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1. Introduction 

As is well known, additive manufacturing (AM) 

technology is a new manufacturing technology, which has 

more advantages than the traditional manufacturing pro-

cess in the efficient use of resources and the diversity of de-

sign [1]. In recent years, more and more metal components 

used in mechanical engineering industry are fabricated by 

AM techniques [2], [3]. In the engineering applications, 

many AM metal materials often bears the complicated fa-

tigue loads, and thus the fatigue failure of AM metal mate-

rials becomes a very common phenomenon. Therefore, it is 

of great significance to propose an effective approach for 

predicting the fatigue life of AM metal materials. 

Literature review shows that the fatigue perfor-

mance of AM alloy components is mainly studied by exper-

iments, and there is not much research on the theoretical pre-

diction of fatigue life. Zhang [4], [6] et al. studied the effects 

of AM processing parameters on fatigue and fracture char-

acteristics of 316L stainless steel, and proposed a model to 

predict fatigue performance. Carneiro [7] carried out analy-

sis on the cyclic response and fatigue performances for AM 

17–4 PH stainless steel, and it was found that the strain-life 

fatigue curves showed an important key point between low 

cycle fatigue and high cycle fatigue. Furthermore, the de-

fects and porosities by AM process could greatly affect the 

fatigue properties, and reduce the fatigue performances of 

the AM metal materials. Bagehorn [8] studied the applica-

tion of mechanical surface finishing processes for roughness 

reduction and fatigue improvement of AM Ti-6Al-4V. It 

was found that the AM metallic parts showed a good surface 

roughness and an irreproducible and inhomogeneous sur-

face morphology after the manufacturing process. Pegues 

[9] investigated the influence of surface roughness on the 

fatigue performances of AM Ti6Al4V, and it was found that 

fatigue performance is more related with the part diameter 

than that with the surface area. Sheridan [10] focused on the 

AM process parameters and porosity production for the AM 

alloy 718. And the fatigue life prediction was also studied. 

The results showed that it was suitable to adopt the compo-

nent density as a metric in order to acquire the average pore 

size, however, it was necessary to conduct the data correlat-

ing two quantities first. 

At present, the methods to study fatigue problems 

are mostly based on experiments and empirical formulas of 

statistics. However, this method relies on the fatigue test of 

a large number of components [11], which could consume a 

lot of manpower, material resources and financial resources. 

Therefore, in order to efficiently estimate the fatigue life of 

components, research on fatigue damage accumulation the-

ory has been carried out, and various fatigue damage accu-

mulation theories have been proposed [12] – [14]. As well 

known, continuum damage mechanics (CDM) is a branch of 

solid mechanics, which develops in recent decades. By in-

troducing damage variables, CDM studies the weakening of 

mechanical performance for structural materials under fa-

tigue loadings, and the final failure mechanism [15]. A lot 

of studies [16] – [19] are conducted to predict the fatigue 

damage behaviour of metal components in the engineering 

applications. The main advantage of CDM is that the math-

ematical form is relatively simple and the physical meaning 

is relatively clear. Currently, the fatigue accumulated theory 

based on CDM is an efficient approach for the fatigue life 

prediction of metal components.  

In this paper, for the purpose of computing the fa-

tigue life of AM alloy materials, we develop a fatigue dam-

age model considering the AM effects. The AM parameters 

include laser power, scanning speed, laser spacing and pow-

der layer thickness, which can be expressed by the volume 

energy density. First, the new fatigue dam-age evolution 

model is derived, and the calibration meth-od of material 

parameters is presented. After that, the numerical algorithm 

is presented for the life prediction. Finally, the fatigue lives 

of the AM alloy members manufactured by AM process are 

predicted, and the numerical results and the new theoretical 

model are verified by the experimental data. 

2. Theoretical model  

2.1. Damage coupled elastoplastic model 

 

Within the framework of CDM theory [20], some 

basic concepts are proposed. For isotropic materials, the 

degradation of mechanical properties is usually character-

ized by the degradation of elastic modulus under cyclic 

loading. The deterioration of material properties appears as 

the decrease of material stiffness, which can be ex-pressed 

by damage variable D, as shown below: 

 

,DE E
D
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  (1) 

 

where: E is the Young’s Modulus without damage and ED is 

the Young’s Modulus with damage. As ED ranges from 0 to 
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E, D ranges from 0 and 1.  

