0, K=1.0,and n = 0.5, 1, 1.5, 2.0, 2.5,
3.0, 3.5, and 4.0. Stress analysis calculations were
performed for the turbine disc, and the turbine disc stress
distribution under different parameter combinations is
shown in Figure 11. The von Mises stresses at the
characteristic nodes on the turbine disc for different values
of n are shown in Table 11.

The results of Figure 11 and Table 11 show that, as the
value of n increased, the position for maximum von Mises
stress was still at the center hole position. The changes in

. Dong et al.: Mechanics & Industry 22, 4 (2021)

(b) n=2.0

(¢) n=3.0 (d)n=4.0

Fig. 12. Simulation results of FGM turbine disc in cruising state:
(a) n= 1.0, (b) n = 2.0, (¢) n = 3.0, and (d) n = 4.0.

Table 12. Logarithmic fatigue lives of turbine disc for
different n values.

n 1.0 2.0 3.0 4.0

Shortest fatigue life (h) 17906 21627 24044 24378
Lowest number of cycles 21345 25780 28661 29059

the maximum von Mises stress amplitude were relatively
small, and the high-risk zone of the turbine disk remained
the same.

We then investigated the effect of changing the value of
n on the fatigue performance of the turbine disc. The
distribution diagrams of the logarithmic fatigue life for n
values of 1.0, 2.0, 3.0, and 4.0 are shown in Figure 12 and
the shortest fatigue life of the turbine disc is listed in
Table 12. As n increased, the number of hours of the
shortest fatigue life gradually increased while remaining in
the range of the low-cycle fatigue life. This occurred
because, as the value of n increased, the material properties
of the turbine disc shifted toward that of the GH4169 alloy.

Based on the above analysis results of the stress
and fatigue life, the larger the value of n was in the interval
(0, 4), the better the thermodynamic performance of the
FGM turbine disc and the better the low-cycle fatigue
performance became.

4.2 Effect of parameter C0 on stress, strain,
and fatigue performance

Stress analysis calculations were performed for a turbine
disc operating under its maximum state conditions, that is,
at a rotational speed of 17650 rpm, n = 2.0, k = 1.0, and
C0 = 0.1, 0.3, 0.5, 0.7, and 1.0. The von Mises stress
distributions of the turbine disc for various parameter sets
are shown in Figure 13. The von Mises stresses at the
characteristic nodes of the turbine disc for different values
of CO are listed in Table 13. As the value of C0O decreased,
the maximum von Mises stress occurred at the same
location. The value of the maximum von Mises stress
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(a) C0=0.1 (b) C0=0.5
(c) C0=0.7 (d) C0=1.0

Fig. 13. Diagram of logarithmic fatigue lives of turbine discs
with different values of parameter n: (a) CO = 0.1, (b) CO = 0.5,
(¢) CO = 0.7, and (d) CO = 1.0.

Table 13. Von Mises stress at characteristic nodes of
turbine disc for different CO values.

Co Maximum Von Mises Von Mises
von Mises stress at stress at
stress minimum maximum
(MPa) thickness radius

of turbine (MPa)
disc (MPa)

1.0 914.316 372.098 342.250

0.7 915.864 388.799 353.996

0.5 918.077 401.728 361.334

0.3 921.125 416.686 368.319

0.1 924.929 427.087 374.978

(a) C0=0.1 (b) C0=0.5

L +4.786e400
+4.14%e+00

(¢) C0=0.7

(d) C0=1.0

Fig. 14. Distribution diagram of the logarithmic fatigue life
of the turbine disc with different values of the parameter CO:
(a) CO = 0.1, (b) CO = 0.5, (¢) CO = 0.7, and (d) CO = 1.0.

increased slightly, but the high-risk zone of the turbine disc
remained at the center hole.

We then investigated the effect of changing the value of
CO0 on the fatigue performance of the turbine disc. The
distribution diagrams of the logarithmic fatigue life for
different values of CO are shown in Figure 14, and the

Table 14. Logarithmic fatigue lives of turbine disc for
different CO values.

Co 1.0 0.7 0.5 0.3 0.1
Shortest fatigue 21627 14093 12359 10839 9397
life (h)
Lowest number 25780 16799 14732 12920 11201
of cycles
(a) k=0.1 (b) k=0.4
(c) k=0.8 (d) k=1.0

Fig. 15. Turbine disk stress distribution diagram with different
values of parameter k: (a) k = 0.1, (b) k = 0.4, (c) k = 0.8, and
(d) k = 1.0.

shortest fatigue life of the turbine disc is listed in Table 14.
As the value of CO decreased, the number of hours of the
shortest fatigue life gradually decreased while still
remaining in the range of the low-cycle fatigue life. This
occurred because, as the value of CO decreased, the
material properties of the turbine disc shifted toward that
of the K418B alloy with lower fatigue strength.Combining
the above analysis results of the stress and fatigue life, we
learned that the greater the value of CO was in the range of
(0, 1), the better the thermodynamic performance of the
FGM turbine disc and the better the low-cycle fatigue
performance became.

