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1. Introduction 

One of the hot topics in solid mechanics is the sim-

ulation of fracture and damage phenomena. When the engi-

neering structure is under high loading, the principal stress 

may exceed the material strength, which will lead to pro-

gressive failure. The failure processes of these materials are 

characterized by various failure mechanisms, such as the 

fracture process zone (FPZ) in rock and concrete, the shear 

band localization in ductile metals, or discrete crack discon-

tinuities in brittle materials. In the past few decades, the ac-

curate modelling and evolution of fuzzy discontinuities and 

discrete discontinuities have been a hot interest for research-

ers. 

Xu [1, 2] et al. Tested the dynamic fracture tough-

ness of 30CrMnSiNi2A high strength steel under impact 

load with different loading rates by an experimental and nu-

merical method and studied the rate correlation. The exper-

imental results show that 30CrMnSiNi2A Steel exhibits 

ductile fracture characteristics to a large extent. The dy-

namic fracture toughness increases clearly with the increase 

of loading rate. In this paper, the experimental phenomena 

are observed, but the influence of the loading rate on the dy-

namic fracture toughness is not studied in depth from the 

theoretical and numerical simulation. Sun [3] studied the ul-

tra-low cycle impact fatigue life of Aermet100 steel notched 

specimens under impact load. Based on continuous damage 

mechanics, an improved life prediction model was pro-

posed, and the modified elastic deformation energy and cu-

mulative plastic strain rate were simplified to predict the fa-

tigue life of metal samples under large impact load. How-

ever, the model used in his paper is not suitable for analyz-

ing the influence of different load rates on crack growth and 

the number of life cycles. He [4] studied the effect of load-

ing rate on low-cycle fatigue properties of turbine rotor 

steel, the results show that with the loading rate increases, 

the cyclic stress of the rotor steel increases, and low-cycle 

fatigue life increases too. However, the experiment data was 

merely fitted through the Coffin-Manson formula without 

considering the damage evolution and crack initiation, and 

the strain rate effect was also ignored. 

To furtherly study the effect of loading rate on the 

fatigue properties of Aermet100 steel from the theoretical 

and numerical simulation, this paper established a dynamic 

constitutive model of Aermet100 steel to consider the load 

rate effect, the parameters of J-C equations are also obtained 

through some material tests. Unlike the previous work, this 

paper introduced XFEM combined with the J-C model de-

fined a user-defined subroutine to predict the fatigue life of 

Aermet100 steel specimens under different loading rates. 

Lab fatigue tests are carried out, which verify the correct-

ness of the simulation model. Based on the lab tests and sim-

ulation model, the relationship between the loading rate and 

the fatigue life is obtained, respectively. 

2. Material, mechanical property test and dynamic con-

stitutive model 

The materials and methods section should contain 

sufficient detail so that all procedures can be repeated. It 

may be divided into headed subsections if several methods 

are described. 

2.1. Material 

Aermet100 steel (23Co4Ni2Cr3MoE) is a kind of 

iron-nickel alloy. It has ultra-high-strength, excellent plane 

strain fracture toughness, stress corrosion cracking re-

sistance, and good weldability. It is the most competitive 

material for key bearing components of aircraft and is usu-

ally used to manufacture aircraft landing gear and turbine 

shafts. 

However, Aermet100 steel is a strain rate sensitive 

material. For materials, the strain rate sensitivity has nothing 

to do with the structure, only with the basic properties of the 

material. 

Marsh and Campbell [3] investigated the dynamic 

tensile behaviour of low-carbon mild steel specimens when 

a fracture is known. The upper and lower yield limits in-

crease with increasing strain rate, as observed by Manjoine 

[4]. However, although the strength limit also increases, it 

increases slowly. Therefore, the strain strengthening of mild 

steel decreases with the increase of strain rate under large 

tensile strain and high strain rate. In fact, except for the up-

per yield stress, the behaviour of the material at high strain 

rates looks like an ideal plastic material with little or no 

strain hardening. 
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2.2. Tests 

MTS static tensile testing machine was used to 

carry out static tensile tests on the Aermet100 steel sample, 

and the basic material properties and engineering stress-

strain curves were obtained as shown in Fig. 1, including 

elastic modulus, yield strength, ultimate tensile strength, 

plastic elongation and section shrinkage. According to the 

ASTM-638 standard, the displacement-controlled loading 

was carried out under the displacement sensor. The average 

yield strength of Aermet100 steel is 1620MPa. 

