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Abstract: In this work, we have developed a non-ordinary state-based peridynamic model for mul-
tiple crack initiation and propagation due to compression-compression fatigue load. In each loading
cycle, the fatigue loading is redistributed among the peridynamic solid body, leading to the pro-
gressive fatigue damage initiation and propagation in an autonomous fashion. The proposed fatigue
model parameters are firstly validated by 3D numerical benchmark tests, and then it is applied to
simulate widespread fatigue damage evolution of the aircraft wing corner box. The modified con-
stitutive damage model has been implemented into the peridynamics framework at finite strain.
Furthermore, the criterion algorithm from multiple initiation to propagation is discussed. It is
shown that the numerical results obtained from peridynamics simulations are in general agreement
with those from the experiment data. The comparison of experimental and numerical results indi-
cates that the proposed non-ordinary state-based peridynamics fatigue model has the ability to cap-
ture the multiple crack initiation and propagation and other features of the aluminium alloy mate-
rial.

Keywords: Non-ordinary state-based Peridynamics; Compression-compression fatigue load; Mul-
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1. Introduction

Extensive fatigue damage of aging aircraft structures has aroused wide attention in
the aerospace area. The fatigue initiation and propagation prediction of the structure are
a complicated, tough work because of the uncertain loads and uncertainties in material
properties. The fatigue damage law should be deduced to ensure the flight safety and
improve the economic cost. In materials science, fatigue is the initiation and propagation
of cracks in a material due to cyclic loading. Once a fatigue crack has initiated, it grows a
small amount with each loading cycle, typically producing striations on some parts of the
fracture surface. The crack will continue to grow until it reaches a critical size, which oc-
curs when the stress intensity factor of the crack exceeds the fracture toughness of the
material, producing rapid propagation and typically complete fracture of the structure.
Fatigue of metallic structures is a cumulative irreversible process that occurs due to the
internal friction, initiation and growth of micro-fractures[1-3]. Vacancies generated when
an atom or an ion missing from its regular crystallographic site and new equilibriums is
built. Under repeated loading, the new dynamic equilibriums lost to generate the next
balances, and then the fatigue damage initiates and accumulates in a natural way[4-6].
Therefore, metal fatigue process includes complex submicroscopic and microscopic dam-
age propagation[7-9]. The fatigue life of metal structures under cyclic loading can be ac-
curately predicted from crack initiation to propagation, which is influenced by the mate-
rial properties, geometric parameter, boundary loads, external environment, etc. The
whole process of fatigue is essentially a complex multi-scale phenomenon which has im-
portant features at multiple scales of time and/or space[10-14]. Therefore, the prediction
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of fatigue damage in metallic materials encounter many problems[15-17]. The classical
continuum mechanics theory, using spatial partial differential equations (SPDE), espe-
cially the finite element method (FEM), has been used to predict fatigue crack growth in
materials under cyclic loading[18,19]. Based on the framework of traditional continuum
theory, the FEM model or various modified versions aim to find the kinetic relations
among parameters near the fatigue crack tip that characterize the fatigue crack evolu-
tion[20-22]. The main barrier is that these models can’t directly perform on the fatigue
crack tips or crack surfaces. Instead, by redefining the body, the crack is treated as a
boundary so that extra criteria, such as fatigue crack growth speed and direction which
guide the crack path, are necessary[23-25]. In order to deal with those problems, Linear
Elastic Fracture Mechanics (LEFM) use Cohesive Zone Elements (CZE) to deal with Mode-
I crack model and mixed-model fracture. The number of cohesive elements increases with
decreasing mesh size, yet the size of the continuum region remains the same. Fatigue crack
growth shows the mesh dependence property, and a special remeshing technique is re-
quired. Frequent redefining the body is difficult and costly, especially with multiple in-
teracting cracks. The extended finite element method (XFEM), using the local enrich func-
tions, permits the cracks to propagate on any element surface without remeshing in every
incremental crack growth. Neither FEM model or various modified versions nor the
XFEM method suffers from the need to supply extra criteria such as the time of forming
fatigue cracks, fatigue propagation speed, direction, branch, arrest, etc. In other words,
fatigue crack initiation and fatigue crack propagation are treated separately by coupling
dissimilar mathematical systems under the framework of traditional continuum theory.
The final fatigue fracture mechanisms are associated with grain boundaries, dislocations,
microcracks, anisotropy, etc[26-30]. Each of which plays an important role at a specific
length scale. It is difficult to obtain the location of fatigue initiation in advance, let alone
the extra criteria from the experimental data[31-36].

