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Abstract

In order to study the fatigue damage and cycle life of TC4 titanium alloy for aero-engine blades under
various load conditions, uniaxial fatigue, multi-stage loading and multiaxial fatigue tests were carried out. The
critical plane method combined with von Mises criterion was used to study the fatigue life distribution under
various loading paths, and the results were verified by experiments. Based on the nonlinear residual strength
model and Poisson stochastic process, the reliability prediction of aero-engine compressor blade under maximum
continuous working condition was completed. The results show that the fatigue damage and life distribution of
TC4 titanium alloy for aeroengine blade under various conditions can be accurately predicted by the method
proposed in this paper and the reliability of the blade can still be maintained above 0.9 after it works for 3000
hours under the maximum continuous working condition.
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1. Introduction

Aeroengine is the heart of aircraft, and its material damage evolution mechanism directly determines its
working life and reliability. The research on the influence of load parameters on the cumulative damage of

materials can lay a foundation for the life prediction and design service life of the engine.
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In fatigue damage analysis, Miner linear damage rule !'! is most commonly used. Considering that the cyclic
loading is independent of each other and assuming that the material damage caused by the load cycle is
independent of the load parameters, the damage value of the material is completely linear superposition during the
service process in Miner model. In fact, the damage value is closely related to the load, and the cyclic stress
amplitude lower than the fatigue limit will also cause damage to the material. The linear cumulative damage
criterion is not applicable in the fatigue damage research of aero-engine parts, which will lead to more than three

times over estimation 2.

Zhou et al. ® used the improved equivalent strain model to predict the fatigue life of turbine blades. The
applicability of the model was verified by a number of experimental data. Compared with SWT and morrow
model, it showed that more accurate prediction results could be obtained by the model. Allegri et al. ™! used the
nonlinear damage evolution model to study the fatigue crack initiation and propagation of materials. Considering
the interaction of two horizontal stress loads, Gao et al. ®! proposed an improved nonlinear damage accumulation
model. Experimental data of two metallic materials were adopted to validate the proposed model. The predicted
values of the model were in good agreement with the experimental data, especially under high and low load
conditions. Huffiman et al. ™ presented a new phenomenological technique for using constant amplitude loading
data to predict fatigue life. In the history of amplitude varying loading, damage was predicted by approximately
cumulative damage from constant amplitude loading with a specific amplitude inversion strain range. Compared
with other methods, the model proposed was verified by variable amplitude fatigue test data of three different
metals. Zuo et al. ") applied nonlinear fatigue damage accumulation model to study the fatigue life prediction

under variable amplitude load.

Considering the joint effect of high cycle fatigue and low cycle fatigue, Shao et al. ® proposed a new fatigue
reliability analysis method. Zhu et al. "’ predicted the fatigue life of turbine blade under the coupling effect of high

cycle and low cycle fatigue. Oakley et al. ' studied the high cycle and low cycle fatigue performance of turbine



blades under the premise of damage of foreign objects. Hou et al. "' predicted the fatigue cycle life of single
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crystal blade by using high and low cycle coupling fatigue model. Oller et al. ¥ and Li et al. ¥ studied the fatigue
damage of mechanical structures under the combined action of heat and force. Song et al. 'Y used fuzzy neural
network algorithm to study the fatigue failure of disk system under fluid structure interaction. The method
provided a useful idea for the optimization design of multi failure structure based on reliability, and enriched the

theory and method of mechanical reliability design. Zhu et al!'* studied the influence of surface dent width depth

ratio and other parameters on the ultra-high cycle fatigue properties of TC4 alloy.

On the basis of experiments, Chaboche et al. "% established a nonlinear damage accumulation model, and
proposed a damage evolution equation of the relationship between load parameters and material damage. Based
on the work of Chaboche et al., many scholars had carried out fatigue life prediction and reliability research of
mechanical structures '), At present, energy method '), equivalent stress or strain method **** and critical
plane method ! were three main methods to study multiaxial fatigue damage. Considering the phase difference
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between bending and torsion, Lee et al. ' proposed an equivalent stress criterion under multi axial non-

proportional loading.