For the materials without damage, the elastoplastic 

constitutive model could be expressed as: 
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where: ij is the stress tensor and e

ij is the elastic strain ten-

sor;   is poisson's ratio and 
ij

  is Kronecker symbol. Ac-

cording to the concept of effective stress, we obtain: 
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For the damaged materials, the linear elastic con-

stitutive model can be obtained according to the equivalent 

strain hypothesis. By replacing the stress tensor ij  in the 

above model with the effective stress tensor ij : 
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The plastic constitutive model considers isotropic 

hardening and kinematic hardening, which can describe the 

plastic behaviour of metal materials. In order to describe the 

plastic material with hardening and damage, the damage 

mechanics equivalent stress is introduced. It is known that 

the total strain ij  is generally decomposed into the elastic 

component 
e

ij  and plastic component 
p

ij : 

 

,e p

ij ij ij     (5) 

 

where: ijs  is the stress deviator part; ijX  is the back stress 

component and Q is the radius of the isotropic hardening 

yield surface. The evolution of Q is defined as: 

 

  ,Q b Q Q    (6) 

 

where: b  and Q  are the material constants;   is the plas-

tic multiplier in the form of rate, which is determined by the 

consistent condition of plastic flow. Here, the nonlinear 

hardening model is used to describe the hardening behav-

iour of materials: 
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The evolution of plastic strain component can be 

expressed as:  
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2.2. Fatigue damage model 

 

Considering the different stress states of the mate-

rial subjected to the fatigue loading, it is necessary to em-

ploy different damage evolution equations to describe the 

damage evolution laws of materials under different stress 

states. 

For the condition of uniaxial cycle loading, based 

on the continuum damage mechanics, the fatigue damage 

model is shown as follows [21]: 
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where: σa and σm are the stress amplitude and average stress, 

respectively. α, β, m and n are the material constants. 

However, in the real engineering problems, the 

stress and strain are often multiaxial for the components 

subjected to the cyclic loadings. In this case, the fatigue 

damage model is expressed as follows: 
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where: IIA  is the shear stress amplitude. 
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in which ij,maxS  and ij,minS  represent the maximum and the 

minimum deviatoric stresses in a loading cycle. σH,m is the 

mean stress: 

 ,

1
( ( )) ( ( )) ,

6
H m max tr min tr     (14) 

with 11 22 33( )tr       .  

Obviously, it is known that in the traditional uni-

axial and multiaxial fatigue damage models, there are no 

terms related to the AM parameters. Therefore, the two 

equations are not suitable for fatigue life prediction of AM 

materials. Furthermore, literature review has shown that the 

AM parameters (including laser power, scanning speed, la-

ser spacing and layer thickness) are closely related to the 

porosity, manufacturing defects and microstructure of the 

material, which have a significant impact on the fatigue be-

haviour of AM materials. Here, considering the above four 

parameters can be expressed by the volume energy density, 

a new fatigue damage evolution equation is proposed. 

First, under the uniaxial cyclic fatigue loadings, the 

fatigue damage model is shown below: 
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Second, under the multiaxial cyclic fatigue load-

ings, the fatigue damage model is: 
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where: 0 = /E d dR E E  is the ratio of the volume energy den-

sity; Ed is the volume capacity density and Ed0 is the refer-

ence volume energy density. k is the correction parameter, 

which is closely related with the AM process parameters. 

The AM metal components could have the minimum poros-

ity with the reference volume energy density, and thus the 

correction parameter k is set to be 0 when 0 = d dE E . 

Under the condition of the constant stress, the fa-

tigue life FN  could be computed with the integrals of Eqs. 

(15) and (16). For the case of uniaxial cycle loading: 
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For the case of multiaxial cycle loading: 
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3. Calibrated method of parameter for AM metal mate-

rials 

Two kinds of material parameters need to be cali-

brated in the elastoplastic damage analysis model, which are 

the static performance parameters used in the constitutive 

models and parameters in the fatigue damage models. 

1. Parameter calibrated method in elastoplastic constitutive 

model. 

First, the elastic modulus, yield stress and strength 

limit of the material can be calibrated directly by the uniax-

ial tensile static test. Second, the isotropic hardening param-

eters could be calculated by the relationship between the 

yield radius and cumulative plastic strain, which is based on 

the uniaxial tensile-compression cyclic test. Assuming that 

the material is subject to the complete kinetic hardening, the 

back stress equation employs three back stress components 

to describe the nonlinear hardening behavior of the material. 

The exponential expression of back stress is:  
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So the uniaxial stress-strain curve can be expressed 

as: 
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2. Parameter calibrated method in fatigue damage model. 

In the fatigue damage evolution equation, a total of 

4 parameters need to be calibrated. According to the fatigue 

tests of standard smooth specimens under different stress ra-

tios, the parameters can be calibrated by the least square 

method. 

4. Fatigue life prediction of AM metal materials 

4.1. Numerical method 

 

In order to consider the coupling effects of fatigue 

damage model and elastoplastic constitutive model, it is 

necessary to write UMAT subroutines to implement the 

plastic stress-strain updating algorithm. In addition, the 

damage rate and cumulative damage could be computed by 

the UMAT subroutine at each material integration point af-

ter a cyclic loading. Because it takes a large amount of com-

puter time to simulate each fatigue cycle, the jump-in-cycle 

method [22], [23] is employed, in which the damage is as-

sumed to be constant in a cyclic block. The numerical cal-

culation steps of fatigue life analysis are listed as follows. 