Despite the development of many important concepts to predict crack initiation and
its growth in materials and structures, it is still a major challenge within the framework of
classical continuum mechanics. The main difficulty lies in the mathematical formulation,
which assumes that a body remains continuous as it deforms. Therefore, the basic mathe-
matical structure of the formulation breaks down whenever a discontinuity appears in a
body. Mathematically, the classical theory is formulated using spatial partial differential
equations, and these spatial derivatives are undefined at discontinuities. This introduces
an inherent limitation to the classical theory, as the spatial derivatives in the governing
equations, by definition, lose their meaning in the presence of a discontinuity, such as a
crack[37]. Because traditional numerical methods such as the finite element and boundary
methods rarely obtain solutions to these problems, a mesh-free method seems more ap-
propriate. To develop an accurate numerical model and obtain reliable results in numeri-
cal simulation, the material-failure model should satisfy two main criteria[38]. First, the
model must be able to predict the correct stresses and strains in failure. Second, the pre-
dicted failure mechanism and fracture pattern must be in accordance with those found in
experiments. A discrete method has advantages for modeling the discontinuous phase of
the fracture process, but accuracy problems during the continuous phase make it unrelia-
ble for modeling the whole process, from continuous to discontinuous. A new mesh-free
method called peridynamics was coined by Silling in 1998. This theory is a reformulation
of the classical continuum mechanics that employs a nonlocal model to describe material
properties. It assumes that particles in a continuum interact across a finite distance, and it
formulates problems in terms of integral equations rather than partial differential equa-
tions. Peridynamics manifests its unique superiority in addressing discontinuous prob-
lems, which can be introduced to the calculation and simulation of fatigue loads. In con-
trast, a peridynamic theory (PD) uses the spatial integral equations as opposed to deriva-
tives of the displacement field to compute internal force acting on a material particle[39-
41]. Material damage is part of the constitutive model. Without the need for special crack
growth criteria, peridynamics allows the cracks to propagate at multiple sites with natural
paths not only along the element boundary in a consistent framework. Furthermore, the


https://doi.org/10.20944/preprints202205.0140.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 May 2022 doi:10.20944/preprints202205.0140.v1

PD theory can link the micro to macro length scales[42-44]. This formulation allows us to
model crack initiation, propagation, branching and coalescence without special assump-
tions.

The fatigue crack model with peridyanmic was originally proposed by Oterkus,
Guven, and Madenci[45] and substantially improved by Askari[46]. Two phases of fatigue
failure: crack initiation, fatigue propagation, is included in a consistent fatigue model and
the parameters of the model are calibrated separately with experimental data. In ref[46],
the dynamic relaxation method is used to obtain the static solution. Nucleation and
growth of a helical fatigue crack are demonstrated by using an aluminum alloy rod.
Zhang[47] presented the conjugate gradient energy minimization method to obtain the
static solution and applied this fatigue model to two-phase composite materials. The re-
sults show that the peridynamic fatigue crack model can deal with multiple crack without
extra criteria to guide the crack path[48-51].

In the present investigation, a non-ordinary state-based peridynamics fatigue model
is applied for the first time in the calculation of compression-compression loads and the
simulation of the multiple crack initiation and propagation. The basic non-ordinary state-
based peridynamics theory is introduced, including the peridynamics model of a contin-
uum; and constitutive modeling that obtains the microscopic parameters and the descrip-
tion of fatigue failure. Based on the thermal disturbance of atomic motion, the theoretical
foundation for the peridynamic fatigue model is built under cyclic loading. To bridge the
micro fatigue crack initiation to the macro fatigue crack growth, an alternative non-ordi-
nary state-based peridynamic model for multiple fatigue cracking is presented. Fatigue
model parameters are verified from experimental data of aluminium alloy material. Each
bond in the deformed material configuration is treated as a fatigue test subjected to fatigue
loads. Bond damage accumulated over time, according to the cyclic strain in the bond that
its progressive failure is characterized by a history variable called “wear-out life”. A bond
is broken when the variable reaches the entire life. Fatigue crack initiation and crack
growth formulated naturally over many loading cycles which is controlled by the param-
eter “node damage” within a region of finite radius. Critical damage factors are also im-
posed to improve efficiency and stability for the fatigue model. Based on the improved
adaptive dynamic relaxation method, the static solution is obtained in every loading cycle.
Convergence analysis is presented in the aircraft wing corner box at different loading lev-
els. Experimental results show that the peridynamic results capture the multicrack sensi-
tive location well without extra criteria. Fatigue lifetimes obtained from the simulation
have a good correlation with the experimental results.

2. Progressive Fatigue Damage Evolution

2.1. Microscopic Fatigue Crack Initiation and Propagation

Understanding of cumulative damage mechanisms is essential since it provides the
necessary physical bases for modeling the cumulative damage process. Atoms vibrate in
frequency (about 1012~1013Hz) and small amplitude surrounding equilibrium position
based on crystallographic theory. Each atom in the material has certain energy which
keeps it in dynamic balance state. When the dynamic balance state of an atom is broken,
the atom will jump out of its original equilibrium position and a vacancy will be gener-
ated. The probability of an atom’s active energy reaching to the critical value Q. because
of thermal disturbance motion can be expressed as

P. =exp(—Q, /KT) 1)
where k is a physical Boltzmann constant with respect to temperature and energy, T is the
representation of average kinetic energy of atom, and Q is the critical active energy that
is smallest value of an atom escaping from the equilibrium position.