Reliability is an important index to measure the quality of aero-engine. There are many methods to solve
reliability, such as Petri net method **), Monte Carlo method "), artificial neural network method **), Bayes method
(T and stress intensity interference method . By extending the traditional stress intensity interference theory, the
reliability model of series system considering the statistical correlation between parts failure was established.
Comparing with the prediction results of the traditional model, the superiority of the new model was proved *°. In
solving reliability problems, the stress strength interference method is the most suitable. Although the distribution

of stress is difficult to express by mathematical formula, it can be solved by finite element method.

In this paper, the fatigue test of TC4 alloy was carried out. In view of the deficiency of linear model to

describe material damage, the nonlinear model describing damage calculation and life prediction of TC4 alloy is



described by combining the Chaboche nonlinear damage criterion and multiaxial fatigue theory, and the
parameters were fitted according to the test results. The classical Wohler curve method and BP neural network
method P! are introduced to calculate the life distribution of samples, and the accuracy of the model is proved by
comparing with the test results. For multistage load, the calculation method of equivalent cycle number is derived
in this paper. The relationship between damage accumulation and residual strength of TC4 material and load
parameters is further developed. A nonlinear residual strength model is established, and a time-varying reliability
model of blade is established by introducing Poisson stochastic process. According to the flow field simulation
and finite element calculation results, the reliability of the blade in the maximum continuous working state is

reasonably predicted.

2 Nonlinear damage model

2.1 Determination of cumulative damage
Caused by cyclic loading fatigue damage, the static strength of the material decreases with time, which can

be expressed as *2:
Fr: FrO (" (1)

where F,, F,, and D are the residual strength, initial strength and cumulative damage of the material, respectively.

Both r and a, are material parameters. For titanium alloy, ay is 0 and the value of r is between 10 and 15, which
can be determined by looking up the table or testing. The cumulative damage can be calculated by measuring the

static strength with this method.

In the symmetrical tension compression (R =-1) fatigue test for TC4 alloy, taking the dimensionless cycle
ratio as the abscissa, the damage values of material are calculated using Miner linear cumulative damage criterion
and compared with test results. Without containing the information of load, Miner linear criterion shows a straight
line in any case. The test results show that the residual strength is still higher than 50% of the initial strength after

the first 80% stress cycles damage, and then during the left 20% of the cycles residual strength drops sharply and



the damage increases significantly. The higher the stress amplitude, the greater the damage increase rate.
Obviously, Miner linear damage criterion is difficult to accurately describe the cumulative damage of TC4 alloy

due to its inability to express load information.
2.2 Chaboche multiaxial nonlinear damage model
Due to the large error of the linear damage model, Chaboche proposed the following general nonlinear

model [');

d) = f(D,o)dn @)

where o is a load parameter. For uniaxial fatigue damage problem, Chaboche derived the concrete expression form
as:

e
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where g, is the amplitude of stress cycle, g, is the mean stress, M, § and b are the parameters related to material,
and a is a parameter related to the load, which can be described as:
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where H and % are the parameters related to material, o, and o are tensile strength and fatigue limit, respectively.

x=1
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Considering the characteristics of aero-engine and the complex aerodynamic excitation working

environment, the cumulative damage of torsional vibration is very important. In this paper, the multiaxial damage



research of materials is carried out based on the critical plane method. Fig. 1 shows the tension and torsion

diagram of the specimen, where x-axis and z-axis are the axial line and outer normal direction of the specimen,

respectively. Setting the critical plane rotates around z axis at the angle of 9 first and then around the x axis at the

angle of ¢, then in the x-y-z coordinate system, one may obtain:
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Under the condition of non-proportional loading, if the applied strain load is in the form of sine wave and the

phase difference is ¢, that is:

\_‘: N
E_'__' =§F sInaf

yol = Ae, sinl ot -

®)

Fig. 1 Diagram of tension and torsion of specimen
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When ", The critical plane is perpendicular to the free plane, let ¢=90°, the shear strain and

normal strain are obtained as follows:
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where
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Then we can get:
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Using Von Mises criterion to synthesize the equivalent strain by two parameters on the critical plane, it can

be obtained that:



| : ' (15)
The equivalent stress can be expressed as:
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Substituting Eq. (15) into Eq. (3), yields:
d D=} (18)
According to Von Mises theory, mean stress o,, under multiaxial loading condition can be calculated as:
0,=0 (19)

where 0, and 0, denote average normal stress and shear stress, respectively. Through the integration, the fatigue

life prediction expression under any load level can be obtained as follows:
N=————0( (20)
Under constant amplitude excitation, after n-th loading cycles, the damage value is:
D=1-(¢ @2y
3 Fatigue test and discussion