1. Initialize all the parameters for the numerical simula-

tion. 

2. The ABAQUS software is used to compute the cyclic 

stress and strain under cyclic loadings. In the case of 

elastic damage, considering it is very time consuming 

in the cycling fatigue damage calculation, so the cyclic 

value of cyclic block is used. Here, it is important to 

note that the value of cyclic block is closely related to 

the convergence of numerical calculation. After that, 

the increment of fatigue damage and the total damage 

corresponding to the loading cycles are calculated. 

3. If the damage accumulation at any element reaches 1, it 

is assumed that the fatigue crack initiates at the element, 

and the fatigue life is obtained. If not, the material char-

acteristics for each element are recalculated by the re-

duction of elastic modulus. 

4. After that, the stress field and damage field are recalcu-

lated until the total damage accumulates to 1 at any el-

ement and the fatigue crack occurs.  

 

4.2. Predicted fatigue lives of AM metal materials 

 

4.2.1. Fatigue life prediction for SS316L 

 

According to the proposed theoretical model and 

numerical method, the fatigue lives of AM SS316L are com-

puted under different loading conditions. For SS316L spec-

imens, according to the ASTM E466 standard, fatigue test 

[4] – [6] are carried out by the servo hydraulic MTS testing 

system. It is known that the force-controlled fatigue tests are 

conducted with the sinusoidal loading under the ambient 

conditions.  A sample that did not fail after 106 cycles was 

considered as a run-out. The maximum stress in the cyclic 

loading also changers in a relative wide range. The volume 

energy density ratio RE is in a wide range. The comparison 

between all the predicted results and the experimental data 

is shown in Fig. 1. It can be seen that the almost all the com-

puted data are in accordance with the experimental fatigue 

lives, and only 12 sets exceed the three-error band. Further-

more, if the ratio RE is small, the fatigue life of AM SS316L 

could not be accurately computed by the proposed new the-

oretical model. Perhaps two items can explain for these data 

outside the three-error band. First, there is dispersion in the 
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fatigue data of AM SS316L, especially when the ratio RE is 

smaller than the volume energy density ratio. Second, the 

porosity inside AM material becomes very high if the vol-

ume energy density ratio is too small, and there are a large 

number of defects inside AM components. 

 

Fig. 1 Comparison between the predicted fatigue life and 

test results for AMSS316L alloy 

Next, several important characteristics of fatigue 

behavior of SS316L material are discussed by the pro-posed 

fatigue damage model. Fig. 2 is shown for the changing 

curve of fatigue life with volume energy density ratio RE un-

der the condition of different stress amplitudes and at the 

same stress ratio. First, we know that the fatigue life in-

creases with the increase of RE. Second, the smaller the 

stress amplitude is, the faster the growth trend of fatigue life 

is. And the larger the stress amplitude is, the less obvious of 

the increasing trend of fatigue life is. Third, when volume 

energy density ratio RE reaches 1.0, the peak value of fatigue 

life is obtained, which means that the material has the very 

low porosity. Fig. 3 is shown for the changing curve of fa-

tigue life with volume energy density ratio RE under differ-

ent stress ratios with the same maximum stress. First, it is 

clear that the fatigue life increases rapidly with the increase 

of RE. Second, for the same value of volume energy density 

ratio, the greater the stress ratio is, the longer the fatigue life 

is. Third, for different stress ratios, the fatigue life of AM 

SS316L could reach the maximum value if RE reaches 1.0. 
 

 
 

Fig. 2 Variation curve of AM SS316L fatigue life with vol-

ume energy density ratio under different stress ampli-

tudes 

Fig. 3 is shown for the changing curve of fatigue 

life with volume energy density ratio RE under different 

stress ratios at the maximum stress of 500 MPa. First, it is 

clear that the fatigue life increases rapidly with the increase 

of RE. Second, for the same value of volume energy density 

ratio, the greater the stress ratio is, the longer the fatigue life 

is. Third, for different stress ratios, the fatigue life of AM 

SS316L could reach the maximum value if RE reaches 1.0. 

 

Fig. 3 Variation curve of AM SS316L fatigue life with vol-

ume energy density ratio under different stress ratios 
 

4.2.2. Fatigue life prediction for Ti6Al4V 

 

As well known, Ti6Al4V material is often em-

ployed in the field of mechanical engineering. At present, a 

large number of literatures have studied the fatigue proper-

ties of Ti6Al4V material. In this section, based on the pro-

posed fatigue damage evolution equation, the fatigue lives 

of Ti6Al4V alloy are predicted and compared with the ex-

perimental results. 