As shown in Fig. 1(a), although the critical activity Q. is larger than other loading
conditions, there is still has a certain probability of leaving the original equilibrium posi-
tion and entering the new equilibrium position, for the escape probability of the atom in
all directions is the same. Therefore, in a dynamic equilibrium state of crystal vacancies,
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no fixed crystal defects will be formed and there will be no damage evolution formed
without external loading.

As shown in Fig. 1(b), under static load, the critical active energy Q. is inversely pro-
portional to the stress level. The higher the stress, the smaller the critical active energy is.
Therefore, the atom has a higher probability of having energy above this critical active
energy. Based on this theory, the critical active energy Q. is described as follows

2 2
% static loading

Q= )

2
b no external loading
2G

where 7, isideal shear strength for material, 7 is the external shear stress, G is the shear
modulus, a is physical constant correlated with stress concentration factor, 3 is physical
constant correlated with load amplitude, and a7,7 + ﬂrz <0.

Combining Eq. (1) and Eq. (2), the probability of an atom’s active energy reaching to
the critical value Qc under static load can be expressed as

P - exp(— r.?+ar,c+ pr’ ]
2GKT

where it is obviously that the probability of an atom with static loading escaping from the
equilibrium position is larger than the condition without external load. Since the displace-
ment uo of an atom away from the equilibrium position is fixed at this time, escaping prob-
ability of the atom in all directions is the same with respect to the new equilibrium posi-
tion. Therefore, the vacancies generated by atomic escape by the thermal disturbance can
be annihilated. Vacancies generated by atomic escape show mutual annihilation without
accumulating to form defects or make defects grow. Therefore, there will be no damage
evolution formed under static load.
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Figure 1. The thermal disturbance of atomic motion under different loading condition

As shown in Fig. 1(c), under cyclic loading, the equilibrium position is constantly
changing during the deformation process. The atomic escaping direction is isotropic with
respect to the instantaneous equilibrium position. However, the motion of the equilibrium
position itself will destroy this isotropic property. The displacement of an atom away from
the original equilibrium position is alternating. The voids generated by the thermal dis-
turbance cannot be annihilated so that the damage will be initiated and accumulated.

According to the above analysis, we can see that atomic vacancies generated by the
thermal disturbance cannot completely annihilate with each other due to the change of
the equilibrium position itself. And the thermal disturbance forms a defect or causes its
development.

As shown in Fig. 2, under cyclic loading, fatigue damage evolution preferentially
forms at grain boundaries. Fatigue occurs at stress amplitude below the yield stress. Fa-
tigue crack initiation and propagation are a consequence of cyclic slip. It implies cyclic
plastic deformation, or in other words dislocation activities. Progressive damage models
are often based on damage mechanics concepts. Therefore, this view provides the way to
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set up the damage evolution law with theoretical foundation. The evolution law based on
this mechanism can well indicate the already known damage-life relationships of metals.

B,

GB;
Figure 2. Grain boundary damage indued by cyclic loading

2.2. Widespread Fatigue Damage

Widespread fatigue damage (WFD) has become the focus of research in aviation. The
extensive fatigue damage can be divided into two forms: multi-component damage and
multi-site damage. The traditional damage tolerance analysis is not applicable to the ex-
tensive fatigue damage structure, and the interaction between multiple cracks in WFD
structure makes the damage tolerance assessment of the structure complicated. The key
point to deal with those problem is to know that fatigue damage accumulation equals to
the energy non-uniform dissipation process. A certain amount of energy must be pro-
vided to overcome the binding energy within or between grain boundaries for material
fatigue damage.

As shown in Fig. 3, the hysteresis-loop area is equal to deformation work produced
during one loading cycle. This deformation work is mainly transformed into heat energy,
and a very small part of it into stored energy. The total hysteresis energy is then equal to
the sum of areas of all hysteresis loops. If we neglect the hardening/softening, the total
energy can be expressed as the product of the area of the saturation hysteresis loop and
the number of cycles to fracture. This has been utilized in some energy-based theories of
the fatigue process, and thence the area of the stable hysteresis loop becomes an important
quantity. The hysteresis-loop area can be generally expressed as

AW = ”dadgp = @)G(f,‘p)dgp 4)
where AW isloop area, o isthe stressand ¢, is the strain.