 

Fig. 1 Nominal stress vs. strain curve of Aermet100 under 

tensile load 

Aermet100 steel has a typical elongation under 

uniaxial tension, and its necking occurs when the stress 

reaches the maximum. There exists an equivalence between 

the nominal stress-strain relationship and the true stress-

strain relationship before necking. After necking, the defor-

mation is in the necking area. The stress state changes from 

a unidirectional stress state to multiaxial when it is necking. 

Equivalence doesn’t exist between the true stress-strain re-

lationship and the nominal stress-strain relationship. 

Through the basic principles of mechanics of ma-

terials, we can transform the nominal (engineering) stress-

strain (σe – εe) relationship into the true stress-strain (σtrue – 

εtrue) relationship. The transformation method is shown in 

Formula 1, 2. 
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Marsh and Campbell [3] investigated the dynamic 

tensile behaviour of low-carbon mild steel specimens when 

a fracture is known. The upper and lower yield limits in-

crease with increasing strain rate, as observed by Manjoine 

[4]. However, although the strength limit also increases, it 

increases slowly. Therefore, the strain strengthening of mild 

steel decreases with the increase of strain rate under large 

tensile strain and high strain rate. In fact, except for the up-

per yield stress, the behaviour of the material at high strain 

rates looks like an ideal plastic material with little or no 

strain hardening. 

Where: f is tensile load; A0 is initial area (before 

necking); d is elongation length; l0 is initial length; Ac is area 

(after necking); l is total length. Fig. 3 shows the true stress-

strain relationship through transformation. 

Through tensile tests and equivalent transfor-

mation, the average properties of Aermet100 steel under the 

quasi-static load test are listed in Table 1. These parameters 

are obtained from the experiment data fitting, and then we 

can calculate the confidence value (R squared), which is 

0.85. It should be noted that the ultimate load was recorded 

during the test and the fracture strain was measured and 

treated after the test. E is elastic modulus; σb is tensile 

strength; σ0.2 is yield strength; Rupt.εp is rupture strain. 

 

Fig. 2 True stress vs. strain curve of Aermet100 under ten-

sile load 

Table 1 

Mechanical properties of Aermet100 steel 

E, GPa σ0.2, MPa σb, MPa Rupt.εp 

190.15 1620.59 1930.25 0.1088 

2.3. Dynamic constitutive model 

Before applying the dynamic constitutive model, 

the yield stress and plastic stress-strain relationship under 

different strain rates should be determined first. Johnson-

Cook's phenomenological constitutive model [6] is usually 

used to describe the dynamic mechanical behaviour of ma-

terials. The form of the model equation is simple, and the 

parameters can be easily obtained through the simple 

mechanic's experiment of materials. 

 
* *( )(1 )(1 ),n m

y pA B Cln T  = + + −  (3) 

 

where: A, B, C, n and m are the material constants deter-

mined from the curve measured by the test. A, B and n de-

note the flow hardening of the alloy material. C represents 

the strain rate effect and m describes the temperature sensi-

tivity. In the above formula, σy is Von-Mises equivalent 

stress; 
n

p  is the equivalent plastic strain;
*  and 

*T  are di-
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mensionless plastic strain rate and temperature, respec-

tively. 

The basic equations of Johnson-Cook's constitu-

tive equation in solving material deformation include the 

listed parts (Hooke's law of elasticity, the law of flow, the 

uniaxial fundamental equation, the uniaxial stress integra-

tion method), which are also necessary for the ABAQUS 

user-defined material subroutine. 