3.1 Uniaxial fatigue test

The fatigue specimens of TC4 alloy are provided by Northwest institute of nonferrous metals, and have been

treated by hydrogen dehydrogenation. The dimensions are shown in Fig. 2.
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Fig. 2 TC4 alloy fatigue specimen

Firstly, uniaxial fatigue test is carried out. The Instron 8874 axial torsion high frequency fatigue testing
machine is used, and the sampling frequency is set as 130 Hz. Two kinds of stress ratio are selected to carry out
fatigue test, namely symmetrical tension compression test with R =-1 and pull-up test with R=0.1. The stress of
the first sample is set as 0.6-0.7 times of the tensile strength, and the maximum stress of the second sample is 0.5-
0.6 times of the tensile strength. The stress levels are reduced successively until the number exceeds reference
cycles (107). In the up and down method, setting a number of stress levels, if the previous sample fails to complete
the reference cycles (107), the stress level will be reduced. If the previous test piece goes out, the stress level will

be increased.

Some typical data are selected. The pull-up test results with R = 0.1 is shown in Tab. 1 while the symmetrical
tension and compression test results with R =-1 are shown in Fig. 3. Summing up the data in Tab. 1 and Fig. 3, it
can be seen that the fatigue life gradually decreases with the increase of stress level. The stress amplitude directly
determines the average life, and the mean stress has a great influence on the cycle life. For example, for No.5
sample (R = 0.1), the average stress is 396.5MPa while the stress amplitude is about 320MPa, and the life is 1.96
million cycles. In the test with R =-1, the life of the sample with stress amplitude of 320MPa is about 8.2 million

cycles.

Tab. 1 Axial fatigue test results (R=0.1)

Serial Number Maximum Stress/MPa Fatigue life/10*Cycle

1 596.7 1002.8
2 632.1 1002.8
3 667.5 1000.3
4 702.9 217.4
5 716.5 196.9
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6 730.9 52.3
7 7453 44.5
8 759.7 38.1
9 774.1 6.7
10 738.7 48.1
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Fig. 3 Axial fatigue test results (R=-1)
The material parameters of TC4 alloy are obtained by fitting the test data, as shown in Tab. 2.

Tab. 2 Parameter values of TC4 alloy

M h " B b o, ¢

1.86x10" 0.434  0.081 0.757 0.0029 183535 -0.099

The classical three-layer BP neural network is selected to predict the fatigue life of the alloy, in which the
number of hidden layer neurons is set as 10, and L-M algorithm is selected to train the network. The algorithm has
the advantage of fast convergence speed and can avoid the modification of Hessian matrix to the network. The

modification of L-M algorithm to Hessian matrix is as follows:

xlk+ 1)y =x(k)y-[J"J + ,u!] 'Je 22)

Since the Wohler curve method can not consider the average stress value, the working condition of R =-1 is
selected to carry out the comparison between the calculation results of the three methods and the test results, as

shown in Fig. 4.
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Fig. 4 Comparison of fatigue life prediction (R=-1)

It can be seen from Fig. 4 that the accuracy degree of Wohler model is low, while the accuracy of nonlinear
damage model in this paper and BP neural network model is higher. Compared with the model in this paper, the

calculation process of BP neural network model is more complex and there is no explicit physical expression.

Taking the experimental data with R=-1 as the sample, the damage values predicted by the damage evolution
equation are compared with the test results under three cyclic stress levels of 350Mpa, 400MPa and 500MPa, as

shown in Fig. 5. It can be seen that the accuracy of the model in this paper is very high.
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(c) 500MPa

Fig. 5 Comparison between damage prediction results and experiment data under different stress levels (R=-1)

3.2 Multistage loading test

Under multi-stage load excitation, when the specimen undergoes n, cycles at the stress amplitude o,;, and
then fails after n, cycles at the stress amplitude a,,. If the cyclic life of the specimen under the stress amplitude o,
is Ny, and the cyclic life of the specimen under the stress amplitude 6., is Np, N, is defined as the equivalent
number of cycles under the stress level o,, reaching the same damage value as n, cycles under the stress amplitude