Under cyclic loading, the widespread fatigue damage can be described as

iASi :clzn:AWi+czzn:AUi+... (5)
i=1 i=1 i=1
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Figure 3. Schematic representation of (a) sinusoidal fatigue loading with a mean stress as stress om
vs. time plot and (b) corresponding stress-strain hysteresis loop with definition of the main param-
eters

2.3. Fatigue Damage Accumulation for Multiple Crack

Cumulative damage process of materials is a nonlinear process of interaction be-
tween loading stress and damage accumulation. Three-dimensional damage accumula-
tion model can be expressed as

iy == (L)@ +¢) 1 1- DY’ (6)
e+l g
where 7, is the thermodynamics dissipative potential under cyclic loading conditions,

6, ¢, ,and T are material parameters depend on thermodynamic temperature, @ is
accumulative plastic strain rate, ¢ is microplasticity strain rate, y is damage strain en-
ergy release rate. Based on the compression-compression loading theory, the damage
strain energy release rate is described as follows
SR, - %

2E(1-D)?
where e, is Von Mises equivalent stress, ¢; is stress triaxial factor, D is damage varia-

ble, E is elastic modulus. The stress triaxial factor can be expressed as

6 = Z@+v)+30-20)(Cy ®)
3 €eq
where e, ishydrostatic pressure, v isPoisson’s ratio.
Based on orthogonality principles, the damage variable rate can be described as fol-
lows

*

D=-P0 _(¥yi(5+¢)/ 10— DY ©)
oy S1

3. State-based Peridynamics for Multiple Cracking

3.1. The Motion and Deformation of a Material Point
Cumulative damage process of materials is a nonlinear process of interaction be-
tween loading stress and damage accumulation. Three-dimensional damage accumula-
tion model can be expressed as
p(x)i(x,t)= j (t(u' —u,x" = x,t)-t'(u-u',x—x,t))dH, +b(x,t) (10)
Hy

where p(X) represents the mass density in the reference configuration, X represents
the vector of coordinates, U and u’ represent acceleration and displacement vectors, re-
spectively. In PD, the external loads are applied to the model by using the vector of body
forces, b(x,t).The motion of the material point conforms to the Lagrangian description.
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As shown in Fig. 4, the motion of a material point in PD is influenced by collective
deformations of surrounding material points within a domain which is called horizon, Hx.
In the 3D model, the horizon of material point is defined as the sphere with a radius sur-
rounding that material point. Here, 0 is called the horizon size. Material points within the
horizon of a material point are called family members of that material point.

11
Yoy = Yo (1)

(Y= Y0 ) = Y (R t) % = X = F (=)
where all the (y( H~ y(k)) vectors can be stored in an infinite-dimensional array, or a vec-

tor state, Y ( X(k),t) . There is a direct relationship between the vector state Y and the sec-

ond-order tensor F . This relationship can be expressed as the “expansion” of the second-
order tensor.
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Figure 4. Deformation of vector state and kinematic of PD material point

As shown in Fig. 5, peridynamics(PD) theory is analogous to molecular dynam-
ics(MD), where the interaction between material points and is called a bond, which one
can view as a spring in the case of elastic interaction. The property of a bond that shows
interaction over a finite distance is a fundamental difference between peridynamics theory
and classical theory. PD theory describes the interaction process of material points in
space by nonlocal method. Fatigue cracks are naturally included in the space integral mo-
tion control equation (SIE). Elastic-plastic fracture mechanics (EPFM) theory characterizes
the stress-strain response process of material points by local method. Fatigue cracks are
treated as boundary conditions of structural components or space partial differential mo-
tion control equation (SPDE).
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Figure 5. PD and EPFM

3.2. Energy-based Fatigue Model

The method of crack nucleation and propagation within the peridynamic model is
through the permanent breaking of bonds. The word bond is used loosely in this context
only to describe the relationship between two material points and can be thought of ab-
stractly as an interaction potential; There is not necessarily a notion of direct connectivity
such as a spring-like force. As shown in Fig. 6, the force vector states T[X,,,t] and

T[X;,,t] arenot parallel to their deformed relative position and their values are not equal.

Therefore, a failure model derived from thermodynamic notions of energy is developed.
The amount of energy density stored inabond ¢ can be performed as follows

7(ty)
I,,(t){ [ (k)'t] 0~ (k)> T[X(J)’t]< w0~ (j)>}d'l (12)

where . represents units of energy per unit volume squared. The amount of work den-
sity done on the bond & due to displacing the material points X, and X, relative to

one another from 7(t;) tosome final scalar value of displacement, 7(t,), which is a func-
tion of time. This projection neglects any work done on the points due to rigid body trans-
lation. The motivation for this idea comes from the well-known physics equation where
the work done to a body is the force acting on it, F , integrated over the path length, s,
as shown in Eq..

W, =[F-ds (13)
Compared with Eq. (12) and Eq. (13), it is clear that the work W, is an energy density,
the force F is the dual force density, and the path s is the relative displacement.

(fw) ¢
bond force density bond break
T [xu, 1] T[x),1]
X(k) x(j) i
bond & :
(a) (®)

Figure 6. Bond damage and energy density

As shown in Fig. 6, the force density f(kj) = (t[Xy 1= 1[x;,t]) exhibits non-linearity
under cycle loading, therefore the total energy density stored in the bond & can be ex-
pressed as follows.