2.4. Material tests and parameters determination 

The parameters A, B and n can be obtained by fit-

ting the compression test data of Aermet100 steel samples 

under quasi-static reference strain rate (10-3s-1 generally) 

and corresponding reference temperature (generally 298K). 

Under such experimental conditions, the Johnson-Cook 

constitutive model equation can be simplified as following: 

 

.nA B = +  (4) 

 

Under this condition, when there is no plastic 

strain, the yield stress of Aermet100 steel is A = σ = σs and 

σs is the true yield strength of the material under such con-

ditions. The following formula can be deduced by taking 

natural logarithms on both sides of the equation by moving 

terms. 

 

( ) ( ) .ln A ln B nln − = +  (5) 

 

From the above formula, the original σ – ε curve 

can be transformed into ln(σ – A) – ln(ε) curve, and the ln(B) 

value can be obtained by the intercept between the straight 

line and the longitudinal axis, and the slope is the value n. 

As shown in Fig. 3, the R2 (R-Squared) value of curve fitting 

is 0.9. 

 

Fig. 3 Fitting curve of Aermet100 sample under quasi-static 

compression 

The parameters C will to be determined by the pa-

rameters as mentioned above A, B and n combined with the 

reference temperature of Aermet100 steel (generally 298K) 

Hopkinson compression rod test (SHPB) data. 

After removing the quasi-static reference strain 

rate (generally 10-3s-1) condition, the Johnson cook consti-

tutive model equation can be expressed as following: 

 

0( ) 1 ( / .nA B Cln   = + +    (6) 

Under this condition, when there is no plastic 

strain, the above Eq. (5) becomes the following one: 

 

01 ( / .A Cln  = +    (7) 

 

Yield strength of Aermet100 at different strain 

rates is listed in Table 2. 

Table 2 

Yield strength at different strain rates 

Strain rates, s-1 1300 1700 2800 4300 

Yield strength, MPa 2093 2105 2113 2135 

 

According to the above formula and the data in the 

chart, the data processing and fitting can obtain the σ – ln

0ln( )   curve, as shown in Fig. 4, the fitting value R2 of 

curve fitting is 0.9, and the intercept value is 1635, which is 

quite close to the value mentioned in the previous article. 

According to the above equation, the values of parameters 

C  in the Johnson-Cook constitutive model equation of the 

material used in the Aermet100 steel sample test are ob-

tained, the value is 0.019. 

 

Fig. 4 Fitting curve of Aermet100 sample under SHPB test 

Finally, the parameter value m  is quoted from the 

paper "Q. sun et al., 2018" [7]. Based on the above work, 

the complete expression for Aermet100 steel is as follow-

ing: 

 
0.31232 * *2.75(1620.59 879.8 )(1 0.019 )(1 ).y p ln T  = + + −  (8) 

 The whole model including the basic equations and the 

numerical integration method (See he basic equations in the 

Supplementary Material) is defined in the UMAT using the 

Fortran language, which is called in the following analysis 

later. 

3. Extended finite element method 

Belyschko and Black (1999) [8] proposed a finite 

element method independent of mesh generation used to 

solve crack propagation for the first time. Based on the tra-

ditional finite element method, the element nodes near the 

crack tip or the crack surface were enhanced by the near-

field displacement solution of the crack to explain the ap-

pearance of cracks. The difficulty in 3D dynamic fracture 
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simulation is how to keep the continuity and smoothness of 

the crack surface and crack propagation direction. Areias 

and Belytschko (2005) [9] approximately satisfied the con-

dition by adjusting the normal of the crack surface. 