0.1, then:

1U[1—a,|]11*B] 1[1—a,||/11+B] (1-a,)l[1-a,)
1— 1_(%) 1 1_(£) :EZ(L) (23)
f1

The relationship between 7, and », is obtained as follows:
M Vi g (24)

The two-stage load fatigue tests are carried out under three working conditions of 350-500 MPa, 400-500
MPa and 350-400 MPa, respectively (R=-1). When the stress amplitudes are loaded in the order of first high and

then low, the expression is as follows:

1 —¢x. M, M,
sl = — 4+ — =

| —cx, Nao o Ny (2 5)

That is, the sum of horizontal and vertical coordinate values is less than 1, and vice versa. The experimental

results are in good agreement with the predicted data under the excitation of two-level loading, as shown in Fig. 6,

which verifies the accuracy of the model in this paper.
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Fig. 6 Cycle ration distribution curves under two-level loading (R=-1)

3.3 Multiaxial fatigue test

Multiaxial fatigue tests are carried out under proportional loading and four non-proportional loading

conditions. The time domain waveforms of five kinds of loadings are shown in Fig. 7 (a), while the loading path

and the strain distribution in the cross section are shown in Fig. 7 (b) and (c), respectively. Under each loading

path, 10 samples are tested with different stress amplitudes. The comparison between the calculated results and the

experimental results is shown in Fig. 8. It can be seen from that the error is the smallest under proportional

loading condition; when the phase difference is smaller, the calculation accuracy is higher; while the phase

difference is at the same value, the closer the loading amplitudes along the two shafts are, the more accurate the

life prediction is. Generally speaking, the life prediction accuracy of the specimens under five loading paths is

relatively good.
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Fig. 8 Comparison between the calculated results and the experimental results
4 Dynamic simulation of compressor blade

According to the compressor rotor system of an aeroengine, the three-dimensional geometric model and three-
dimensional flow field model are established. The influence of stator wake is considered by using sliding grid and the

input of the previous stage stator pressure. The rotating speed of the aeroengine in the maximum continuous working
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state is that ®=11383 rpm, and the fluid medium is air. The total pressure at the stator inlet is that P;,.=1.0 atm and total
temperature 7;,.=300 K (under standard atmospheric pressure condition); the static pressure at the outlet is that
Pouie=1.08 atm while the total temperature 7.,,1..,=300 K. The Mach number at inlet position is 0.07 under the condition

of compressible flow field. The specific boundary conditions are shown in Fig. 9.

rotor interface

Stator Vanes  Rotor Blades
(stationary) (moving)

Piam1.0 atm
Tan=300K

FE

/ Poae=1.08 atm
o Tounem300K

(a) Three-dimensional single sector flow field channel’s boundary  (b) Two-dimensional flow field boundary condition

Fig. 9 Description of compressor flow field

The three-dimensional flow field of the former stage stationary blade and the downstream moving blade are taken
as the research objects for calculation of aerodynamic loadings. The number of moving and stationary blades is equal,
both 38. The structure model and flow field model are shown in Fig. 10. The single sector flow field channel is selected
as the calculation area, and the structured hexahedron mesh is generated by Gambit, a professional preprocessing tool of
commercial CFD software. The total number of grid elements is 106758, of which the number of elements in moving
blade flow field area is 31046, and that of stationary blade flow field area is 75712. After checking, the length width

ratio of the grid is less than 5, and the quality of the grid is good, as shown in Fig. 11.

T

Fig. 10 Gambit model of single sector flow field

The periodic flow field model is generated by Fluent, as shown in Fig. 11.
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Fig. 11 Fluent periodical model of flow field

The solution method is set as implicit coupling solution and 500 step steady analysis is carried out firstly. Then, the

steady flow field is used as the initial field for unsteady analysis. The physical time step is defined as 7/60, where T is

the period of dynamic and static interference. The number of virtual iteration steps is set to 20, and the calculation time

step is 2280. After the convergence of iterative calculation results, the aerodynamic load distribution on suction surface

and pressure surface of blade presents periodic changes, and the peak load results are shown in Fig. 12.
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Fig.12 Aerodynamic peak load of compressor blades