@ = I::(At)( f(kj))g de (14)
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3.3. Fatigue Crack Tip Deformation Analysis

As shown in Fig. 7(a), there are three kinds of bonds near the model-I crack tip: bro-
ken bonds, core bonds, and partially damaged bonds. For the core bonds, the bond strain

S is the largest compared with the partially damaged bonds. Since the material is linear

elastic-perfectly plasticity, the core bond strain can be described as

. . i
Score (5) = Score m (15)

where 7% is the stress intensity factor, E is elastic modulus, $,,. is a dimensionless pa-

core
rameter.

As shown Fig. 7(b), there is a plastic zone near the crack tip, the length of the plastic
zone is r, . For the linear elastic fracture mechanics, the strain in the plastic zone can be

described as

s(z):w%

Combining Eq. (15) and Eq. (16), a function f can be described as

(0<z<r,) (16)
oz 1
flo|l=2————— 17
(5) $oN2721 5 )
VA

I model crack 5 ( )
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(x2, y2)
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Figure 7. Crack tip analysis with I model crack

4. Fatigue Model Based on Non-ordinary State-based Peridynamics

In ref.[46], Silling and Askari proposed a bond damage model within peridynamics
to treat the nucleation and growth of cracks due to cyclic loading. The bond-based fatigue
constitutive model contains two phases in the fatigue crack process, crack initiation and
crack propagation by using different choices of the parameters. For the crack initiation
process, the crack initiate from the first bond which the evolution law is characterized by
a damage variable “remaining life”, that evolves over time. For the crack propagation, the
crack follows Paris’ law during the fatigue crack growth phase. Inspired by this work, in
Ref.[53], a trans-scale ordinary state-based peridynamic fatigue model is built based on
the mechanism of fatigue. Macroscale is directly dicted by the tans-scale peridyanmic
model. Each bond in the body is defined as the ideal fatigue test specimen under variable
loads.

4.1. Progressive Failure in the Non-ordinary State-Based Peridynamic Body

Material particles in non-ordinary state-based peridynamic solid are connected via
physical interactions. As elimination of physical interactions among the material points,
material damage is introduced. Meanwhile, the spring like bond between two particles, k
and j, break in an irreversible manner. Obviously, the bond strain exceeds its critical value
and the micro-potential between the two material points will be removed away. There-
fore, the fatigue loading is redistributed among the peridynamic solid body in every cycle,
leading to the progressive fatigue damage initiation and propagation in an autonomous
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fashion. As shown in Fig. 8(a), the spring like bond ¢&,; is subjected to force density in its

two ends during compression-compression loading cycle exert on the peridynamic solid
body. The progressive fatigue bond damage can be performed as follows

1 if &; is broken

Dy (&y:1) :{ (18)

(&1 8,1), otherwise
where 3(&,;,5,,t) is anormalized bond damage function, depending on the current bond
deformation s, and the history time .

As shown in Fig. 8(b), for a given material particle x,,, the bond 1%, 2%, 3% within

its horizon family H,,, break in sequence and the physical interactions of the two parti-

cles vanished. As for the material particle X, the bond 4° within its horizon family

K
H,, break after other three bonds breaking. The four broken bonds show the crack sur-
face 7,

cracl
age of a particle within its horizon family under compression-compression fatigue loading
can be described as

, and its direction is the way in which arrow point. Therefore, the fatigue dam-

[ 9(&5,,0dV*
__

(k)™ k
Jo,

D, (x (19)
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(a) Particles motion and bond &,; defomation (b) Progressive failure leading to crack suface P,

Figure 8. Bond deformation and crack surface in PD configuration

4.2. Multiscale Fatigue Model for multi-crack process

Metal fatigue failure is a cross-scale damage evolution process involving many phys-
ical levels. The introduction of multiscale method promotes the establishment of fatigue
model based on physical mechanism. However, there are still some problems in the re-
search of multi-scale fatigue, such as the imperfect theory of cross-scale correlation me-
chanics and the lack of effective method of cross-scale experiment characterization. The
whole process of fatigue, crack initiation and followed by slow crack propagation, shows
a trans-scale characteristic, which is mainly manifested in time and space. Over the time
scale, from millisecond to year, progressive fatigue damage brings crack initiation and
propagation. Over the space scale, fatigue crack length characterizes from micrometer to
meter.