4.3 Effect of parameter k on stress, strain, and fatigue
performance

The von Mises stress distributions shown in Figure 15 were
obtained for different parameter sets with the turbine disc
operating at the maximum state condition, that is, at a
rotational speed of 17 650rpm, n = 2.0, CO = 1.0, and
k = 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0. The turbine disc von
Mises stress distribution under different parameter
combinations is shown in Figure 15. The values of the
von Mises stress at the characteristic nodes on the turbine
disc are listed in Table 15.

The table shows that, as the value of k decreased, the
position for the maximum von Mises stress remained
unchanged on the turbine disc. The magnitudes of the
changes of the maximum von Mises stress were relatively
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Table 15. Von Mises stress at characteristic nodes of
turbine disc for different k values.

Table 16. Logarithmic fatigue lives of turbine disc for
different k values.

k Maximum Von Mises Von Mises
von Mises stress at stress at
stress (MPa) minimum maximum

thickness radius
of turbine (MPa)
disc (MPa)

1.0 914.316 372.098 342.250

0.8 914.934 365.108 329.117

0.6 915.518 353.963 316.134

0.4 916.070 335.213 303.304

0.2 916.587 323.909 290.630

0.1 916.832 318.256 284.353

(k=02 (b) k=0.4

() k=0.6

(@) k=08

Fig. 16. Distribution diagram of logarithmic fatigue life of
turbine disk with different values of parameter k: (a) k = 0.2,
(b) k = 0.4, (¢) k = 0.6, and (d) k = 0.8.

small, and the center of the disk remained in the danger
zone for disc failure. We then investigated the effect of
changing the value of k on the fatigue performance of the
turbine disc. The logarithmic fatigue life distributions for k
values of 0.2, 0.4, 0.6, and 0.8 are shown in Figure 16, and
the shortest fatigue life of the turbine disc is listed in
Table 16. As k increased, the number of hours of the
shortest fatigue life gradually increased while remaining in
the range of the low-cycle fatigue life.

Based on the above analysis results of the stress and
fatigue life, we determined that the smaller the value of k
was in the interval (0, 1), the better the thermodynamic
performance of the FGM turbine disc and the better the
low-cycle fatigue performance became.

5 Conclusion

In this work, we investigated a bimetallic functionally
graded material turbine disc and successfully modelled an
FGM turbine disc by combining theoretical analysis and
finite element numerical simulations.The thermodynamic

k 0.8 0.6 0.4 0.2

Shortest fatigue life (h) 19364 21478 23014 24154
Lowest number of cycles 23082 25603 27434 28792

responses of an FGM turbine disc under service conditions
were obtained based on finite element simulations. Low-
cycle fatigue calculations of the turbine disc were then
performed. Finally, the correlation between the composi-
tion distribution parameters and the service performance
of the FGM turbine disc was obtained by repeatedly
calculating the thermodynamic responses and low-cycle
fatigue results while adjusting the FGM composition
distribution parameters. The main conclusions were as
follows:

— By combining the existing theoretical models of
functionally graded materials and mechanical calculation
methods, we proposed a volumetric fraction expression
and adjustable composition distribution parameters to
simulate the composition distribution of turbine discs
applicable for aero-engines. A thermodynamic response
solution based on the finite element method was found for
FGM turbine discs.

— The distributions of the stress, strain, and total
deformation of an FGM turbine disc under various
working conditions were obtained. The results showed
that, for an FGM turbine disc under centrifugal and
thermal loads, the stress gradually decreased from the
center hole to the rim, the maximum stress appeared at
the center hole of the disc, and the total deformation
appeared at the rim. The research results verified that the
high-risk position of the FGM disc and the GH4169 alloy
disc during service were both in the center hole of the
turbine disk.

— The distributions of the fatigue damage, FOS factor, and
fatigue life of the FGM turbine disc operating in the
maximum state were calculated. Based on the simulation
results, the maximum damage, minimum FOS factor,
and shortest fatigue life of the FGM disc appeared at the
high-risk position on the disc, and the fatigue life met the
criterion of the low-cycle fatigue life range.

— Based on the volumetric fraction expression of the
simulated functionally graded material composition
distribution, the influences of the adjustable values of
the composition distribution parameters in the expres-
sion of the FGM disc on the service performance were
studied. The results showed that the greater the value of
parameter n was in the (0, 4) range, the greater the value
of CO was in the (0, 1) range. The smaller the value of k
was in the (0, 1) range, the better the thermodynamic
performance of the FGM turbine disc and the better the
low-cycle fatigue performance became.
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