MSC Nastran software is used to solve the dynamic problem in time domain by local stress-strain method, and the

solution time and time step are set as 1s and 10*, respectively. Considering the coupling effect of compression and

torsion for blades, the maximum normal strain and maximum shear strain at each node are extracted and the equivalent

stress is synthesized according to Egs. (15)-(17). The calculation results show that the maximum equivalent stress point

is located in the middle of the convex side of the blade, which is 5-6 mm away from the root. The time history of strain

is shown in Fig. 13. It can be seen from the figure that the mean and amplitude of the maximum shear strain are lower

than the maximum principal strain. The periods of the two are nearly the same, and the phase difference is that ¢ =71.
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Fig. 13 Time domain history of strain
5 Reliability calculation of blade

The stress strength interference model can be expressed as follows:

+00 400
_ — (26)
R=P(r>s)= f f.(s) f f.(r)drds
o s
where f, (r) is the probability density function of the structure strength and f ( S) is the probability density function of
the stress. The model is based on the independence of stress and strength without considering the relationship between

strength degradation and load cycle.

In the actual working process, the strength degradation is a function of load. When the number of load cycles is n,

the probability of that no failure occurs is given by:

=
=

Tfs(S)Tfr(r,S,i)drdsz, @7

where f, (r ,S, i) is the probability density function of strength for blades during the i-th cycle.

According to Eq. (1) and Eq. (21), the residual strength can be described as follows:

r(n):FrOZ’Z’ (28)

where 1 ( n) represents the residual strength after n-th load cycles.

A Poisson process with strength ) is used to describe the counting of the number of cycles. The reliability of the
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blade at the moment ¢4 At can be expressed as:

00

Rlt+At)=R(t]| Y. P(n=x|[1-AAt+ AtP[r|x|>s),

x=0

00

Y. Pln=x|[1-2At+AAtF,r(n)|

x=0

=Rt

(29)

where F_is the primitive function of multiaxial loading. When At is small enough, Eq. (29) is transformed into the

form of differential equation as:

dR( ) —R( +A >_R( )_ —t - (30)
R(t)(tit_ tR(f)At U=y, L1-F,r(n)

x=0 X

By solving the differential equation, the reliability expression of blade at time ¢ is obtained as follows:

R(t)=expéi(31)

The time-varying reliability is calculated by the time-domain stress history of the blade under the maximum
continuous working condition. The damage and residual strength are calculated in terms of the number of cycles, which

are transformed into corresponding time distributions. The calculation results of TC4 blade reliability distribution under

this condition are shown in Fig. 14.
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Fig. 14 Calculation results of reliability distribution of blades

According to the calculation results, the reliability of the blade has been maintained above 0.9 within 3000 hours.

After 4000 hours, the reliability decreases rapidly, to 5500 hours, the reliability is close to 0.5.
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6 Conclusions

In this paper, the nonlinear multiaxial fatigue damage and reliability of TC4 titanium alloy for Aeroengine

blades are studied, and some conclusions can be drawn as follows:

(1) The fatigue life distribution of TC4 alloy specimens under symmetric cycle of R =-1 and asymmetric

cycle of R=0.1 were obtained by experiments. When the cycle ratio was taken as the abscissa, the damage variable

shows highly nonlinear.

(2) Under the condition of uniaxial fatigue test, the parameters of Chaboche nonlinear cumulative damage

model are fitted, and the accuracy of this model is verified to be higher than other models by comparing with the

test results.

(3) For multi-stage variable amplitude loadings, the calculation method of equivalent cycle number is

derived, and the relationship between loading sequence and cumulative damage is studied and verified by test.

(4) For multiaxial fatigue, the error is the smallest under proportional loading condition; when the phase

difference is smaller, the calculation accuracy is higher; while the phase difference is at the same value, the closer

the loading amplitudes along the two shafts are, the more accurate the life prediction is. Generally speaking, the

life prediction accuracy of the specimens under five loading paths is relatively good.

(5) Based on the stress intensity interference model and Poisson stochastic process, the time-varying

reliability function with strength degradation is established. The calculation results show that the reliability can

still be maintained above 0.9 when the blade works for 3000 hours at the maximum continuous working state.
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