As shown in Fig. 9(b), 3D geometric specimen undergoes compression-compression
fatigue loading acting on the boundary layer region. The boundary layer region is discre-
tized into material particles and uniform load were performed on each discrete material
points in the boundary layer region(as shown in Fig. 9(c)). For a given bond ¢ in the
peridynamic solid, as shown in Fig. 10(a) and (b), the force density acting on the spring-
like bond & varies in a noncyclic way. The spectrum loading of the bond strain in the peri-
dynamic solid body varies irregularly during each loading cycle, shown in Fig. 10(c).
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Figure 9. Fatigue loading on the boundary layer region

Therefore, in a classic local model a material point only exchanges mass, momentum,
and energy with its closest neighbors. As a result, in classical mechanics the stress state at
a point depends on the deformation at that point only. The validity of this assumption
becomes questionable across different length scales. The field of fracture mechanics is pri-
marily concerned with the evolution of pre-existing cracks within a body, rather than the
nucleation of new cracks. In general, at the macroscale this assumption is acceptable.
However, the existence of long-range forces is evident from the atomic theory and as such
the supposition of local interactions breaks down as the geometric length scale becomes
smaller and approaches the atomic scale. Even at the macroscale there are situations when
the validity of locality is questionable, for instance when small features and microstruc-
tures influence the entire macrostructure.
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A

strain

t
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(b) bond in the peridynamic solid

Figure 10. Spectrum loading on the material point during loading cycle

In order to express the damage accumulation rate of the bond & explicitly, the con-
cise representation of the critical active energy Q(o,,0,,,D) is obtained by using inverse
analysis through the wide spread fatigue damage and microscopic fatigue crack initiation
and propagation law.

The normalized fatigue damage quantity of bond & can be expressed by fictious

time t;, as follows
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A ) =N D) 1 (=
(20)

where Nyis the cycle number to failure, N is the current cycle number, M (&) is function
of average stress, A(S) is function of alternating stress, B is material characteristic coef-
ficient related to temperature. The normalized fatigue damage quantity A(X,&,t;) is de-

fined as the consumption life of the bond. It involves the loading cycle N increases. The
bond breaks at the loading cycle N that
A(N) =21 (21)
The first bond in the entire domain breaks with is the cyclic strain range.
B+17A(S) Oa
N,[1-@1-D,)™1] (m
where N, is the smallest cycle at which this bond breaks and A(N,) =1. The first bond
breaks in the fatigue crack initiation phase when its fatigue cycle number becomes larger
than N, .

)8 =1 (22)

N, 2 L (23)

GBI

where the first bond breaks with cyclic bond in fatigue crack initiation, new static solu-
tions for other bonds are calculated in the same cycle.

4.3. Criterion from Fatigue Multi-crack Initiation to Propagation

As shown in Fig. 11(a), the fatigue multi-crack initiation and propagation phase are
described in a peridynamic solid. The mechanism of multi-crack initiation and propaga-
tion are different. During the fatigue multi-crack initiation, each bond strain is independ-
ent of the cycle number. However, a bond strain is changing over time as the bond transit
to the fatigue crack propagation phase. As shown in Fig. 11(b), for the given point X,

within the horizon of point X ;,, thebond &, (denoted as sky-blue) transit to the fatigue
crack growth phase as the point damage D,(X;) satisfies the following expression.
D,(x)20.5 (24)

. da
N fatigue crack growth rate N
_—
N, >I‘cracked bond (a) without damage

N, >I critical bond _
“

/ g

=% s

crack

4.

1 T(N)

(b) crack initiation and propagation

Figure 11. The crack tip analysis of bond damage


https://doi.org/10.20944/preprints202205.0140.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 May 2022 doi:10.20944/preprints202205.0140.v1

5. Validation Procedure of Numerical Solution Method

5.1. Quasi-Static Solution for each Cyclic Loading

Although the equation of motion of the peridynamic theory is in dynamic form, it
can still be applicable to solve quasi-static or static problems by using a dynamic relaxa-
tion technique. The peridynamic control equation for fatigue cracking is integral-different.
As for compression-compression fatigue loading simulation, the maximal loading condi-
tion is necessary.

Whenever some bonds break in a loading cycle, the new quasi-static solution is cal-
culated at the same cycle until no bonds break. To solve quasi-static or static problems,
the Adaptive Dynamic Relaxation is used for the multiple crack simulation problems. Ac-
cording to the ADR method, the PD equation of motion is written as a set of ordinary
differential equations for all material points in the system by introducing new fictitious
inertia and damping terms.

DU (X,t)+<¢DU(X,t)=F(U,U’", X, X" (25)
where D is the fictitious diagonal density matrixand ¢ is the damping coefficient, X and

U are initial position and displacement vector for all the material points in the configura-
tion body and they can be expressed as

XT={%, Xy, Xy }
U™ ={u(x,t),u(x,, 1), u(xy, 1)}

where N is the number of all the material points in the configuration body. Finally, the
vector F is composed of PD interaction and body forces and its k*» component.

(26)

M
Fig = ;(Hk)m o )6V ) + B 27)
where M is the total number of material points within the horizon of a material point xw,
vg is the volume correction factor for the material point x(). The velocities and displace-

ments for the next time step are expressed as follows.
((2-¢"at)v"2 424D F")
2+ At (28)
U™ =U"+V"2At
where 7 is the n™ iteration. The diagonal elements of the density matrix, D, can be ex-
pressed as

V n+1/2 _

1
1> A 3|7 (29)
J

where J,; is the stiffness matrix of the current structure for the small displacement as-

sumption.