3.1. Introducing nodal enrichment functions 

For fracture analysis, the enrichment functions typ-

ically consist of the near-tip asymptotic function which cap-

tures the singularity around the crack tip and a discontinuous 

function that represents the jump in displacement across the 

crack surface. The approximation for a displacement vector 

function u with the partition of unity enrichment is: 
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where: NI(x) are the usual nodal shape functions. The first 

term on the right-hand side of the above equation, uI is the 

usual nodal displacement vector associated with the contin-

uous part of the finite element solution. The second term is 

the product of the nodal enriched degree of freedom vector 

aI and the associated discontinuous jump function H(x) 

across the crack surfaces. The third term consists of the 

product of the nodal enriched degree of freedom vector 
I


b  

and the associated elastic asymptotic crack-tip functions 

Fα(x). The first term on the right-hand side is applicable to 

all nodes in the model; the second term is valid for nodes 

whose shape function support is cut by the crack interior; 

the third term is used only for nodes whose shape function 

support is cut by the crack tip. 

 
( )*1 if 0

( )
-1 otherwise

H x
 −  

= 


x x n
, (10) 

where: x is a sample (Gauss) point; 
*

x  is the point on the 

crack closest to x and n is the unit outward normal to the 

crack at x. 
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where: (r, θ) is a polar coordinate system with its origin at 

the crack tip and θ = 0 is tangent to the crack at the tip. 

3.2. Damage modelling 

Damage modeling aims to simulate the degrada-

tion and eventual failure of an enriched element. The failure 

mechanism consists of two ingredients: a damage initiation 

criterion and a damage evolution law. The initial response 

is assumed to be linear in this study. However, once a dam-

age initiation criterion is met, damage can occur according 

to a user-defined damage evolution law. 

Crack initiation refers to the beginning of degrada-

tion of the cohesive response to an enriched element. The 

process of degradation begins when the stresses or strains 

satisfy specified crack initiation criteria. 

An additional crack is introduced or the crack 

length of an existing crack is extended after an equilibrium 

increment when the fracture criterion f reaches the value 1.0 

within a given tolerance: 

 1.0 1.0 tolf f  + , (12) 

where: it is needed to specify the tolerance ftol. If f > 1.0 + 

ftol the time increment is cut back so that the crack initiation 

criterion is satisfied. 

1) Maximum principal strain criterion for crack in-

itiation. 

The maximum principal strain criterion can be rep-

resented as: 

 = ,
max

o

max

f




  
 
  

 (13) 

here: o

max  represents the maximum allowable principal 

strain, and the Macaulay brackets signify that a purely com-

pressive strain does not initiate damage. Damage is assumed 

to initiate when the maximum principal strain ratio (as de-

fined in the expression above) reaches a value of one. 

2) Damage evolution. 

The damage evolution law describes the rate at 

which the cohesive stiffness is degraded once the corre-

sponding initiation criterion is reached. A scalar damage 

variable D represents the averaged overall damage at the in-

tersection between the crack surfaces and the edges of 

cracked elements, for example, microcracks and microvoids 

(Kachanov, 1986; Voyiadjis and Kattan, 2005) [10, 11]. It 

initially has a value of 0. If the damage evolution is mod-

elled, D monotonically evolves from 0 to 1 upon further 

loading after the initiation of damage. The normal and shear 

stress components are affected by the damage according to: 
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 (1 )n st D T= − , (15) 

 t (1 ) tt D T= − , (16) 

where: Tn, Ts and Tt are the normal and shear stress compo-

nents predicted by the elastic traction separation behavior 

for the current separations without damage. Loading rate fa-

tigue tests and extended finite element model simulation. 

 

 

3.3. Sample fatigue tests 

The effect of loading rate on the fatigue perfor-

mance of ultra-high-strength steel Aermet100 was studied. 

There were 500 specimens, which were divided into five 

groups, and there were five levels of loading time (unload-

ing time not included) (1 s, 0.5 s, 0.3 s, 0.2 s, 0.1 s). In par-

ticular, it is worth mentioning that this fatigue test is based 

on force control and thus strain or displacement cannot be 
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obtained directly. This paper carries the following analysis 

and simulation with loading rate as the primary variable. 

Considering the loading capacity of the testing ma-

chine, this study divided the loading rate of the sample into 

the following groups. Half-sine loading was used in the ex-

periment with the maximum tensile load of 90 kN and the 

stress ratio is set to 0.061. Under this condition, the stress is 

1650 MPa, which exceeds the yield strength of the Aer-

met100 steel. 