 

Fig. 4 Comparison between the predicted fatigue life and 

test results for AM Ti6Al4V alloy 

 

In the fatigue test of Ti6Al4V alloy parts [24] – 

[26], the stress ratio is different, and the maximum stress 

changes in a wide range. The computed results and the ex-

perimental data are given in Fig. 4. The results show that the 

computed fatigue lives are basically in accordance with the 

experimental data. Here, there are two possible reasons for 

these data out of the three-error band. On one hand, it is di-

rectly caused by the dispersion of fatigue data. On the other 
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hand, when the value of volume energy density exceeds 1.0, 

which maybe meaning that the laser scanning speed is too 

fast, thus there could be some un-melted particles within 

AM alloys, and it has a great impact on the fatigue life. 

Therefore, the corresponding predicted fatigue lives is not 

accurate. 

Next, the two important characteristics of fatigue 

behavior of Ti6Al4V material are discussed using the pro-

posed fatigue damage model: first, the changing trend of fa-

tigue life with the ratio RE under different stress amplitudes; 

second, the changing law of fatigue life along with the ratio 

RE under different stress ratios. 

 

Fig. 5 Variation curve of fatigue life with volume energy 

density ratio under different stress amplitudes for 

AM Ti6Al4V 

 

Fig. 6 Variation curve of fatigue life with volume energy 

density ratio under different stress ratios for AM 

Ti6Al4V 

 

The changing curve of fatigue life with volume en-

ergy density ratio RE at different stress amplitudes is shown 

in Fig. 5. First, it is seen that the fatigue life increases with 

the increase of RE if the volumetric energy density ratio is 

smaller than 1.0. Second, when the ratio RE is less than 1.0, 

the smaller the stress amplitude is, the more quickly the 

growth trend of fatigue life is. The larger the stress ampli-

tude is, the less obvious the increasing trend of fatigue life 

is. Third, if RE is greater than 1.0, the fatigue life reduces 

along with the increase of the ratio RE. Fig. 6 is shown for 

the changing curve of fatigue life with volume energy den-

sity ratio RE at different stress ratios. First, it is clear that the 

fatigue life increases rapidly with the increase of RE when 

RE is smaller than 1. Second, for the same volume energy 

density ratio, the greater the stress ratio is, the longer the 

fatigue life is. Third, for different stress ratios, the fatigue 

life of AM Ti6Al4V reaches the maximum value when RE 

reaches 1.0. 

5. Conclusions 

In our work, a fatigue damage model considering 

AM effects is presented to calculate the fatigue life of AM 

materials, and the theoretical model and numerical method 

are verified by the experimental data. Furthermore, the fa-

tigue dam-age characteristics of AM SS316L and Ti6Al4V 

materials are studied in detail by the new fatigue damage 

model, which is proved to be a feasible approach for pre-

dicting the fatigue life of AM metal materials in engineer-

ing. Some of the main results are summarized below: 

1. Based on the CDM theory, the elastoplastic constitutive 

model with damage and the fatigue damage evolution 

equation considering AM effects are presented. The 

calibration method of material parameters is presented. 

Furthermore, the numerical method of the theoretical 

model is implemented. 

2. The fatigue lives of AM SS316L and Ti6Al4V metal 

materials are predicted and compared with the test re-

sults to verify the applicability of the theoretical model. 

3. The ratio RE determines the fatigue life and the fatigue 

damage evolution characteristics. When RE is less than 

1.0, the fatigue life increases rapidly with the increase 

of RE. At the same ratio RE, the greater the stress ratio 

is, the longer the fatigue life is. 
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H. Hong, J. Wang, L. Peng 

A REVISED APPROACH FOR THE LIFE PREDICTION 

OF METAL MATERIALS FABRICATED BY 

ADDITIVE MANUFACTURING 

S u m m a r y 

In this work, a new fatigue damage model consid-

ering the additive manufacturing (AM) effects is estab-

lished. We first present the elastoplastic constitutive model 

with the newly established fatigue damage model consider-

ing AM effects. The method to calibrate the material param-

eters is put forward, and the numerical solution of the theo-

retical model is implemented. Second, the fatigue lives of 

two AM metal materials are predicted, and the applicability 

of the theoretical model is verified by the test results. Fi-

nally, the influence of the volume energy density ratio on 

the fatigue life of AM metal materials is analyzed, and the 

results show that the volume energy density ratio has a great 

influence on the fatigue behavior of AM metal materials. 

When the ratio is less than 1.0, the fatigue life increases rap-

idly with the ratio increases. The fatigue life becomes longer 

with the stress ratio when the volume density ratio keeps as 

a constant. The research work in this paper provides a feasi-

ble meth-od to predict the fatigue life of AM metal materials 

by continuum damage mechanics in engineering. 

Keywords: numerical simulation; life prediction; additive 

manufacturing; fatigue model; volume energy density. 
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