M .
‘é:(k)(]) e‘ 46 |1 ad?s
VAR 1 V. +V.V.)+b 30
; | kJ| ; ‘é:(k)(”‘ ‘g(k)“)‘ 2‘§(k)(j)‘(vck k +Vc1 J)+ } ( )

where e is a unit vector.

5.2. Equivalent Fatigue Parameters Between PD and EPFM

Each step of crack growth requires a driving force, which guides the fatigue crack
path. Naturally, this driving force named stress intensity factor. Because of the complexity
in mathematics and physics, solving the three-dimensional dynamic stress intensity fac-
tors is certainly limited in mechanics. In the non-ordinary state-based peridynamic theory,
there is no concept of this driving force. To better characterize the propagating crack-tip

fields, an equivalent stress intensity factor %, canbe expressed as follows

equ

ou; 2E
xequ = L(Wdy—'l’i gdSJ = (1—V2)

> [ (Wdy—wds) 31)
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where x=x1, y=x2, and z=x3 are 3D Cartesian coordinates with origin at the fatigue crack tip,

x

traction vector along the crack surface, with the outward unit normal vector oij and nj, u
is a displacement vector and ds is an element of the crack surface. By taking the surface
integration, the relationship between the displacement and fatigue crack is built. Each step
of crack growth can be obtained from the relationship.

equ 1S @ contour integral evaluated counterclockwise along a crack surface, T;=0in;is the

5.3. The Whole Process to Simulate Fatigue Multi-crack Initiation and Propagation

Based on the comparison and analysis of the classical fatigue crack simulation algo-
rithm and the peridynamic one, the simulation process for the multi-crack initiation and
propagation is built, as shown in Fig. 12.

( Start )

| Spatial discretization |

\ Parameter initial \

v Y
| Stead-state solution(ADR) l&———
v

| Energy mount< Emax |

Bond break ’—»‘ Crack initiation H Crackgrowm

| Update for all bonds |

Cycle number < Nmax

Figure 12. Flowchart of the multiple cracks simulation
6. Fatigue Experiment

6.1. Structural Fatigque Testing Platform with Overalls Tools

As shown in Fig. 13, the fatigue experiment was carried out in a structural test plat-
form with overalls tools, which the floor model servo-hydraulic dynamic test system pro-
vides axial and torsion load on the aircraft wing corner box. The servo-hydraulic dynamic
test platform has an axial load capacity of +100KN (+22.4kip) and a torque capacity of
+#1000Nm (+8850in-1b), with an axial actuator stroke of 50 mm and a rotary stroke of 45°.
Since, these tests are being conducted in tension only, the stress ratio, R, is chosen to be
close to but not exactly zero such that R=0.1. Thus, omin=R*0max, where omax is the desired
maximum stress. Load ratio R is defined as the ratio of the minimum and maximum loads
during the compression-compression fatigue loading. Without environmental effects, the
load ratio has a more significant effect on the stages I and III fatigue crack growth rates
than in stage II. The fatigue test characteristics are 6Hz frequency and 0.1 as the ratio of
minimum to maximum loading in tensile regime.
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Figure 13. Fatigue test platform for the tension only experiment

As shown in Fig. 14, the dynamic fatigue testing system, which comes with fatigue
test procedure to provide full system control from a personal computer (PC), including
waveforms generated by function generators in both axes, signal calibration strategy and
related impact factors, limit set up by human rationality and system range, and status
monitoring by master system display interface module.

structure specimen
chamber
fatigue fatigue singnal |1 charge _ master system
test system samples > sensor > amplifier display interface module
i DAC data storage
microprocessor module interface
fatigue test
procedure

Figure 14. Configuration of the structure fatigue test platform

6.2. Sample Dimension Description and Input Parameters

As shown in Fig. 15, computer data recording system and crack length measurement
is used for the multi-crack initiation and propagation. The aircraft wing corner box and
the reinforcement are bolted together. A u-shaped notch is in the middle of the aircraft
wing corner box, which also means that the notch is the weak part of the sample without
considering other factors under compression-compression fatigue loading. The maximum
percentages of the various specified elements are shown in Tab. 1. The basic mechanical
properties for the aluminium alloy material are shown in Tab. 2. The loading parameters
are shown in Tab. 3.
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Figure 15. Fatigue structure sample

Table 1. The maximum percentages of the various specified elements

n% Cu% Mg% Mn%  Fe% S5i% Cr% Ti% Al%
5.75 1.57 2.49 0.29 0.28 0.27 0.18 <0.1 Others

Table 2. Basic mechanical properties of the aircraft wing corner box material at room temperature

Name E/GPa cus/MPa o/MPa 6% Fatigue  Density Poisson Brinell Shear Shear
Strength/MPa g/cm® Ratio Hardness /HB Modulus/GPa Strength/MPa
7075-T6 70 480 560 7.9 160 3.0 0.32 150 26 330