Laboratory fatigue tests were carried out accord-

ingly. From the classification of the test results of five 

groups of samples, the fracture position and shape can be 

divided into three categories: one fracture in the middle of 

the weak working area, one fracture in the transition section 

and two fractures in the working area. Specimen with two 

fractures was shown in Fig. 5 below. 

 

Fig. 5 Two Fractures in the middle working area 

 

Fig. 6 Life repeats under different frequencies 

After the completion of 500 Aermet100 steel spec-

imen fatigue tests, the life repeats data were statistically di-

vided. Fig. 6 shows the results of life cycles under different 

loading rates and frequencies. 

3.4. Loading rate fatigue simulation 

The Aermet100 specimen is modeled in ABAQUS, 

and the mesh is discretized. A total of 8415 nodes and 6080 

meshes are generated. The element type is the hexahedral 

element C3D8R. The complete Aermet100 steel J-C model 

is written in the FORTRAN language, input by ABAQUS 

UMAT module, and called during the simulation. 

According to the laboratory loading, the same 

boundary conditions and loads are applied on both sides of 

the specimen in the finite element model. The stress and 

strain plots of the sample under static load is shown in the 

Fig. 7. 

It can be seen that under the static load, part of the 

weak working area of the sample has entered into the plastic, 

resulting in plastic deformation as shown in Figs. 8 and 9. 

 

Fig. 7 Loading and boundary conditions 

 

Fig. 8 Stress and plastic equivalent strain plot under statistic 

load 

 

Fig. 9 Plastic equivalent strain plot under statistic load 

 

In the following simulation, the XFEM module is 

introduced into the finite element simulation model, and the 

whole sample is set as the possible crack initiation area. The 

study selected the damage as MAXPE damage under trans-

action laws, and set the tolerance f = 0.005 (defined in for-

mula 10). The low cycle fatigue life of the specimen is set 

at less than 20000 times, and the fatigue cycles are set to 

20000 times by cyclic direct. 

Due to the dispersion of the defects in the speci-

men, there are three different fracture positions in the spec-

imen: the fracture in the middle section of the specimen, the 

fracture in the transition section of the weak zone, and two 

fractures in the middle section of the test. In the finite ele-

ment simulation calculation model, through different frac-

ture strain settings, three types of fractures can be observed 

in the same position. The range of the corresponding strain 
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is not discussed in detail in this paper. The average fracture 

strain measured at the beginning of this paper is 0.1088 in 

the subsequent calculation. 

The following plots Figs. 10 – 12 show the simula-

tion results. 

 

Fig. 10 Equivalent stress at fracturing time 

 

Fig. 11 Plastic strain at fracturing time 

 

Fig. 12 Status xfem plot at fracturing time 

4. Analysis of the influence of loading rate on the fatigue 

performance of Aermet100 steel 

The simulation entirely refers to the laboratory 

loading conditions. It is carried out in ABAQUS according 

to the loading rate of five orders. The number of cycles at 

complete fracture is taken as the life value, as shown in Ta-

ble 3 below. 

Table 3 

Life cycles of 5 groups 

Loading 

rate, kN/s 
Frequency, 

Hz 
Averaged life 

repeats, cycle 
Simulation 

results, cycle 
Error/% 

90 0.5 7755 6950 10.38 
180 1 7798 7500 3.82 
300 1.67 7880 7501 4.81 
450 2.5 8053 7502 6.84 
900 5 8284 7550 8.86 

 

It can be seen that under the given loading rate in 

the laboratory, the simulation value and the test average life 

have a high degree of fit. The finite element dynamic simu-

lation model based on the J-C dynamic constitutive equation 

and XFEM method can accurately simulate the fatigue frac-

ture process of the Aermet100 steel sample under dynamic 

load. 

Due to the limited loading capacity of the testing 

machine, when the loading rate is higher than 10 Hz, it is 

beyond the loading range of the testing machine. Consider-

ing the engineering application, this study set the time lower 

limit. Therefore, when applying the dynamic finite element 

simulation model, this study controls loading time range 

within. In this range, the specimen life repeats results are 

shown in Table 4. 

Take the logarithm of time and draw the curve of 

life versus the logarithm of time as following. 

Table 4 

Mechanical characteristics of pipes main steel, weld and 

heat affected zone metal 

Loading rate Loading time, s Simulation results, cycle 
1800 kN/s 0.05 7760 
4500 kN/s 0.02 8502.5 
9000 kN/s 0.01 9005 

18000 kN/s 0.005 9260 
45000 kN/s 0.002 10505 
90000 kN/s 0.001 11505 
180000 kN/s 0.0005 11510 
450000 kN/s 0.0002 12810 
900000 kN/s 0.0001 15550 

 

Fig. 13 Equivalent stress at fracturing time 

 

Generally, life repeats increase with the decrease 

of the loading time. From Fig. 13, it can be clearly seen that 

when loading time is less than 10-1.5 s, the increase of life 

span is relatively slow, and in the time scale from 10-1.5 s to 

10-4 s, life cycles increase rapidly. 

5. Conclusions  

This paper mainly focuses on the fatigue perfor-

mance of ultra-high-strength steel Aermet100 under differ-

ent loading rates. Due to the limitation of experimental con-

ditions, it is hard to acquire fatigue data at high loading 

rates. Differently, to characterize the material properties af-

fected by the strain rate, this paper introduces the J-C model 

and combined this model with the XFEM to predict the var-

iations of the life cycles versus loading time. 

1) Aermet100 steel is sensitive to the strain rate. 

Based on the test data, the Johnson-Cook constitutive model 

fitted by the least square method takes the strain rate into 

account, which solves the strain hardening problem caused 
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by the strain rate change of high strength steel resulted from 

the loading rate. 

2) Based on the ductile fracture mechanics of the 

plastic damage model, the XFEM method combined with 

the J-C constitutive equation considering the strain rate ef-

fect was used to simulate the fatigue behavior of Aermet100 

steel under dynamic load. 

3) In the loading time range of 0.0001 ~ 1s, the fa-

tigue test of load rate on fatigue life of Aermet100 high 

strength steel shows that when the loading rate is low, the 

influence on the fatigue life is small; through simulation, the 

variation law of sample life with loading rate can be ob-

tained. With the increase in the loading rate, the life cycles 

of the sample increase. To be specific, life cycles signifi-

cantly increase when the loading time is 10-4 s. 
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E. Zhu, H. Chen, X. Fang, X. Wei, H. Nie 

EXPERIMENTAL RESEARCH AND FATIGUE LIFE 

PREDICTION OF ULTRA-HIGH-STRENGTH STEEL 

AERMET100 

S u m m a r y 

This study concentrates on the fatigue performance 

of ultra-high-strength steel Aermet100 under different load-

ing rates. The standard specimen measured the static me-

chanical properties of Aermet100 steel, based on which the 

basic mechanical properties and fracture characteristics of 

the sample before and after necking was obtained. To take 

the strain rate effect into account, this study uses the dy-

namic constitutive model Johnson-Cook. The equation pa-

rameters are fitted through dynamic mechanical tests and 

quasi-static tests. This model is input into ABAQUS user-

defined program afterward. Referring to the work done 

above, along with the extended finite element method 

(XFEM), this study establishes the dynamic fracture finite 

element model of the Aermet100 steel specimen on the basis 

of the continuous damage mechanics. Five groups of speci-

men fatigue tests were carried out in the laboratory. Simula-

tion results show the feasibility and accuracy of the inte-

grated XFEM model with the same loading and boundary 

conditions. The experimental data and simulation results 

prove that, in the loading time range of 0.0001 ~ 1s, the life 

cycles increase as the loading rate increases. It is worth men-

tioning that when the loading time is in the order of 0.0001s, 

the life changes significantly. 
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