Table 3. Loading parameters

Ua/MPa Ta/MPa O'equ/MPa Ra Fmax/KN f/HZ
340 196.3  480.83 NE) 9.6 6

6.3. Crack Morphology and Data Recording
The multi-crack morphology of the fatigue sample is shown in Fig. 16.

m—

Figure 16. Macro multi-crack characteristics of the fatigue sample
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The number of cycles for the crack 1 and crack 2 are shown Tab. 4

Samples Crack 1 Crack 2
NO initiation propagation initiation propagation
7075-T6-1 24146 23854 28036 18558
7075-T6-2 22334 24706 27586 15414
7075-T6-3 30036 18234 29766 12048
7075-T6-4 29058 19028 35696 10068
7075-T6-5 20048 25703 34330 10268
7075-T6-6 24100 30854 25004 18500
~ Cyeles vs, Crack Growlh Step Equivalenl Stress Intensity Factor Lquivalent Stress Intensity Faclor
5.000 T 16,05 107 18,0 107
4000 - 15.0%10° (_\\%‘——_(——’“
120 10"
p 00|
& 8.0 107 9.0 10"
) 6.0x10"
Loon 4.0 10"
B0 107
o 10 L‘zr[;:.‘kl}ww\h:‘::p oo o “'muu T ulz o 04 U‘b o m'}w T ulz o 0r ws ulx 1o
(a) The cycle number of the crack 1 (b) Equivalent SIF in step 5 (c) Equivalent SIF in step 20
R~ Equivalent Stress Intensity Factor I Exquivalent. Stress Intensity Factor — Equivalenl. Stress Intensity Factor
\ 150100 /———-—_——_—__\
10.0x10° S0’ 10.0x10°
6.0x10"
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(d) Equivalent SIF in step 30 (e) Equivalent SIF in step 35 (f) Equivalent SIF in step 45

Figure 17. Equivalent stress intensity factors in each specified iteration for crack 1. (a) Cycle number
vs. crack growth step; (b) Zeqy, at crack front in nstep=5; (¢) Aeqy, at crack front in nstep=20; (d) A.qy
at crack front in nstep=30; (e) 4.4, at crack front in nstep=35; (f) A¢qy at crack front in nstep=45
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I1SO View

Figure 18. Simulation results of the crack 1 based on the peridynamic fatigue model (a)
The fatigue crack propagation in nstep=1; (b) The fatigue crack propagation in nstep=5; (c) The fa-
tigue crack propagation in nstep=20; (d) The fatigue crack propagation in nstep=30; (e) The fatigue
crack propagation in nstep=35; (f) The fatigue crack propagation in nstep=45; (g) The fatigue crack
propagation in nstep=49;
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Step 15 Step 19
Figure 19. Simulation results of the crack 1 and crack 2 based on the peridynamic fatigue model. (a)
The fatigue crack propagation in nstep=1; (b) The fatigue crack propagation in nstep=10; (c) The
fatigue crack propagation in nstep=15; (d) The fatigue crack propagation in nstep=19;
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Figure 20. Equivalent stress intensity factors in each specified iteration for crack 2. (a) Cycle number
vs. crack growth step; (b) A4, atcrack frontin nstep=10; (c) Apqy at crack front in nstep=15; (d) Z.qy
at crack front in nstep=18

6.4. Data Analysis and Countermeasures

As shown in Fig. 16, using macro monitoring technology, it can be seen that the air-
craft wing corner box have a multiple crack, crack 1 and crack 2. The cycle number of the
crack 1 and crack 2 are shown in Tab. 4.

As shown in Tab. 4, the average fatigue cycle is 30069 for the crack 1, and the average
fatigue cycle is 22106 for the crack 2.

As shown in Fig. 18, the crack 1 path vs. Fig. 16, the angle between crack 1 and the
base plane is about 89.5°; As shown in Fig. 19, the crack 2 path vs. Fig. 16, the angle be-
tween crack 2 and the base plane is about 87.6°. This simulation result has a good correla-
tion with the average test result, as shown in Fig. 16.

As shown in Fig. 17 and Fig. 18, the value of the equivalent stress intensity factor
Aequ becomes larger as the number of iterations increases.

7. Conclusions

(1) To evaluate and predict the fatigue life of the aircraft wing corner box under com-
pression-compression fatigue loading, a non-ordinary state based peridynamics fatigue
model was proposed. The multiple fatigue cracks initiate and propagate naturally without
extra criteria with this constitutive model for fatigue.

(2) The proposed non-ordinary state based peridynamics fatigue model has no notion
of scale, or it releases the scale constraints. The evolution of fatigue crack shows micro and
macro scale including multiple crack initiation, propagation, and fracture.

(38) The two of the crack, crack 1 and crack 2, converge and grow into the main crack
respectively, which expands to the macroscopic visible morphology.

(4) The natural propagation of the crack can be realized without the need for additional
crack propagation criteria, and the distribution and quantitative analysis of the fatigue life
can be obtained.
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